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It has been suggested that readers encode letter positions flexibly during word recognition, as 
evidenced by studies showing that misspelled words can still be read naturally (e.g., transposed letter 
effects). On the other hand, in some non-Roman alphabetic writing systems, such as Korean Hangul, 
syllables rather than individual letters within a word might be the main source of confusability, called 
the transposed syllable (TS) effect. Despite evidence supporting the existence of the TS effect, its 
specific characteristics remain largely unexplored. Here, we studied variables that may mediate the 
TS effect in Korean Hangul. In the first two experiments, we used the masked priming lexical decision 
task and observed that the TS effect (i.e., faster lexical decision when the prime was the internal 
TS version of the target than when it was the replaced-syllable version) was apparent only for high-
frequency Korean Hangul stimuli. We also found that the priming effect on lexical decisions depends 
on the distance between the transposed syllables. Lastly, in Experiment 3, we demonstrated that the 
TS effect might also emerge at the pre-lexical perceptual level using the perceptual matching task. 
Our findings indicate that multiple stages of information processing support the TS effect in Korean 
Hangul.
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Precise encoding of letter position seems critical for word recognition1,2. Nevertheless, when reading a word, 
people often confuse a letter in a position with another letter in a different position. For example, you may 
misread “a trial” as “a trail” or even a pseudoword such as “acheive” could be read as “achieve”. A growing body 
of evidence supports this transposed-letter (TL) effect, demonstrating that pseudowords created by transposing 
two letters within a real word elicit stronger lexical activation than those produced via letter replacement3–11. It 
implies that people tolerate imprecision in letter positions to some extent during word recognition.

This phenomenon is incompatible with slot-coding models, which assume that each letter in a word occupies 
a rigid, position-specific slot, thereby tightly coupling letter identity with letter position (e.g., Interactive 
activation model2; dual-route cascaded model1). To account for the limitations of slot-coding models, alternative 
frameworks have incorporated greater flexibility in letter position encoding. In open-bigram schemes12–14, 
a TL pseudoword JUGDE is perceived as highly similar to its base word JUDGE because they share nearly 
all of their open bigrams, differing only in a pair such as GD versus DG. In contrast, a replaced-letter (RL) 
pseudoword like JUNPE shares significantly fewer bigrams with JUDGE (only three out of ten), resulting in 
lower perceived similarity. The overlap model8 posits that each letter in a word has a distribution over position so 
that the representation of one letter could extend into neighboring letter positions. In the spatial coding model15, 
activation gradient for the letters in a word varies based on their relative position, such that a TL pseudoword 
and its base word yield highly similar activation patterns, leading to confusion. The Bayesian reader model16,17 
assumes that readers make near-optimal decisions by accumulating noisy perceptual input. TL effects, under 
this view, emerge from early-stage uncertainty in mapping noisy representations of letter identity and order onto 
serially ordered orthographic codes.

Research has identified a variety of factors that modulate the TL effect, and we highlight those of particular 
relevance to our study. First, the TL effect varies as a function of the lexical frequency of the base words: The 
effect is more prominent for TL pseudowords derived from high-frequency words than for those derived from 
low-frequency words9,18–20. It indicates that high-frequency TL pseudowords produce greater activation of their 
base words compared to low-frequency TL pseudowords. The influence of lexical frequency may be explained by 
models such as the Bayesian reader. When the visual input is noisy, as in the case of letter transpositions, lexical 
frequency modulates the prior probabilities of word activation, making high-frequency words more likely to 
be selected. This leads to stronger TL effects for pseudowords derived from high-frequency words, as they are 
more readily activated under conditions of uncertainty, thereby increasing the likelihood of misidentification 
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and lexical competition. Second, the magnitude of the TL effect is modulated by the positions of the transposed 
letters. The effect is typically stronger when the middle two letters are transposed, compared to transpositions 
involving the first or the last two letters3,4,11. This result is consistent with the idea that the quality of letter 
information is better at the beginnings and ends of words than in the middle21–26, probably because external 
letters are less affected by lateral interference from neighboring letters. In addition, transposing nonadjacent 
letters can also induce the TL effect27–29, although the effect is generally weaker than when adjacent letters are 
transposed6,8,30,31. Several models can account for this pattern. For instance, in open bigram models, nonadjacent 
transpositions result in fewer shared bigrams with the base word, reducing activation. Similarly, in the overlap 
model, the spatial distributions of nonadjacent letters overlap less, leading to lower perceptual similarity.

However, the TL effects do not seem to generalize across different cultures32,33. For instance, studies reported 
that there is scarce evidence of the TL effect in the Korean writing system, Hangul. Unlike in English, swapping 
the onsets, codas, or codas for onsets across the first and second syllables of Hangul words or exchanging the 
onset and coda within a syllable barely produced the TL effects34–37. Do these results mean that Hangul has 
strict position encoding? One thing to note is the unique status of Hangul, being both alphabetic and syllabic. 
Hangul letters are joined into syllable blocks, and the syllable blocks are physically separated from each other. 
In addition, the letter position within a syllable is fixed and unambiguous. This positional unambiguity within 
and across the syllable boundary may prevent a TL effect in Hangul. These unique features of Hangul may make 
the syllable, rather than the letter, an important and basic unit of word recognition38. Interestingly, some studies 
showed that there might be flexible syllable position representations in Hangul39–42 and in other Asian languages 
sharing similar syllabic units, such as Chinese characters43 and Japanese kana44, whereas Roman alphabet writing 
systems do not show such transposed-syllable (TS) effects45.

While TL effects have been studied extensively, relatively little is known about the nature of TS effects–
specifically, how they are modulated by factors like lexical frequency and perceptual similarity, and whether 
they originate at lexical or pre-lexical levels. The present study investigates the TS effect and its properties in 
Korean Hangul through a series of three experiments. In Experiment 1, we used a masked priming lexical 
decision task to assess whether the TS effect is modulated by lexical frequency, hypothesizing a stronger effect 
for high-frequency Hangul stimuli. Experiment 2 extended this by examining whether the distance between the 
transposed syllables influences the strength of the priming effect. Drawing on findings from TL research, we 
predicted that adjacent internal syllable transpositions would produce the most robust priming6,8,30,31. Lastly, 
Experiment 3 tested whether TS effects could also arise at a pre-lexical, perceptual level. A recent study using a 
lexical decision task suggested that the TS effect in Hangul may be rooted in early perceptual processing42. To 
test this more directly, we employed a simple perceptual matching task46,47, which minimizes lexical involvement 
and offers a more focused assessment of pre-lexical contributions to the TS effect.

Methods
Experiment 1
Participants
Forty naïve participants from Pusan National University, including undergraduate students and graduates, 
participated in the experiment (12 males and 28 females, mean age 22.08 years, SD 3.11 years). They had normal 
or corrected-to-normal visual acuity and normal color vision. All participants were native Korean speakers, and 
only one was left-handed. Written informed consent was obtained from all participants. Thirty-five participants 
were paid for their participation (10,000 KRW per participation), and five additional participants received course 
credits. All procedures were approved by the Institutional Review Board (2019_86_HR) and the Departmental 
Review Board of Pusan National University. All aspects of the study were carried out in accordance with the 
guidelines and regulations of Departmental Review Committee of Pusan National University.

Apparatus and stimuli
The experiment was conducted in a silent, dark room. Participants sat 66 cm away from a BENQ LCD monitor 
(XL2740, 27-inch, 1920 × 1080, 120 Hz), and their heads were stabilized on a head-and-chin rest. We used 
MATLAB (The MathWorks Corp., MA, USA) and the Psychophysics Toolbox48,49 to create and present stimuli.

In the present study, we used Hangul Eojeol rather than Hangul words as stimuli. Eojeol is a linguistic unit 
consisting of lexical (e.g., words) and/or grammatical (e.g., postpositions) morphemes, and a space separates 
each Eojeol. For example, ‘어머니는’ in Fig. 1 is the combination of ‘어머니’ (the noun meaning mother) and ‘
는’ (the postpositional particle making a word a subject in a sentence). Since there are not enough four- or five-
syllable Hangul words to be used in our experiments, we employed Eojeol to select multisyllabic stimuli more 
efficiently and increase statistical power.

As target stimuli, we selected 200 high-frequency (ranging from 1022 to 14,101, mean (M) = 2255.79, 
SD = 1657.10) and 200 low-frequency (ranging from 9 to 395, M = 13.11, SD = 27.31) four-syllable Hangul 
Eojeol from the Sejong Corpus, a part of the twenty-first century Sejong Project (National Institute of Korean 
Language, Republic of Korea). We also created 200 meaningless four-syllable Eojeol for ‘illegal’ responses in the 
lexical decision task.

There were four prime conditions. First, in the identical condition, a target and a prime were the same (e.g., 
어머니는–어머니는 (direct translation is ‘a mother is’)). Second, in the internal transposed-syllable condition 
(TS-internal), the second and third syllables of the target were transposed (e.g., 어니머는). Third, in the 
replaced-syllable condition (RS), the second syllable of the target was substituted with another syllable (e.g., 
어정니는). Fourth, in the external transposed-syllable condition (TS-external), the first and last syllables of the 
target were transposed (e.g., 는머니어). To assess the TS effect, we compared reaction times (RTs) in the TS-
internal condition with those in the RS condition3–8. All the prime stimuli were meaningless, except for those 
in the identical condition. White Hangul letter strings in Nanum Gothic font (each syllable block subtended 
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1.91°) were presented on a black background. Note that throughout our experiments, Hangul Eojeol stimuli 
were randomly assigned to prime conditions for each participant, rather than using a fixed list of Eojeol stimuli 
for each condition.

Procedure
Each trial began with a white fixation cross presented for 1000ms (Fig. 1). A prime appeared for 50ms, preceded 
by the 500-ms display of six hash marks (######) that functioned as a pre-mask stimulus. After a 100-ms blank 
interval, a target was presented. Participants were required to judge as quickly and as accurately as possible if 
the target was a legal Hangul Eojeol or not. They pressed the left or right arrow key to report ‘legal’ or ‘illegal’, 
respectively, and then the color of the fixation cross turned to green (correct) or red (incorrect) for 500ms to 
provide feedback to the judgment. If participants did not respond within 1500ms after target onset, they received 
feedback for incorrect judgments. Then, the trial was discarded, and the next trial automatically began. The inter-
trial interval was randomly chosen between 1000 and 1500ms. Each participant performed 20 practice trials and 
then performed 600 main experimental trials (three Eojeol conditions (high-frequency, low-frequency, illegal) 
x four prime conditions × 50 Eojeol).

Experiment 2
Participants
Thirty-eight naïve undergraduate students of Pusan National University participated in the experiment (8 males 
and 30 females, mean age 21.08 years, SD 2.16 years). They had normal or corrected-to-normal visual acuity 
and normal color vision. All participants were native Korean speakers, and all but seven participants were right-
handed. Written informed consent was obtained from all participants. They received course credits for their 
participation. All procedures were approved by the Departmental Review Board of Pusan National University. 
All aspects of the study were carried out in accordance with the guidelines and regulations of Departmental 
Review Committee of Pusan National University.

Apparatus and stimuli
The apparatus was the same as in Experiment 1. As target stimuli, we selected 200 high-frequency (ranging 
from 198 to 3954, M = 514.46, SD = 466.32) and 200 low-frequency (ranging from 4 to 108, M = 6.51, SD = 9.59) 
Hangul Eojeol with five syllables from the Sejong Corpus. We also created 200 meaningless five-syllable Eojeol 
for ‘illegal’ responses in the lexical decision task.

To create prime stimuli, adjacent internal syllables of target stimuli (e.g., 우리나라의, a direct translation 
is ‘of our country’) were transposed (second and third syllables (TS 2–3), e.g., 우나리라의, and third and 
fourth syllables (TS 3–4), e.g., 우리라나의), nonadjacent internal syllables were transposed (second and fourth 
syllables (TS 2–4), e.g., 우라나리의), and external syllables were transposed (TS 1–5, e.g., 의리나라우). All the 
prime stimuli were meaningless Eojeol. White Hangul letter strings in Nanum Gothic font (each syllable block 
subtended 1.91°) were presented on a black background.

Procedure
The task and its procedure were the same as those in Experiment 1.

Experiment 3

Participants
Thirty naïve undergraduate students of Pusan National University participated in the experiment (10 males 
and 20 females, mean age 20.77 years, SD 2.13 years). They had normal or corrected-to-normal visual acuity 

Fig. 1.  The procedure of the masked priming lexical decision task in Experiment 1.
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and normal color vision. All participants were native Korean speakers. Written informed consent was obtained 
from all participants. They received course credits for their participation. All procedures were approved by the 
Departmental Review Board of Pusan National University. All aspects of the study were carried out in accordance 
with the guidelines and regulations of Departmental Review Committee of Pusan National University.

Apparatus and Stimuli
The same apparatus was used as in Experiments 1 and 2. We selected 180 high-frequency (ranging from 1127 to 
14,101, M = 2382.40, SD = 1700.24), 180 low-frequency (ranging from 9 to 395, M = 13.23, SD = 28.72), and 180 
illegal Eojeol from the stimulus pool of Experiment 1. In addition, the primes and targets used in Experiment 1 
were relabeled as the targets and references, respectively.

There were four target conditions. In the identical condition, references and targets were the same. To create 
the targets in the TS-internal condition, the second and third syllables of each reference were transposed. For 
the targets in the RS condition, the second syllable of each reference was substituted with another syllable. Lastly, 
we transposed the first and last syllables of each reference to create the targets in the TS-external condition. All 
the target stimuli were meaningless, except for those in the identical condition. White Hangul letter strings in 
Nanum Gothic font (each syllable block subtended 1.91°) were presented on a black background.

Procedure
Each trial began with a white fixation cross presented for 1000ms (Fig. 2). A reference and a target appeared 
for 200ms sequentially, and the 200-ms display of six hash marks was embedded between the two stimuli to 
demarcate them. Finally, the fixation cross reappeared, and participants reported whether the reference and 
target were visually the same or different as quickly and as accurately as possible. They pressed the left or right 
arrow key to report “different” or “same”, respectively, and then the color of the fixation cross turned to green 
(correct) or red (incorrect) for 500ms to provide feedback to the response. If participants could not respond 
within 1500ms after the target disappeared, they received feedback for incorrect responses. Then, the trial was 
discarded, and the next trial automatically began. The inter-trial interval was randomly chosen between 1000 
and 1500ms. Each participant performed 30 practice trials and then performed 540 main experimental trials 
(three Eojeol conditions (high-frequency, low-frequency, and illegal) × 90 trials for the identical condition and 
30 trials for each of the other three target conditions).

Results
Experiment 1: TS effects are affected by the lexical frequency of Korean Hangul Eojeol
Across all experiments, we fit a linear mixed-effects model (LMM) to RT data and a generalized linear mixed-
effects model (GLMM) to accuracy data, using the lme4 and lmerTest packages in the R statistical computing 
environment50. The GLMM was specified with a binomial distribution and logit link function, appropriate for 
binary accuracy outcomes. In both models, Eojeol frequency and prime condition were included as fixed effects, 
and participants and Eojeol were included as random effects with random intercepts51. For post-hoc analyses, 
estimated marginal means (EMMs) were computed using the emmeans package, and pairwise comparisons were 
conducted with the Bonferroni corrections.

In this experiment, only high- and low-frequency Eojeol conditions were included in the analyses, as our 
primary aim was to investigate whether and how Eojeol frequency modulates the TS effect. Data on illegal Eojeol 
conditions are available in Tables S1 and S2 of the Supplementary Information.

RTs were significantly faster for high-frequency Eojeol compared to low-frequency Eojeol (b = − 48.80, 
SE = 3.47, z = − 14.077, p = 5.293 × 10−45, Fig. 3A). For high-frequency Eojeol, RTs were fastest in the identical 
condition, and then they gradually increased in the following order: TS-internal, RS, and TS-external conditions 
(all ps < 0.001). Faster RTs in the TS-internal condition compared to the RS condition (b = − 18.42, SE = 3.89, 

Fig. 2.  The procedure of the simple perceptual matching task in Experiment 3.
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z = − 4.730, p = 1.345 × 10−5)–a typical marker of the TL effect3–8–suggest that syllable positions are represented 
more flexibly when internal syllables are transposed than when a syllable is replaced. However, for low-frequency 
Eojeol, no significant RT difference was found between the TS-internal and RS conditions (b = − 0.54, SE = 3.97, 
z = − 0.137, p = 1). RTs in the TS-external condition were significantly slower than those in the other conditions, 
regardless of Eojeol frequency (all ps < 0.001).

Accuracy was higher for high-frequency Eojeol than for low-frequency Eojeol (b = 1.36, SE = 0.24, z = 5.548, 
p = 2.897 × 10−8, Fig.  3B). For high-frequency Eojeol, accuracy did not significantly differ across all prime 
conditions (all ps > 0.1). For low-frequency Eojeol, accuracy in the TS-internal condition was significantly 
lower than that in the identical (b = − 2.35, SE = 0.32, z = − 7.438, p = 6.131 × 10−13) and RS conditions (b = − 1.13, 
SE = 0.21, z = − 5.364, p = 4.877 × 10−7) but not statistically different from that in the TS-external condition 
(b = − 0.32, SE = 0.17, z = − 1.894, p = 0.349).

Experiment 2: Adjacent syllable transpositions induce greater priming effects than 
nonadjacent ones
Since we used four-syllable Eojeol in Experiment 1, the internal transposition was limited to adjacent syllables 
(specifically, the second and third syllables). However, prior research on the TL effect has shown that the distance 
between transposed letters can modulate the effect6,8,30,31. This raised the question of whether the TS effect in 
Hangul is similarly sensitive to the positional distance between transposed syllables. To explore this, Experiment 
2 employed five-syllable Eojeol, allowing for a broader range of syllable transpositions.

RTs were faster for high-frequency Eojeol compared to low-frequency Eojeol (b = − 48.32, SE = 3.82, 
z =− 12.659, p = 9.923 × 10−37, Fig. 4A). Regardless of Eojeol frequency, RTs were fastest in the TS 3–4 condition, 
and they increased in the following order: TS 2–3, TS 2–4, and TS 1–5 (all ps < 0.001). These results demonstrate 
that the priming effect is stronger for transpositions involving internal syllables than external ones, and is 
particularly pronounced when the transposed internal syllables are adjacent rather than nonadjacent.

Accuracy was higher for high-frequency Eojeol compared to low-frequency Eojeol (b = 1.42, SE = 0.21, 
z = 6.774, p = 1.251 × 10−11, Fig.  4B). Accuracy in the TS 3–4 condition was not statistically different from 
that in the TS 2–3 condition (b = − 0.03, SE = 0.29, z = − 0.114, p = 1), but it was higher than accuracy in the 
other conditions (all ps < 0.005). Accuracy in the TS 2–3 condition was significantly higher than that in the 
TS 2–4 (b = 0.85, SE = 0.26, z = 3.286, p = 0.006) and TS 1–5 conditions (b = 0.82, SE = 0.26, z = 3.178, p = 0.009). 
In addition, there was no significant accuracy difference between TS 2–4 and TS 1–5 conditions (b = − 0.02, 
SE = 0.19, z = − 0.130, p = 1). Both RT and accuracy data suggest that the priming effect is stronger when the 
adjacent internal syllables are transposed than when non-adjacent syllables are transposed.

Experiment 3: TS effects might be affected by perceptual representation
While Experiments 1 and 2 pointed toward a lexical locus for the TS effect, they did not rule out the potential 
contribution of lower-level perceptual processes. To address this, Experiment 3 investigated whether TS effects 
could also emerge at a pre-lexical stage using a simple perceptual matching task46,47. A recent study suggested 

Fig. 3.  (A) Mean RTs of the masked priming lexical decision task in Experiment 1. For high-frequency Eojeol 
(red circles), RTs were significantly faster when internal syllables were transposed (TS-internal) than when 
a syllable was replaced (RS). In contrast, for low-frequency Eojeol (blue circles), there was no significant 
difference in RTs between the two conditions. (B) Mean accuracy of the masked priming lexical decision task 
in Experiment 1. For high-frequency Eojeol, accuracy was not significantly affected by the prime condition. In 
contrast, for low-frequency Eojeol, accuracy was highest when the prime and target stimuli were identical and 
lowest when internal syllables were transposed. Error bars indicate the SEM.
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that the TS effect in Korean Hangul may be partly driven by perceptual processes, as evidenced by slower lexical 
decisions to TS stimuli presented in the left visual field42. This result is consistent with prior findings that the 
right hemisphere is involved in early visual processing52 and holistic word processing53,54. However, because 
lexical decision tasks involve multiple processing levels, these hemispheric differences could reflect more than 
just perceptual factors. Additionally, parafoveal stimulus presentation may have introduced confounds related 
to reduced spatial resolution. To isolate perceptual contributions more directly, we presented stimuli foveally 
and asked participants to compare their visual properties using a simple matching task. Importantly, this task is 
different from the masked priming same-different task used in the previous studies 55,56.

RTs were faster for high-frequency Eojeol compared to low-frequency Eojeol (b = − 10.63, SE = 3.15, z = − 3.376, 
p = 0.0007, Fig. 5A). In addition, RTs were slowest in the TS-internal condition regardless of Eojeol frequency (all 
ps < 0.001). Notably, RTs were faster for high-frequency than low-frequency Eojeol in the identical (b = − 33.12, 
SE = 3.95, z = − 8.376, p = 5.487 × 10−17) and RS (b = − 18.61, SE = 6.85, z = − 2.717, p = 0.007) conditions. Faster 
RTs for high-frequency Eojeol in the identical condition may indicate that the task does not purely reflect pre-
lexical processing.

Accuracy did not differ by Eojeol frequency (b = 0.10, SE = 0.14, z = 0.714, p = 0.475), but it was lowest in the 
TS-internal condition for both Eojeol frequencies (all ps < 0.001, Fig. 5B). Accuracy was not statistically different 
across the other target conditions.

General discussion
We explored variables that potentially influence the transposed-syllable (TS) effect in Korean Hangul. In 
Experiment 1, we replicated the TS effect previously reported in Korean Hangul studies39–42, and further 
showed that lexical frequency modulates the TS effect. In the masked priming lexical decision task, participants 
responded faster to high-frequency Eojeol than to low-frequency ones across all prime conditions. However, 
a significant TS effect–measured by the RT difference between the TS-internal and replaced-syllable (RS) 
conditions–emerged only for high-frequency Eojeol. This pattern corresponds to prior findings on lexical 
frequency-mediated TL effects9,18–20. In particular, Vergara-Martínez et al.20 reported that TL pseudowords 
derived from high-frequency words elicited smaller N400 amplitudes than their RL counterparts, while TL and 
RL pseudowords derived from low-frequency words elicited comparable N400 responses. These results suggest 
that lexical frequency modulates the activation of lexical-semantic representations–a mechanism that may also 
underlie the TS effect in Hangul.

Experiment 2 showed that the distance between the transposed syllables modulates the degree of the 
priming effect on lexical decisions. Lexical decisions were significantly faster when adjacent internal syllables 
were transposed than when nonadjacent syllables were transposed, consistent with the previous findings on the 
TL effects6,8,30,31. We also found that transpositions involving later syllables (e.g., TS 3–4) produced stronger 
priming effects than those involving earlier ones (e.g., TS 2–3). Although the open bigram and overlap models 
can explain increased priming effects for adjacent internal transpositions, to our knowledge, they do not appear 
to account for differences based on the specific positions of those transpositions. Interestingly, our findings may 
resonate with earlier observations reported by Perea23. In that study, participants sequentially viewed two five-

Fig. 4.  (A) Mean RTs of the masked priming lexical decision task in Experiment 2. RTs were significantly 
faster when adjacent (TS 3–4, TS 2–3) than nonadjacent internal syllables (TS 2–4) were transposed, 
regardless of Eojeol frequency. (B) Mean accuracy of the masked priming lexical decision task in Experiment 
2. Corresponding to the RT data, accuracy was higher when adjacent internal syllables were transposed 
compared to nonadjacent internal syllables. Error bars indicate the SEM.
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letter English words: a clearly visible prime followed by a briefly presented target that differed by a single letter. 
They were then asked to identify the target word. Target identification was impaired when the letter difference 
occurred in the third or fourth position compared to a control condition in which the prime and target shared 
no letters in corresponding positions. Despite differences in stimuli and experimental paradigms, both Perea23 
and our study suggest that the weight assigned to each letter or syllable may vary depending on its serial position 
(c.f., spatial coding model15). One possible explanation is that the second position in five-letter words or in five-
syllable Eojeol is particularly salient, as it overlaps with the optimal viewing position, which lies slightly to the 
left of the word’s center in left-to-right scripts57. Consequently, transposing the second and third syllables may be 
more noticeable, thereby reducing the TS effect. Future research could investigate whether the pattern of effects 
observed in our study would be mirror-reversed in right-to-left scripts.

Experiment 3 indicates that perceptual similarity between Hangul Eojeol and their TS-internal counterparts 
plays a role in the TS effect. Specifically, RTs of the simple perceptual matching task were the slowest in the TS-
internal condition for both high-frequency and low-frequency Eojeol. This result supports the previous finding 
that the TS effect may emerge at an early perceptual level42. However, the observation of faster RTs for high-
frequency compared to low-frequency Eojeol in the identical condition implies that the lexical properties of 
Hangul stimuli still influence task performance. High-frequency Eojeol may benefit from faster recognition, 
likely due to stronger and more readily accessible lexical representations, even in tasks that do not explicitly 
require lexical processing. We also performed additional analyses using the data in the illegal Eojeol condition 
(see the Supplementary Information for details). Even though illegal Eojeol stimuli were meaningless and 
random, the responses to illegal Eojeol were the slowest and worst in the TS-internal condition, bolstering the 
role of perceptual factors. However, RTs in the high- and low-frequency Eojeol conditions were significantly 
faster than those in the illegal Eojeol condition. It provides converging evidence that both perceptual and lexical 
processes are intertwined in our data.

The TL effect has been attributed either to noise in early perceptual encoding processes8,15,16, or to the 
involvement of higher-level orthographic representations, such as open bigrams12. In line with our findings, 
evidence from Roman alphabetic writing systems suggests that these two accounts may coexist. For instance, 
manipulating the visual presentation of words reduces TL effects compared to standard formats, but the effects 
are not entirely eliminated58,59. In the case of Korean Hangul, Kim and colleagues42 proposed that the TS effect 
is primarily rooted in early perceptual processing. Lexical decisions for TS stimuli were significantly slower than 
for control stimuli when presented in the left visual field, a pattern consistent with the right hemisphere’s role 
in early visual52 and holistic word processing53,54. However, the TS effect persisted, albeit to a lesser extent, even 
when stimuli were presented in the right visual field, suggesting that higher-level processes may also contribute 
to the TS effect.

There are conflicting findings regarding the TS effect in Korean Hangul. While studies using unprimed 
lexical decision tasks with four-syllable Eojeol have reported slower RTs to correctly reject TS (internal) Eojeol 
compared to control Eojeol39–41, Rastle et al.36 found no facilitation in lexical decisions when TS versions of 
disyllabic Hangul words were used as primes. This discrepancy may be attributed to differences between the 
tasks (primed vs. unprimed) and characteristics of experimental stimuli. Nearly 30% of disyllabic Hangul words 
are TS anagrams of other words36, whereas this is true for less than 0.3% of four-syllable words36,56. Therefore, 

Fig. 5.  (A) Mean RTs of the simple perceptual matching task in Experiment 3. RTs were the slowest when 
the internal syllables were transposed (TS-internal), regardless of Eojeol frequency. (B) Mean accuracy of the 
simple perceptual matching task in Experiment 3. Corresponding to the RT data, accuracy was the lowest 
when the internal syllables were transposed. Error bars indicate the SEM.
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a more rigid representation of syllable blocks may be necessary for shorter words to prevent misperception, but 
this rigidity may be less important for recognizing longer words. In addition, transposing syllables in disyllabic 
Hangul words corresponds to the TS-external condition in our study, which did not facilitate lexical decisions.

We speculate that syllables, rather than individual letters, may serve as the basic processing units in Korean 
Hangul word recognition38. Unlike in alphabetic languages, where the TL effects are robust, prior studies have 
shown that swapping letters within or across syllables in Korean Hangul does not produce strong TL effects34–37. 
In contrast, TS effect are more robust39–42, suggesting that letter-level confusability is reduced in Korean Hangul. 
This may be due to the structural property of Hangul where letters are not linearly concatenated but are instead 
organized into spatially distinct syllable blocks with predictable internal structure (e.g., fixed positions for 
consonants and vowels). These syllable blocks are visually salient and often perceived as single, coherent units or 
‘chunks’, making them easy to segment. According to Dehaene et al.’s framework60, such syllable blocks may be 
represented via pooled activation from multiple letter detectors. In Korean Hangul, these letter detectors likely 
operate in a location-specific manner, given that letter positions within a syllable block are tightly constrained. 
Subsequently, local bigram detectors are fed from letter detectors to achieve partial location invariance. 
Interesting future research is to test whether analogous ‘syllable bigram detectors’ exist in the Hangul reading 
brain. Based on our results and the previous literature on the TS effect, syllable-level bigram is a good fit for 
open bigrams in Korean Hangul, and thus, we would expect that syllable-based neural coding in Korean Hangul 
may parallel the letter-based neural coding in Western scripts. Indeed, stronger priming effects observed for 
adjacent syllable transpositions than nonadjacent ones in our results are consistent with the predictions of open-
bigram12–14 and overlap8 models. Hence, if these models are adapted to operate at the syllable level, they would 
be able to account for the TS effect in Korean Hangul.

Research on the TS effect has real-world implications. In human–computer interaction, systems such as 
spell-checkers and optical character recognition (OCR) software can leverage insights from TS research to better 
model human reading patterns and make more adaptive corrections based on how people actually read. One 
might also ask whether the TS effect can serve as a tool for assessing individual reading skills. This question 
is based on the idea that the TS effect may reflect automatic orthographic processing, a critical component of 
skilled visual word recognition. However, the current evidence on this question remains inconclusive. In the 
TL literature, several studies have investigated the relationship between the TL effect and reading skills, but 
the results are mixed. Some studies reported that letter position encoding becomes more flexible as reading 
skills improve61–63, while others found a negative correlation5,64,65. A more recent study found no significant 
association between the two66. Taken together, these findings suggest that while TL and TS effects offer valuable 
insights into reading processes, their utility as indicators of reading skills remains uncertain and warrants further 
investigation.

Data availability
All experimental data generated and analyzed during the current study and analysis codes are available in the 
study’s OSF repository (https:/osf.io/y682n).
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