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Abstract

In a masked cross-modal priming experiment with ERP recordings, spoken Japanese words were 

primed with words written in one of the two syllabary scripts of Japanese. An early priming effect, 

peaking at around 200ms after onset of the spoken word target, was seen in left lateral electrode 

sites for Katakana primes, and later effects were seen for both Hiragana and Katakana primes on 

the N400 ERP component. The early effect is thought to reflect the efficiency with which words in 

Katakana script make contact with sublexical phonological representations involved in spoken 

language comprehension, due to the particular way this script is used by Japanese readers. This 

demonstrates fast-acting influences of visual primes on the processing of auditory target words, 

and suggests that briefly presented visual primes can influence sublexical processing of auditory 

target words. The later N400 priming effects, on the other hand, most likely reflect cross-modal 

influences on activity at the level of whole-word phonology and semantics.
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1. Introduction

In modern societies, adult speakers of a given language are generally also fluent readers of 

that language. It might therefore come as no surprise that certain contemporary accounts of 

word-level processing during language comprehension highlight the role played by cross-

modal interactions in the auditory and visual domains. According to one such account, the 

bi-modal interactive-activation model (BIAM: Diependaele, Ziegler, & Grainger, 2010; 
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Grainger & Ferrand, 1994; Grainger & Holcomb, 2009; Kiyonaga, Grainger, Midgley, & 

Holcomb, 2007), a printed word rapidly activates associated phonological representations - 

both sublexical (phonemes, syllables) and lexical (whole-word phonology). Similarly a 

spoken word rapidly activates associated orthographic representations - both sublexical and 

lexical. This is in line with the known connectivity across brain regions thought to be 

specialized in orthographic and phonological processing (e.g., Cohen & Dehaene, 2009).

Consistent with this theorizing, there is a long history of research that has established a key 

role for phonological information during silent reading (e.g., Ferrand & Grainger, 1992; 

Perfetti & Bell, 1991; see Rastle & Brysbaert, 2006, for a review). In these studies, a briefly 

presented pattern-masked visual prime stimulus is presented immediately prior to visual 

target word presentation, and the phonological overlap across prime and target is 

manipulated in order to investigate fast phonological influences on visual word recognition. 

The BIAM is the only implemented model to date that can simulate these fast phonological 

influences on visual word recognition as revealed by masked priming (see Diependale et al., 

2010). The model’s ability to simulate these priming effects is due to the rapid sublexical 

conversion of spelling-to-sound, combined with the influence that this process has on 

activity in whole-word orthographic representations. This influence is shown in Figure 1, 

which illustrates the time-course of priming effects from a visually presented prime 

stimulus. The left panel of Figure 1 shows a first phase (T1) of purely orthographic 

influences followed by a second phase (T2) of phonological influences on both visual and 

auditory word recognition shown in the right panel of Figure 1. Along with behavioral 

results, the combination of masked priming methodology and event-related potential (ERP) 

recordings has helped specify the time-course of priming effects (e.g., McPherson et al, 

1999; Misra et al, 2003; see Grainger & Holcomb, 2009, for a review). More specifically, 

the predicted time-course of priming effects for visual word recognition (early orthographic 

effects followed by phonological priming) has been confirmed in several priming studies 

manipulating prime duration and using ERPs to track the time-course of priming effects 

(e.g., Grainger, Kiyonaga, & Holcomb, 2006).

One key characteristic of the BIAM is that the phonological representations activated upon 

presentation of a visual stimulus are the same representations as used in spoken language 

comprehension. It is this particularity of the BIAM that provides the focus of the present 

study, and that is illustrated in Figure 1. One important point to note about Figure 1 is that 

the sublexical interface between orthography and phonology (O ⇔ P) involves 

phonological representations that are used in spoken word recognition. This implies that as 

soon as a printed stimulus makes contact with sublexical phonology, it should then influence 

auditory word perception, and these influences should arise at the level of sublexical 

phonological processing as well as lexical processing. What, then, is the evidence for an 

early influence of visually presented primes on spoken language comprehension?

Perhaps the clearest evidence to date has been obtained using masked cross-modal priming 

(Grainger, Diependaele, Spinelli, Ferrand, & Farioli, 2003; Kiyonaga et al, 2007). In this 

paradigm, to be used in the present study (see Figure 2), a briefly presented and pattern-

masked visual prime stimulus is rapidly succeeded by an auditory target stimulus, and the 

influence of prime-target relatedness on target word recognition is measured. Behavioral 



measures of target word processing have revealed facilitatory cross-modal repetition 

priming with prime exposures as brief as 53 ms. Priming from pseudo-homophone primes 

(e.g., the nonword “brane” that can be pronounced like the real word “brain”), on the other 

hand, were only found to be significant with longer primes durations (67 ms). Importantly, 

within-modality (visual-visual) pseudo-homophone priming was also absent at the 53 ms 

prime duration and emerged at the longer 67 ms duration (Grainger et al., 2003).1 This 

points to a minimal amount of time necessary for effective sublexical conversion of print-to-

sound, and that once this conversion has taken place it influences the processing of both 

written and spoken target words. A later study (Kiyonaga et al., 2007) recorded ERPs to 

visual and auditory target words preceded by visual primes in the same masked cross-modal 

priming paradigm. ERPs have been shown to be differentially sensitive to both early 

(sublexical) and later (whole-word) processing and can therefore be used to disentangle the 

complex time-course of priming effects. In this study, cross-modal repetition priming effects 

were mostly evident on the N400 component, thought to reflect the mapping of whole-word 

phonological representations onto semantics (Holcomb & Grainger, 2006; Grainger & 

Holcomb, 2009). This suggests that cross-modal visual-auditory priming effects might arise 

mostly at the level of lexical representations, with little or no influence of visually presented 

primes on the earlier sublexical processing of auditory targets.

As illustrated in Figure 1, according to the BIAM, sublexical influences should be 

observable if the sublexical translation of print-to-sound operates fast enough or is given 

enough time. That is, sublexical orthographic information (O-units) activated by the printed 

prime word must make contact with phonological representations involved in auditory target 

word processing via the sublexical interface between orthography and phonology (O ⇔ P) 

before such processing of the target word is complete. In the ERP study of Holcomb, 

Anderson, and Grainger (2005), this was achieved by using a relatively long prime 

presentation duration of 200 ms and having primes immediately followed by auditory 

targets. Repetition priming was found to emerge at around 150 ms post-target onset in these 

conditions. However, it is difficult to distinguish whether this effect was a result of early 

sublexical effects or from equally early lexical effects, such as those reported by Braun et al. 

(2009) and Hauk et al. (2006) since there was no manipulation that could point to a likely 

lexical or sublexical locus of the observed priming effects. The aim of the present study was 

therefore to seek more direct evidence for sublexical effects in cross-modal priming. This 

evidence will take the form of a modulation of early ERP priming effects by a factor that 

ought to affect the speed of sublexical conversion of print-to-sound, plus the absence of any 

lexical influences on the same priming effects. It is important to note that the primary focus 

will be the systematic examination of the time-course of the neuro-cognitive processes 

underlying word comprehension as opposed to identifying the neural sources of such effects 

(Grainger & Holcomb, 2009).

To investigate the lexical and sublexical locus of effects during cross-modal priming, we 

used the Japanese writing system. The Japanese writing system has three different sets of 

characters, Kanji, Hiragana and Katakana. Kanji are ideographs which represent whole 

1We point out here that these absolute timing values must be taken with caution, given potential differences in stimulus contrast 
across studies. The key message is provided by the relative timing of effects within a given study.



words or parts of words. There are approximately 5,000 commonly used Kanji characters 

and these are taught gradually between first and twelfth grade. Hiragana and Katakana are 

syllabary systems where each character represents one syllable (mora). There are 46 

characters in both syllabary systems and these are taught in the first grade. Hiragana is used 

to write words for which there is no Kanji for and for word inflections, whereas Katakana is 

mainly used to transcribe foreign loan words and to write out onomatopoeia. Hiragana and 

Katakana are visually dissimilar but phonologically equivalent; therefore, it is possible to 

write the same word in two different scripts however, only one script would be visually 

familiar to experienced Japanese readers. In this study, we focus on the two Kana scripts, 

Hiragana and Katakana. Although native Japanese speakers are fluent in all three scripts, 

these scripts are thought to engage different processing mechanisms. For example, multiple 

clinical case studies have reported Japanese aphasic patients having different levels of 

reading impairments in the three scripts. The level of impairment in each script differs in 

each case with no consistent pattern (Endo et al, 2001; Maeshima et al, 2002; Yamadori, 

2011). When focusing on the two Kana scripts, Hatta and Ogawa (1983) reported greater 

repetition priming in Hiragana compared to Katakana in a lexical decision task. 

Furthermore, Hatta (1985) reported larger Stroop interference effects in Hiragana and Kanji 

compared to Katakana. Taken together, one reasonable conclusion from these studies is that 

Hiragana may engage more lexical processing than Katakana.

In the present study, masked prime stimuli were Japanese words written in one of the two 

syllabary scripts of Japanese (Hiragana and Katakana). Because there has not been much 

psycholinguistic research contrasting Hiragana and Katakana (and even less using cognitive 

neuroscience techniques) the hypothesis of this study was mainly guided by the general 

preferences of use of the two scripts. Fifty percent of prime words in each script were items 

typically written in that script and 50 percent were items not typically written in that script. 

Targets were spoken Japanese words to which ERPs were recorded. Use of Katakana script 

is particularly important here, since we expect sublexical translation of orthography to 

phonology to be highly optimized in this script, given that compared with both Hiragana and 

Kanji scripts, Katakana is mostly used to generate a phonological representation from print 

(e.g., it is used to write onomatopoeias and transcribe foreign loan words (Shinmura, 2008)). 

This is therefore expected to increase the possibility of observing early cross-modal priming 

effects during spoken word recognition, as predicted by the BIAM. Differences in priming 

effects between Hiragana and Katakana primes, as well as effects of prime word familiarity 

(i. e., whether or not the spoken word is typically written in that script or not), will provide 

further evidence with respect to the lexical or sublexical locus of effects. As it is depicted in 

Figure 1, it is extremely difficult to disentangle sublexical versus lexical influences of visual 

primes in auditory target processing. Japanese Kana provides a platform where a single 

word can be written in two different scripts, only one of which is the preferred script for a 

given word. If it is the case that Katakana has stronger sublexical associations between 

orthography and phonology (O⇔P connection in Figure 1) than Hiragana, due to the way 

this script is primarily used, then we expect to see an early influence of Katakana primes on 

auditory target processing, an influence that should be earlier than observed in prior research 

with English stimuli (Kiyonaga et al., 2007) and earlier than the expected effects of 

Hiragana primes in the present study. Furthermore, our manipulation of script typicality will 



allow us to evaluate the influence of whole-word orthographic familiarity on priming 

effects, since primes presented in the script in which they are typically read are expected to 

involve more direct access to whole-word orthographic representations. Primes written in 

the non-typical script, on the other hand, are more likely to be read via sublexical conversion 

of orthography to phonology.

2. Methods and Materials

2.1. Participants

Twenty-one native Japanese speakers currently residing in the greater Boston, MA area were 

recruited and paid for their participation (Age M=27.19, SD= 4.88, Male = 9). All 

participants were right-handed with normal or corrected-to-normal vision, reporting 

Japanese as their native language, with no history of language or reading disorders. All tests 

and instruments were reviewed and approved by the Tufts Internal Review Board. Informed 

consent was obtained from each participant prior to the experiment.

2.2. Stimuli

The critical stimuli for this experiment were derived from 480 Japanese words (Okano, 

Grainger, & Holcomb, 2013). Visual primes were 120 distinctly Hiragana words presented 

in Hiragana (Hh), 120 distinctly Katakana words presented in Katakana (Kk), 120 typically 

Hiragana words presented in Katakana (Hk), and 120 typically Katakana words presented in 

Hiragana (Kh). These visual primes were paired with auditory target words that were either 

repeats of the prime or were unrelated to the prime. The unrelated visual primes were 

phonologically, orthographically, morphologically, and semantically unrelated to the paired 

auditory target word. There were a total of 480 pairs of repeated words and 480 pairs of 

unrelated words. For purposes of counterbalancing, each participant was presented with one 

of three lists. All lists contained all eight conditions (Hh repeated, Hh unrelated, Kk 

repeated, Kk unrelated, Hk repeated, Hk unrelated, Kh repeated, Kh unrelated) with each 

prime word appearing only once. The auditory target words were digitized speech (22 KHz) 

recorded by a female native Japanese speaker with a mean duration of 533 ms (range 277–

783ms) for Hiragana words and 534 ms (range 300–702) for Katakana words.

2.3. Task

Participants completed a go/no-go semantic categorization, where they were asked to press a 

button as soon as they encountered a Japanese word corresponding to a body part. For all 

other words (i.e., the critical items described above), participants were asked to listen/view 

passively without responding. Fifteen percent of the total number of auditory targets and 

10% of the total number of visual primes were body part probe words. A brief practice 

session preceded the experiment to familiarize the participant with the task.

2.4. Procedure

Visual stimuli were presented on a 19-in CRT monitor with a refresh rate of 100Hz and 

located 56 inches in front of the participant. Stimuli were displayed in off-white letters in 

Mincho font (letter matrix 20 pixels wide × 40 pixels tall) on a black background. Each trial 



began with a fixation cross displayed in the center of the screen for 500ms. Then a forward 

mask comprised of eight pseudo characters replaced the fixation cross for 300ms.

The forward mask was then replaced by a prime for 80ms, which was quickly replaced by 

the backward mask (same string of pseudo characters as the forward mask) for 20ms. The 

backward mask was then replaced by a blank screen at which time the subject heard an 

auditory target word. The auditory target word was followed by a 900ms blank screen which 

was replaced by a blink sign (- -) for 2000ms informing participants that they were now 

allowed to blink. The procedure is summarized in Figure 2.

2.5. EEG recording procedure

Participants were seated in a comfortable chair in a sound attenuated darkened room. The 

electroencephalogram (EEG) was recorded from 29 electrodes held in place on the scalp by 

an elastic cap (Electro-Cap International, Inc., Eaton, OH, USA) in the standard 10–20 

layout. In addition to the 29 scalp sites, additional electrodes were attached to below the left 

eye (to monitor for vertical eye movement/blinks), to the right of the right eye (to monitor 

for horizontal eye movements), over the left mastoid bone (reference) and over the right 

mastoid bone (recorded actively to monitor for differential mastoid activity). All EEG 

electrode impedances were maintained below 5 kΩ (impedance for eye electrodes was less 

than 10 kΩ). The EEG was amplified by an SA Bioamplifier (San Diego, CA, USA) with a 

bandpass of 0.01 and 40 Hz, and the EEG was continuously sampled at a rate of 200 Hz 

throughout the experiment.

2.6. Data analysis

Averaged ERPs time-locked to target onset were formed off-line from trials free of ocular/

muscular artifact and were lowpass filtered at 15Hz, and a 100ms epoch immediately before 

target onset was used as the baseline. An average of 89.2% (SD = 9.7%) of the trials per 

participant were used in the analysis and were evenly distributed across conditions. We 

analyzed mean amplitudes in three contiguous temporal epochs following target word onset 

that in a number of previous studies have been demonstrated to capture priming effects (e.g., 

Grainger et al., 2006): 180–210 ms, 210–300 ms and 300 to 400 ms. To make the analysis of 

electrode location manageable we used an ROI approach, which involved averaging across 

four electrode sites at each of four scalp regions (anterior, posterior, left lateral, and right 

lateral – see Figure 3 caption). Repeated measures ANOVAs started with four factors: ROI 

(anterior vs. posterior vs. left lateral vs. right lateral), Prime Script (Hiragana vs. Katakana), 

Script Typicality (typical vs. atypical), and Repetition (repeated vs. unrelated). In the case of 

significant interactions involving the Repetition, Prime Script, Script Typicality or ROI 

factors, additional planned follow-up ANOVAs were performed. The Geisser-Greenhouse 

correction was applied to all contrasts involving more than 1 degree of freedom in the 

numerator (Geisser & Greenhouse, 1959). For a more complete picture of the scalp 

distribution of priming effects, we also plotted the full montage of sites as interpolated 

voltage maps.



3. Results

3.1. Behavioral Data

Participants detected 92% (SD=7%) of human body part probes in the auditory target words. 

All subjects reported seeing prime stimuli, and 16 subjects detected body part probe words 

among the visual primes (M=48%, SD=25%). The detection rates of these probe words in 

Hiragana (M=2.56, SD=1.36) and Katakana (M=3.19, SD=1.94) were not significantly 

different t(15)=1.50, p=0.15.

3.2. Visual inspection of ERPs

Plotted in Figure 3 are the ERPs for the repeated and unrelated conditions in the four ROIs 

in Hiragana and Katakana conditions respectively. Plotted in Figure 4 are blow-ups of the 

FC5 scalp site, found to have the peak amplitude during the time window of interest, and 

accompanying scalp voltage map. As can be seen, there is a clear positive deflection around 

200ms that was modulated by repetition for Katakana primes. Figure 5 shows a negative 

deflection starting around 200 ms post-target onset (N400) that was influenced by repetition 

for both Hiragana and Katakana primes.

3.3. Analyses of ERP Data

180–210 ms epoch—The ANOVA in this epoch revealed a significant Prime Script × 

Repetition × ROI interaction (F(3,60)=2.79, p=.047). Examination of the ERPs in Figure 3 

suggests that repetition priming effects were largest in the left lateral ROI in the Katakana 

prime script condition. Consistent with this observation, follow-up analyses looking only at 

the left lateral ROI indicated that the Repetition effect for auditory targets following 

Katakana primes (F(1,20)=6.38, p<.02) was stronger than for Hiragana primes 

(F(1,20)=1.13, p>.3). All other effects in both the Katakana and Hiragana prime conditions 

were not significant (all Fs(1,20)<2.47, p>.13).

210–300ms epoch—Between 210–300ms, we found a significant main effect of 

Repetition F=4.43 (1, 20) p<.05, indicating that targets following unrelated primes were 

more negative going than targets that were repetitions of primes. We also found a Repetition 

× ROI interaction, F=5.62 (3, 60) p<.005. In order to decompose this interaction we ran 

follow-up ANOVAs which revealed that the effects of Repetition tended to be larger over 

posterior s than anterior (F=5.52(1, 20) p<.05) or left lateral (F=12.57 (1, 20) p<.005) sites, 

and larger over right lateral than left lateral sites (F=6.06 (1, 20) p<.05 - all other effects 

were not significant, all Fs < 2.3, p>0.1).

300–500ms (N400) epoch—Between 300–500ms, we found a significant main effect of 

Repetition F=23.33 (1, 20) p<.001, indicating that targets following unrelated primes were 

more negative going than targets that were repetitions of primes. We also found a Repetition 

× ROI interaction, F=4.78 (3, 60) p<.005. Follow-up analyses revealed that the effects of 

Repetition were larger over posterior than anterior sites (F=8.62(1, 20) p<.01); larger over 

posterior than left lateral sites (F=4.63 (1, 20) p<.05) and larger over right lateral than 

anterior sites (F=6.54 (1, 20) p<.05; all other contrasts were not significant - all Fs < 2.2, 

p>0.1).



4. Discussion

In the present study ERPs were recorded while native Japanese participants listened to 

Japanese words preceded by masked visual primes. These prime words could either be the 

same word as the auditory target or a different word, and could be written in Hiragana or 

Katakana script. Repetition priming effects were seen in ERP waveforms, with an initial 

focal effect peaking at around 200ms post-target onset, followed by a temporally and 

spatially more widespread priming effects on the N400 component. The pattern seen on the 

N400 component replicates prior work on masked cross-modal priming in French (Kiyonaga 

et al., 2007), and likely reflects the influence of visual primes on lexical processing of 

auditory targets. The fact that cross-modal priming effects observed in the present study 

were not influenced by prime script typicality (i.e., whether the word is typically written in 

that particular script or not), suggests that the transfer of information across modalities was 

mostly operating sublexically. Our measure of prime script typicality reflects the relative 

frequency with which a given Japanese word is written in a given script. If the priming 

effects were being driven mainly by lexical processing, then we should have seen greater 

priming effects for primes presented in the script in which they are typically read. 

Processing of primes written in the typical script will rely more on direct access to whole-

word orthographic representations (see Figure 1) than primes written in the atypical script, 

and this will provide an additional source of input to whole-word phonological 

representations that can combine with information transferred from the sublexical interface 

between orthography and phonology. The absence of an interaction between prime script 

typicality and priming therefore suggests that the bulk of the priming effects were being 

driven by the sublexical conversion of orthography-to-phonology (the O⇔P interface in 

Figure 1) influencing auditory target word processing. Primes presented in typical and 

atypical format would be processed equally well along this pathway. These conclusions 

must nevertheless be taken with caution given that they are based on a null effect.

A key question that was addressed in the present research was whether or not the sublexical 

conversion of orthography-to-phonology could operate rapidly enough in order to influence 

sublexical processing of auditory target words. The use of primes written in Katakana script 

was expected to optimize processing along the sublexical interface between orthography and 

phonology, and therefore to provide an opportunity to observe earlier cross-modal priming 

effects than previously reported in English (Kiyonaga et al, 2007), where effects were only 

seen on the N400 component. Kiyonaga et al. (2007) interpreted these cross-modal N400 

priming effects as reflecting influences operating at the level of whole-word phonological 

representations, in line with other reports of modulation of N400 amplitude by lexical 

manipulations in single word reading paradigms (e.g., Holcomb, O’Rourke, & Grainger, 

2002; Laszlo & Federmeier, 2011). The early effect of repetition priming found with 

Katakana primes in the present study therefore provides the first clear evidence for cross-

modal transfer influencing the sublexical processing of auditorily presented target words.

The fact that the early priming effect was only evident with primes printed in Katakana 

script is likely due to the fact that this particular script is used specifically for “sounding 

out” unfamiliar words (e.g., transcribing foreign loan words and writing onomatopoeias). 

This implies that the efficiency of the sublexical mapping of print-to-sound (O-units → 



O⇔P interface → P-words) may be greater in this script. It is in these precise conditions 

that we expected to observe early cross-modal priming effects, given the architecture of the 

BIAM (see Figure 1). As indicated in Figure 3, the early priming effect is of the opposite 

polarity to the N400 priming effects. This, in addition to the clearly distinct spatial 

distribution of the effect, points to different underlying neural generators compared with the 

lexically driven N400 effects. Furthermore, the different pattern of early priming effects 

seen for Katakana and Hiragana in the present study contrasts with the absence of any 

differential priming for the two scripts reported in our prior work with visual primes and 

targets (Okano et al., 2013). Most important is that cross-script repetition priming effects 

(i.e., the same spoken word written in one script for the prime and the other script for the 

target) were found not to interact with script, and emerged later (in the N250 time window) 

than the early priming effect of the present study. Okano et al. (2013) argued that the cross-

script N250 priming effects they observed were likely driven by the phonology shared by 

primes and targets in different scripts. This therefore suggests that the early priming effect 

found in the present study is likely subtended by a different mechanism. One possibility is 

that Katakana script is strongly connected with articulatory representations that in turn are 

connected with sublexical phonological representations involved in spoken word 

recognition. Direct connectivity between sublexical orthography and articulatory output has 

been proposed in order to explain masked onset priming (Grainger & Ferrand, 1996), a 

phenomenon whereby primes that share their initial phoneme with target words (e.g., torp-

table) facilitate target processing relative to primes with a different initial phoneme (morp-

table), but only when the task requires articulatory output (Carreiras et al., 2005; Kinoshita 

& Woolams, 2002; Schiller, 2008). Masked onset priming can be obtained with very brief 

prime durations, and is known to arise very rapidly (Klein et al., 2015). This account 

predicts that Katakana primes should reveal masked onset priming effects that are just as 

strong in silent reading and naming, whereas Hiragana primes should show the typically 

stronger onset priming effects in naming.

One problem, however, for a purely articulatory account of the early Katakana priming 

effect, is its focal nature, localized in left temporal electrode sites. This suggests that the 

effect might be driven by neural structures located in or near left superior temporal or 

middle temporal cortex. While it has been suggested that these regions might be involved in 

lexico-semantic processing (e.g., Indefrey & Levelt, 2004; Gold et al., 2005), given the 

evidence reported here that the early priming effect is distinct from the N400 lexical effect, 

we think our result is most consistent with the findings of previous MEG and fMRI studies 

suggesting that activity in this region is involved in phonological processing (e.g., Gow, 

2012; Hickok & Poeppel, 2007). Within the architecture for cross-modal interactions 

described in Figure 1, this early priming effect is located at the level of word-centered 

sublexical phonological representations that mediate between incoming acoustic input and 

whole-word phonology during spoken word recognition. Such representations would code 

for the position of phonemes in words, while abstracting away from the precise timing of the 

auditory input. It is these representations that can be mapped onto the equivalent word-

centered sublexical orthographic code via the sublexical O⇔P interface in the BIAM. Here 

it is important to note that a new model of spoken word recognition, incorporating this kind 

of sublexical word-centered phonological code, has recently been developed and 



successfully tested against the standard benchmarks in this field (Hannagan, Magnuson, & 

Grainger, 2013). In sum, within the framework of the BIAM (Figure 1), the early priming 

effect would be driven by activation in word-centered sublexical phonological 

representations (P-units), and processing of Katakana print would be optimized for this. 

N400 priming effects, on the other hand, would reflect transmission of information between 

the sublexical interface between orthography and phonology (O ⇔ P) and whole-word 

phonological representations (P-words), and processing of Hiragana print would be 

optimized for this.

It is also interesting to compare the early priming effect seen with Katakana primes in the 

present study with prior reports of early within-modality repetition priming effects in the 

visual and auditory modalities. The timing, direction, and topography of the present effect 

(see Figure 4) clearly distinguishes it from N/P150 and N250 priming effects found with 

visual masked primes and visual targets (e.g., Chauncey, Holcomb, & Grainger, 2008; see 

Grainger & Holcomb, 2009, for review). Furthermore, although the timing is similar, the 

direction and topography of the effect distinguishes it from the earliest repetition priming 

effects found with auditory primes and targets using a dichotic listening procedure (Grainger 

& Holcomb, 2015). Therefore, although the timing of the early cross-modal priming effect 

points to sublexical phonological processing as a likely source, it is clear that the manner in 

which such sublexical phonology is activated by prime stimuli (via orthographic 

representations or via acoustic representations) greatly determines the way such processing 

manifests itself in the ERP waveforms.

More generally speaking, the present findings are in line with the growing literature 

demonstrating orthographic influences on spoken word recognition in the absence of any 

visual stimulus whatsoever. Early work demonstrated that it is harder to judge that two 

spoken words rhyme when there is a mismatch in orthography (e.g., Seidenberg & 

Tanenhaus, 1979). Ziegler and Ferrand (1998) demonstrated that the time to recognize 

auditorily presented words is affected by the consistency with which the word’s phonemes 

map onto orthographic representations (e.g., the phonological rhyme of the French word 

“dos” has several different orthographic realizations in words such as “peau”, “saut”, 

“maux”). It has also been shown that the number of orthographic neighbors of spoken word 

targets affects lexical decisions to these words independently of their phonological 

neighborhood density (Ziegler, Muneaux, & Grainger 2003). Furthermore, auditory lexical 

decisions are influenced by the degree of orthographic overlap of auditorily presented 

primes (Chéreau, Gaskell, & Dumay, 2007; Jakimik, Cole, & Rudnicky, 1985; Perre, 

Midgley, & Ziegler, 2009; Slowiaczek et al., 2003), and such orthographic influences can be 

obtained in conditions where participants are not aware of the orthographic relationship 

between primes and targets (Taft et al., 2013).

Finally, ERP studies of orthographic influences on spoken word recognition have revealed 

how the effects of orthographic inconsistency emerge on-line during the processing of 

auditorily presented target words (Pattamadilok et al., 2008; Perre & Ziegler, 2008). In these 

studies, the earliest orthographic effects emerged at around 300 ms post-target onset, and 

depended on the location of the inconsistent information in the spoken word. Overall, the 

effects were present at about 200 ms after the arrival of the inconsistent orthographic 



information in the auditory signal. Within the framework of the BIAM, these effects would 

start to arise at the sublexical O⇔P interface and would subsequently reflect the mapping of 

sublexical phonology onto whole-word phonological representations (N400 effects). The 

priming methodology used in the present study, combined with the characteristics of 

Katakana words, enabled us to detect even earlier orthographic influences on spoken word 

recognition.
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Highlights

• Spoken Japanese words were primed with words written in Hiragana and

Katakana.

• Early priming effect was seen in left lateral regions only in Katakana primes.

• We report fast-acting influences of visual primes on auditory target words.



Figure 1. 
Hypothetical activation levels in sublexical (P-units) and lexical (P-words) phonological 

representations at two moments in time (T1 & T2) during processing of an auditory target 

word following the brief presentation of a printed word prime. At T1, presentation of the 

printed word prime initiates processing of sublexical phonology associated with that word 

via the sublexical interface between orthography and phonology (O⇔P), but activation 

from the prime is too weak to influence processing of the auditory target word (the grey 

arrows signify weak activation). At T2, prime-generated activation has fully propagated to 

sublexical and lexical phonological representations, but processing of the spoken word is 

now centered on whole-word phonology and its mapping onto semantics (not shown). This 

illustrates the difficulty in distinguishing sublexical from lexical influences of visual primes 

on auditory target processing.



Figure 2. 
Schematic of the cross-modal priming procedure used in the present study.



Figure 3. 
ERPs from all repeated (solid black line) and unrelated (dotted blue line) targets in the 

Katakana condition (top panel) and the Hiragana condition (bottom panel) at 4 ROIs. Each 

ROI included 4 electrodes: Anterior ROI included electrode sites FPz, FP1, FP2, FZ, 

Posterior ROI included sites Pz, O1, O2, Oz, Left Lateral ROI included sites FC5, T3, C3, 

CP5, and Right Lateral ROI included sites FC6, C4, T4, CP6.



Figure 4. 
ERP cross-modal repetition priming effects for the Katakana primes (upper panel) and 

Hiragana primes (lower panel). The voltage map on the right is from all scalp sites based on 

average activity of the unrelated prime condition subtracted from the repeated prime 

condition averaged across 180–21 0ms in the Katakana condition. ERPs plotted on the left 

are from the repeated (solid black line) and unrelated (dotted blue line) prime conditions at 

the FC5 site for Katakana and Hiragana.



Figure 5. 
ERP Repetition effects in two epochs 210–300ms and 300–500ms (N400) component for all 

Katakana prime (upper panels) and Hiragana prime (lower panels) condition. ERPs plotted 

on the left are from repeated (solid black line) and unrelated (dotted blue line) targets at the 

Pz site. The voltage maps on the right are from all scalp sites based on average activity of 

unrelated minus repeated target ERPs averaged across 300–500ms.


