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ABSTRACT

ERP studies have revealed that for alphabetic languages letter/speech-sound integration develops with
brain maturation and reading instruction over a relatively long period of time. Experienced adult readers
associate letters and speech sounds automatically, as indexed by enhanced mismatch negativity (MMN)
to simultaneously presented stimuli, but reveal attenuated MMN when the speech sound stimuli are pre-
sented with a delay. Chinese as a logographic language differs substantially from alphabetic languages
and therefore integration processes might be characterized by unique timing mechanisms. In the present
study, MMN was used to investigate the timing and automaticity of association between characters and
lexical tones in adult native Chinese speakers. A character was presented simultaneously with a lexical
tone, or with either a 100 ms stimulus onset asynchrony (SOA) or a 200 ms SOA in separate conditions.
MMN was enhanced when the character and the lexical tone were presented with 100 ms SOA, while
no significant MMN enhancement was observed with simultaneous presentation or with 200 ms SOA.
These results suggest that the automatic association of characters and lexical tones in experienced Chi-
nese adult readers requires more processing time than for alphabetic languages. These results highlight
critical differences between fundamental reading processes across different writing systems. The neural
differences between alphabetic and logographic languages for letter/character and speech-sound/tone
integration need to be taken into consideration when considering past and future research on reading
processes in these languages and especially for investigations of reading disorders, such as developmental
dyslexia.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

correspondences are not used for character pronunciation [14].
Instead, Chinese characters map onto syllables at a monosyllabic

In alphabetic languages learning to read is a multistage pro-
cess that presupposes the establishment of associations between
letters and speech sounds. There are many models describing the
process of learning to read that emphasize the generation of these
associations (grapheme-phoneme correspondence) as a crucial
first step in alphabetic languages [4]. A main difference of logo-
graphic languages, such as Chinese, is that grapheme-phoneme
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level, meaning that visual aspects of the character do not map onto
phonemes of a character’s pronunciation.

The neural correlates of how characters and lexical tones map
onto one another has not yet been explored. However, a series of
cross-modal investigations examined the time course and auto-
maticity of letter/speech-sound integration in healthy, normally
reading adults. Standard and deviant letter/speech sound pairs
were presented in an audiovisual (AV) oddball experiment with dif-
fering stimulus onset asynchronies (SOA) [3]. Mismatch negativity
(MMN) elicited by the visual presentation of letters and the audi-
tory presentation of congruent and incongruent speech-sounds
was investigated. The visual stimulus was the letter “a”, while
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the standard speech sound was /a/ and the deviant speech sound
was /o/. (A speech sound only condition (A_only) was employed
as a control condition.) Speech sounds were presented with either
no delay (Oms, AV_0), a 100 ms delay (AV_100) or a 200 ms delay
(AV_200). MMN in AV_0 was significantly larger over fronto-central
sites than MMN in the A_only condition, but not for AV_100 or
AV_200, suggesting early and automatic processing of letters and
speech-sounds.

Subsequent investigations on early readers showed delayed
letter/speech-sound association related to MMN activity around
650 ms [2]. Only after 4 years of reading instruction did children’s
MMN begin to resemble that of experienced adult readers, how-
ever the association required an extra 100 ms (MMN enhanced in
AV_100). These findings strongly suggest that letter/speech-sound
integration develops with brain maturation and reading instruction
over a relatively long period of time.

Understanding how letters and sounds are integrated in alpha-
betic languages is not only important for understanding the
neurobiology behind fluent reading, but also for aiding in under-
standing the processes in disabled reading. It is accepted that failure
to develop these representations during reading acquisition might
contribute to reading problems such as those found in develop-
mental dyslexia (DD) [22]. It could also be shown that children
with dyslexia who had received 4 years of reading instruction
revealed no signs of automatic letter/speech-sound integration,
despite accurate letter knowledge. Instead MMN was comparable
to beginner readers with only 1 year of reading instruction [6].

Arguably, it is critical to also gain insight into the neural corre-
lates behind the integration of visual and auditory language units in
other writing systems, such as a tonal language like Chinese [33]. A
number of studies examining advanced language processing, e.g.
orthographic, phonological and semantic integration, in Chinese
indicate the involvement of different neural networks than those
described for analogous processing in alphabetic writing systems
[7,20,21,25,28,26,27]. Thus, reading processes and their neural cor-
relates likely accommodate to specific visual and structural features
attributed to the writing system [13], making it necessary to under-
stand language processing as a function of writing system. To date,
a research bias exists for the English language.

According to Pike [15] a tonal language has three important fea-
tures. First, tones are lexically significant in that they distinguish
the meaning of words. Second, tones are contrastive in that listen-
ers extract physical dimensions that permit the categorisation of
lexically significant tones into functional categories. Third, relative
pitch height accounts for lexical identity, not actual pitch. In Man-
darin, single syllabic character pronunciation is commonly defined
by a consonant, a vowel and a lexical tone. Four major tones charac-
terize Mandarin. With the exception of the first, flat tone, these have
slow frequency changes over time (spectrally variant) [8]. Tone has
some resemblance to intonation in English, although intonation
rarely carries lexical information. In Chinese, there are nearly 338
syllables for approximately 100,000 characters. Therefore, many
characters may share one syllable [32], where tones allow for spec-
ification of unique lexical items (e.g. the syllable /ma/: tones 1-4
mean mother, linen, horse, swear) [32]. Therefore, because minor
tone variations imply different meanings across Chinese syllables,
tone perception is essential to detect and decode Chinese words.
Finally, detecting tone differences also likely aids in distinguishing
characters and increases confidence in mapping characters onto
speech segments [9].

MMN [12] investigations have opened an unprecedented win-
dow to understand central auditory processing and the underlying
neurophysiology of sound perception, and has also been employed
in investigations of Chinese lexical tone perception [8,10].

In this present study, we used MMN to explore timing mech-
anisms of character/lexical tone integration in native Chinese

speakers. To achieve our goal we modified the paradigm used by
Froyen et al. [3,2,6] for the Chinese language. We hypothesized
that the integration process of Chinese character/lexical tone pairs
should also be automatic and early in normally developed Chinese
adults, however because alphabetic and tonal languages are dra-
matically different, with Chinese being more complex, we could not
assume that this integration would also be simultaneous. There-
fore, the present study’s foremost aim is to establish knowledge
regarding character/tone integration in healthy Chinese adults and
compare these results to previous findings with adults speaking
alphabetic languages.

2. Method
2.1. Subjects

Twelve native Mandarin speaking postgraduate students (mean
age 26.50 & 1.73 years, right-handed, musically untrained, 5 males)
without any history of hearing or reading problems and with cor-
rected or normal vision participated in this study. Participants gave
informed written consent and received a €20 gift certificate. Exper-
imental procedures were approved by the Ethical Committee of the
Faculty of Medicine at the University of Munich, Germany.

2.2. Stimuli and procedure

In an oddball paradigm Chinese lexical tones were presented
in four conditions. We compared MMN evoked by deviant speech-
sounds (A_only condition) with MMN evoked by the same deviant
speech-sounds combined with a visually presented character (AV
conditions). Stimuli were natural Mandarin speech-sounds, [yil/
and /yi3/, and the visually presented character was “BA [yi3/".
/yi3/ has a high frequency (2186.878/10,000) and many ambigu-
ous meanings akin to prepositions in English, i.e. “to”, “of”, thus
it contains no semantic information and should not induce a lexi-
cal process much like speech sounds [16]. Chinese characters have
between 1 and 25 strokes, and character complexity increases with
stroke count [23]. Eight strokes is average, thus “BA " (4 strokes)
is a relatively simple character [11]. Speech sounds were digitally
recorded from a native female Mandarin speaker. Recordings were
band-pass filtered (180-10.000 Hz) and resampled at 22.05 kHz and
matched for loudness. The sounds were presented binaurally via
Sennheiser PX200 headphones at about 65dB SPL. The character
was presented for 500 ms (“bold”, size 48, white on black back-
ground, centered). A black screen (150 ms), a white fixation cross
(300 ms), and another black screen (400 ms) followed. Stimuli were
presented pseudo-randomly to ensure at least two standard stimuli
occurred between each deviant stimulus. No more than 9 standard
stimuli occurred before a deviant stimulus. Subjects sat 90 cm away
from the screen (visual angles: horizontal 1.91°, vertical 2.23°).

The four conditions (A_only, AV_0, AV_100, and AV_200) were
presented in separate blocks of 500 trials and were presented
in a pseudorandom order to participants. Forty distraction trials
(1350 ms) were randomly interspersed in the AV conditions to
ensure subject focus and to distract attention. Subjects viewed
famous scenic pictures (e.g. the Great wall, the pyramids) and
judged whether the photos were taken in China. The first 10 trials
of each block were excluded in analysis. In all conditions subjects
listened passively to [yi3/ (standard, 82%) and /yil/ (deviant, 18%).
In A_only a silent movie was shown, whereas in the AV conditions
watched the character “2A /yi3/”. SOA between character presenta-
tion and speech-sound in the three AV conditions was manipulated:
simultaneous presentation for AV_0, and a 100 and 200 ms SOA for
AV_100 and AV_200.
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Fig. 1. Mean peak and latency amplitude values over 40 ms around the individually assessed MMN peak for the electrodes 11 (Fz), 24 (Fc3) and 124 (Fc4). The bar represents
standard error. The paired t-test conducted on mean peak amplitude between A and AV_100 was significant for electrode 112 (p=0.01) and electrode 24° (p=0.05). Electrode

124 was not significant.

2.3. EEG recording

EEG was recorded continuously with an Electrical Geodesic Inc.
(EGI) 128-channel-system with Cz as the reference electrode. The
impedance was kept below 50kS2 and sampled at 500 Hz. Fur-
ther analysis steps were performed with Brainvision Analyzer.
After EOG-artifacts removal with Independent Component Analy-
sis, exclusion of other artifacts (gradient: max 50 wV; max-min:
150 wV for 200 ms; amplitude: min —150 wV; max 150 wV; low
activity: 0.50 wV for 100 ms), and filtering (bandpass 0.3-30Hz),
EEG was referenced to the average reference. ERPs were calculated
by averaging epochs of 650 ms (including a prestimulus baseline of
50 ms) separately for standard and deviant stimuli. Only standard
stimuli presented before deviant stimuli were included. MMN was
derived from subtracting standard and deviant stimuli.

2.4. Data analysis

Based on typical MMN studies we analyzed electrodes 11(Fz),
24(Fc3) and 124(Fc4). Due to visual data inspection and the typ-
ically reported MMN window (100-200 ms) [18,19] we extracted
individual peak latencies between 50 and 300 ms after auditory
stimulus onset. Mean amplitude (taken from 20 ms before and
20 ms after the peak) and individual peak latency were examined
for each subject, condition and electrode.

3. Results
3.1. MMN characteristics

Fig. 1 shows peak amplitude and latency values for each elec-
trode. To ensure significant MMN activity we first analyzed the
A_only control condition, which elicited a typical fronto-central
topography (Fig. 2C). A one-sample t-test on mean peak amplitude
over each electrode revealed significant negative activity on elec-
trodes Fz and Fc4 (ps <.05) and marginally significant activity over
Fc3 (p=.056).

Next, we analyzed the AV conditions. One sample t-tests
revealed that the mean peak amplitudes were significantly neg-
ative on each electrode in the AV_.0 and AV_100 condition. In the
AV_200 condition significant negative activation was found on elec-
trode Fz (p=.035), but not on electrode Fc3 (p=.48) and electrode
Fc4 (p=.15). The one-sample t-tests for peak amplitudes however
revealed significant negative activation over all electrodes and con-
ditions (ps<.05). For all conditions, latency was around 200 ms,
which is consistent with previous ERP research using Chinese lex-
ical tones [8].

3.2. MMN comparison: A_only vs the AV conditions

We used a 4 (conditions) x 3 (electrode sites) repeated measures
ANOVA to analyze mean peak amplitude and latency. For latency,
no significant main effects or interactions were found. For mean
peak amplitude a significant main effect was found for conditions
(F(3,9)=7.50,p<0.01). Paired samples t-tests on mean peak ampli-
tudes between A_only and the three AV conditions were run. A
significant difference was found between A_only and AV_100 con-
ditions for electrodes Fz (t=3.05,p=0.01)and Fc3 (t=2.19, p=0.05).
MMN in AV_0 and AV_200 conditions did not differ from the A_only
condition.

4. Discussion

According to previous research, automatic letter/speech-sound
integration occurs simultaneously (AV_0) in normally reading
adults [3]. Based on this finding, we explored integration of analo-
gous language elements in Chinese, a logographic writing system.

We observed a typical MMN to deviant lexical tones. However,
there was no significant MMN enhancement observed when char-
acters and lexical tones were presented simultaneously (AV.0).
Instead, the MMN was significantly enhanced when characters and
lexical tones were presented with a 100 ms SOA.

Our findings suggest that the integration of visual and auditory
language units in different writing systems is unique and that the
automatic integration of characters and lexical tones requires an
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Fig. 2. Grand average ERPs for electrode 11 (Fz). (A) Standard and deviant stimuli; (B) Difference waves (MMN); and (C) MMN scalp distribution for the A_only condition and
the AV_conditions. Arrows indicate the onset of visual (V) and auditory (A) stimuli. The gray area shows the MMN time-window.

extra 100 ms to form a compound stimulus. There are a number of
differences between alphabetic and Chinese writing systems that
might account for an increased integration time in Chinese.
Firstly, our character (“BA ") and the letter used in previous stud-
ies (“a”) are visually very distinct, however we do not think that
physical differences can account for the delayed integration in our
study. We would suggest that fluent reading Chinese adults should
be able to automatically recognize “2A ”, just like fluent reading

adults would recognize “a”. However, it is important to note that
Tanetal.[26,24] argue that Chinese requires more visual processing
and analysis and additional cortical areas, compared to alphabetic
languages. These authors have consistently found increased acti-
vation in additional right hemispheric areas for Chinese. Although
differences between characters and letters may have contributed
to our unique findings, we feel that there are better interpretations
available for our data.
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Probably more relevant are the differences between the writing
systems themselves. Characters and letters impact the reading pro-
cess differently within each writing system. All languages activate
phonology at the lowest level that is possible within the con-
straints of the writing system [14]. Alphabetic languages rely on
grapheme-phoneme correspondences for fluent reading. In partic-
ular, Dutch (language of previous research) has a rather transparent
orthography [34]. In contrast, the elementary phonological unit in
Chinese is a spoken syllable, which is also a morpheme, and some-
times a word [13]. Therefore, Chinese activates phonology at the
syllable level, not at the sub-syllabic level as in alphabetic lan-
guages. These processes reflect fundamentally different ways of
reading between Chinese and alphabetic languages. According to
Perfetti and Lui [13] alphabetic writing systems activate phonology
incrementally with each letter-phoneme pair, whereas Chinese
characters must be recognized as an orthographic unit to activate
syllable-phonology.

It is these differences between how characters and lexical tones
and how letters and speech sounds map onto each other that we
argue contribute most to the differences found between our study
and previous studies. The enhanced MMN found in Froyen et al.
[3,2,5] for simultaneous presentation might represent the mis-
match of non-corresponding grapheme and phoneme units. The
MMN recorded in the present experiment would therefore result
from fundamentally unique processes to logographic cross-modal
integration of characters and tones.

Our research further suggests that after 100 ms the automatic
integration of characters and lexical tones has been completed, as
there was no subsequent MMN enhancement in the AV_200 con-
dition. Although not simultaneous, as in Dutch, the narrow time
window suggests that the character/Chinese lexical tone integra-
tion should also be a rigid, inflexible and low-effort process in
advanced Chinese native speakers, as it fulfills the main criteria for
automatic processing in general as formulated by Schneider and
Chein [17].

For alphabetic languages, some models describing the process
of learning to read emphasize the generation of letter to speech-
sound connections as a crucial first step in the learning process
and the failure of this step in reading acquisition is considered a
main cause for reading problems like in DD [1]. Failure to show
enhanced MMN in cross-modal presentation in Dutch individuals
with DD was reported [6]. This process has been suggested as crit-
ical for reading failure in childhood and also was found to persist
into adulthood [1,29]. Likewise, the integration of Chinese charac-
ters and lexical tones should also be crucial for DD in the Chinese
language and deserves careful consideration in future research.

Finally, we would like to mention that the MMN amplitude in
our research was relatively low (around —1.0 pv), which is lower
than some MMN recorded using speech sounds, but consistent with
the previous research using Chinese lexical tones [8,30,31]. Meng
et al. [10] found that MMN evoked by lexical tones was lower than
MMN evoked by speech sounds and syllables in the same sub-
jects. This research suggests that lexical tones might generally elicit
smaller MMN than speech sounds, however this notion has not
been addressed in previous work. A simple explanation might be
due to less acoustic (i.e. physical) difference between the lexical
tones used in the experiments in comparison to the speech sounds,
however as exact stimuli descriptions are not given, it is not pos-
sible to compare stimuli differences across studies. Additionally,
it might be important to understand that lexical tones are gener-
ally distinguished based on temporal properties of the stimulus [8]
whereas vowels are differentiated based on spectral differences.
How these aspects might affect the MMN of Chinese lexical tones
is beyond the scope of the present paper but might be an important
line of investigation for further quantifying the neural response to
Chinese lexical tones.

5. Conclusion

The present study is the first to investigate the automatic inte-
gration of Chinese characters and lexical tones. Considering the
dramatic difference between writing systems, we compared our
findings to previous investigations in the alphabetic writing sys-
tem. In contrast, we found that Chinese native speakers required
an extra 100 ms for the automatic integration of characters and
lexical tones. We attributed this timing difference to the fundamen-
tal heterogeneity in the two writing systems, the overall increased
complexity of Chinese and findings that suggest distinct neural
mechanisms for the Chinese language compared to English. This
study offers insight into character/lexical tone integration, which
is only one important characteristic of the Chinese language. In
fact, the syllable of a Chinese character consists of an initial con-
sonant, a vowel, sometimes a final consonant, and the tone, which
are all equally critical in Chinese pronunciation. Further research is
needed to understand how all of the phonological components of a
character are integrated. Furthermore, our study used very simple
characters, but in Chinese, the complexity, frequency and meanings
between characters are so varied that different degrees of autom-
atization might be found when these elements are systematically
examined.
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