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a b s t r a c t

This study reported the role of orthography in semantic activation processes of Chinese single-character
words. Eighteen native Chinese speaking adults were recruited to take part in a Stroop experiment con-
sisting of one-character color words and pseudowords which were orthographically similar to these color
words. Classic behavioral Stroop effects, namely longer reaction times for incongruent conditions than
eywords:
emantic
hinese
RP
rthography

for congruent conditions, were demonstrated for color words and pseudowords. A clear N450 was also
observed in the two incongruent conditions. The participants were also asked to perform a visual judg-
ment task immediately following the Stroop experiment. Results from the visual judgment task showed
that participants could distinguish color words and pseudowords well (with a mean accuracy rate over
90 percent). Taken together, these findings support the direct orthography-semantic route in Chinese
troop
450

one-character words.

. Introduction

The relative role of phonology and orthography in semantic acti-
ation processes of Chinese words has been debated for decades.
o far, three paths have been put forward, a direct route via orthog-
aphy, an indirect route via phonology, and an interaction route by
oth orthography and phonology [2,7,9,13–16]. Due to the vague
apping between orthography and phonology as well as the heavy

omophony in Chinese, many researchers have suggested that
he role of phonology is limited in semantic activation of Chinese
ords, and that orthography may play a dominant role in these pro-

esses [1,11]. This point of view gets support from results in many
ehavioral studies (see [16] for a review). Recently, the semantic
ctivation processes have also been investigated with event related
otentials (ERPs).

For example, to investigate the role of phonology in accessing
eaning of Chinese single-character words Wang et al. adopted
omophones of color words in an ERP Stroop experiment [10]. If
honology is important in semantic activation, then homophones
hould produce similar Stroop effect as color words. A behavioral
troop effect for homophones of color words was observed, but

Abbreviations: ERP(s), event related potential(s); EEG, electroencephalogram;
NOVA, analysis of variance; SD, standard deviation.
∗ Corresponding author at: 4A Datun Road, Institute of Psychology, Chinese
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there was no N450 for homophones in the ERP data. Since the N450
was an ERP marker for semantic conflict in Stroop tasks [6,10], the
lack of N450 for homophones suggested a limited role of phonol-
ogy in accessing meaning of Chinese single-character words. This
experiment also demonstrated the usefulness of the ERP as a tool
in solving controversies in psycholinguistics.

Along the same logic, we aim to directly investigate the role
of orthography in accessing meaning of Chinese single-character
words with an ERP Stroop experiment. The vague mapping between
orthography and phonology in Chinese offers us a chance to manip-
ulate orthography relatively free from the influence of phonology.
The key materials in this study are color words and pseudowords
with visual similarity to color words. All pseudowords do not have
a pronunciation in Chinese.

If orthography alone can activate the semantic meaning of Chi-
nese written words, then we expect behavioral and ERP Stroop
effects for pseudowords, as for color words. First, we expect larger
reaction times for incongruent conditions as compared to corre-
sponding congruent conditions. Second, in the ERP data we expect
an N450 for incongruent conditions regarding to corresponding
congruent conditions. The N450 for pseudowords should be less
prominent in the mean amplitudes as compared to the color words,
because the pseudowords may not activate the meaning of the

color words to the same extent as the color words per se. Some-
times a larger P300 was observed for congruent color words than
for incongruent color words in an ERP Stroop experiment [4]. There-
fore, it will not be surprise to observe a larger P300 for congruent
conditions than for incongruent conditions in this experiment.

dx.doi.org/10.1016/j.neulet.2010.10.041
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:kuisister@gmail.com
dx.doi.org/10.1016/j.neulet.2010.10.041
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Table 1
The reaction times, error rates and the standard deviations (in parentheses) in the Stroop experiment.

Color words Pseudowords
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the N450 for pseudowords was less prominent as compared to the
N450 for color words. These findings thus were consistent with
our hypotheses. Moreover, a P300 was observed for color words
preceding the N450.
Congruent

Reaction times (ms) 655 (88)
Error rate (%) 3.01 (3.21)

To exclude the possibility that the participants might overlook
he pseudowords as real words, we added a visual judgment task
fter the Stroop task, in which the participants were instructed to
istinguish whether two serially presented similar/identical items
ere visually the same or different.

. Results

.1. Visual judgment task

The mean accuracy rate for the 96 stimulus pairs in all partici-
ants was 93%.

.2. Stroop task

.2.1. Behavioral data
The behavioural data are shown in Table 1. An analysis of

ariance (ANOVA) for reaction times with factors congruency
congruent, incongruent) and type (color words, pseudowords)
evealed a congruency effect (F (1, 17) = 26.56, p < 0.0001). Type
pecific t-tests revealed reliable congruency effects for each stim-
lus type: color words (t (17) = 5.73, p < 0.0001), pseudowords (t
17) = 4.12, p < 0.001).

An analogous ANOVA was also launched for error rates data, and
evealed no significant main effects or interaction.

.2.2. ERP data
ERPs for each stimulus type at representative recording sites (Fz,

z, Pz) are shown in Fig. 1.
The P300-an ANOVA with factors type (color words, pseu-

owords), congruency (congruent, incongruent), and channel (F3,
4, Fz, C3, C4, Cz, P3, P4, P5, P6, Pz, Po3, Po4, Poz, O1, O2, Oz) was
erformed for mean amplitudes in the 340–400 ms time interval.
Type effect (F (1, 17) = 21.67, p < 0.0001) and a congruency effect

F (1, 17) = 7.82, p < 0.05) were obtained. No significant interaction
as observed. Analysis of the type effect indicated that the mean

mplitudes of the P300 elicited by the color words were larger
han those elicited by the pseudowords. Analysis of the congruency
ffect revealed that the mean amplitudes elicited by the congru-
nt conditions were larger than those elicited by the incongruent
onditions.

The N450—a similar ANOVA was performed for mean ampli-
udes in the 400–500 ms time interval for the N450. A Type effect
F (1, 17) = 19.76, p < 0.001), a congruency effect (F (1, 17) = 12.52,
< 0.01), and an interaction between type and congruency (F

1, 17) = 4.53, p < 0.05) were observed. Analysis of the interaction
evealed that the mean amplitudes elicited by color words were
arger than those for pseudowords in congruent (F (1, 17) = 14.12,
< 0.01) and incongruent (F (1, 17) = 9.05, p < 0.01) conditions.
oreover, the congruency effect was significant for color words

F (1, 17) = 19.76, p < 0.001), and in a trend for pseudowords (F
1, 17) = 3.19, p = 0.09). Further analysis with paired t-test at each
f these channels revealed that the congruency effect for pseu-

owords existed only at several channels, while the congruency
ffect for color words existed in a much larger scalp region (see
able 2 for t-values). The mean amplitudes and standard devia-
ions for each stimulus condition at the seventeen electrodes are
lso given in Table 2.
gruent Congruent Incongruent

96) 674 (95) 737 (115)
5.26) 4.05 (4.07) 5.20 (5.41)

3. Discussion

In this study, we investigated the role of orthography in
semantic activation of Chinese single-character word with an ERP
Stroop experiment. Three main findings are as follows. First, we
observed larger reaction times for incongruent color words and
pseudowords as compared to corresponding congruent conditions.
Second, incongruent color words and pseudowords elicited a clear
N450 as compared to corresponding congruent conditions. Third,
Fig. 1. Grand-average ERPs at Fz, Cz, Pz for incongruent color words (black solid),
congruent color words (black dashed), incongruent pseudowords (grey solid) and
congruent pseudowords (grey dashed).
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Table 2
Mean amplitudes (in �V) and the standard deviations (in parentheses) for the N450 at 15 electrodes.

Sites pswo c pswo i t cowo c cowo i t

F3 3.08 (3.62) 3.00 (2.98) 0.13 4.67 (3.53) 3.33 (3.11) 1.99#

F4 3.83 (3.01) 3.41 (3.44) 0.63 5.00 (3.41) 4.24 (2.94) 1.61
Fz 2.08 (3.39) 2.00 (3.76) 0.15 3.74 (3.69) 2.37 (4.19) 1.69
C3 4.45(2.59) 3.27 (2.55) 2.73* 6.00 (2.65) 4.51 (2.94) 2.72*

C4 4.86(3.38) 3.96 (3.62) 2.05# 6.54 (3.77) 4.99 (3.35) 3.55**

Cz 4.44 (3.85) 3.74 (3.97) 1.33 6.86 (4.39) 4.84 (3.86) 3.23**

P3 5.17 (3.52) 4.49 (4.43) 1.30 7.01 (3.61) 5.04 (3.93) 4.27***

P4 5.56 (3.29) 5.18 (3.95) 0.68 7.55 (3.88) 5.66 (3.43) 3.74**

P5 3.69 (2.95) 3.07 (3.82) 1.48 5.43 (2.98) 3.88 (3.26) 3.15**

P6 4.88 (3.10) 4.17 (3.64) 1.21 6.33 (4.27) 4.95 (3.41) 2.37*

Pz 6.26 (3.35) 4.96 (4.52) 1.86# 7.61 (4.4) 5.72 (3.86) 3.92**

PO3 4.55 (3.33) 3.45 (4.15) 2.21* 6.19 (3.06) 3.83 (3.62) 3.73**

PO4 4.51 (3.16) 3.33 (3.95) 2.76* 6.13 (3.98) 4.42 (3.99) 2.82*

POz 4.79 (2.96) 3.63 (4.19) 1.67 6.21 (3.61) 4.16 (3.61) 3.74**

O1 2.13 (3.07) 1.00 (3.63) 1.76# 3.53 (2.43) 1.51 (2.89) 3.49**

O2 2.46 (2.86) 1.79 (4.09) 1.16 4.06 (2.86) 2.26 (2.9) 5.04***

Oz 1.82 (2.51) 0.97 (3.17) 1.42 3.13 (2.46) 1.17 (2.62) 3.87**

Note: cowo c: congruent color words; cowo i: incongruent color words; pswo c: congruent pseudowords; pswo i: incongruent pseudowords.
# 0.05 < p < 0.1.
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* p < 0.05.
** p < 0.01.

*** p < 0.001.

The behavioural and ERP Stroop effects for pseudowords indi-
ate that words with similar orthographies to a word could activate
he meaning of the word. These findings are consistent with
revious behavioral studies which showed that orthographic infor-
ation had an important effect in semantic activation processes

n Chinese [2,5,12,13]. The N450 in the Stroop task is induced by
he conflict between the incongruent meaning of the words and
he colors to be responded [6,10]. The pseudowords used in this
ask did not have meanings. Therefore, if the pseudowords had not
ctivated the meaning of the color words, there should be no differ-
nce between congruent and incongruent pseudowords. No N450
ould be observed in this case. Need to note that we found no N450
or homophones of color words in a similar Chinese Stroop study
10]. Taken together, these findings suggested a dominant role of
rthography in semantic activation of written Chinese words for
xperienced readers.

Alternatively, the observed effects might have been induced by
articipants overlooking the difference between color words and
seudowords. However, two pieces of evidence could rule out this
ossibility. First, in the visual judgment task the participants distin-
uished the visually similar word stimuli with an accuracy rate of
3%. Second, the N450 effect for pseudowords was less prominent
han that for color words. In light of these facts, the N450 observed
or incongruent pseudowords would be very unlikely due to the
verlooking the above mentioned difference by the participants.

Besides the N450, we observed a larger P300 for congruent con-
itions than for incongruent conditions. Whether P300 and N450 in
RP Stroop experiments are two independent components or just
ne single component is a very interesting topic. Early researchers
ave thought that ERP Stroop effect was solely contributed by a
ingle P300 [4]. However, a larger P300 for congruent color words
oes not always appear in ERP Stroop experiments. Instead, a neg-
tivity peaking at about 450 ms is more consistently observed for
ncongruent color words. In a seminal study Liotti et al. [6] labeled
his negativity as N450. Critically, the source of the N450 was local-
zed in anterior cingulate cortex, which mirrored previous findings
sing functional magnetic resonance imaging. Therefore, we pre-

er to believe that P300 and N450 in current study are two separate
omponents.

The P300 is closedly related to attentional processes [8]. The
300 difference between congruent and incongruent conditions
ight reflect different level of attention paticipants requested to
perform Stroop task. As compared to response to the words in con-
gruent conditions, response to words in incongurent condition is
more difficilcult. It has been observed that the amplitudes of P300
were smaller for more difficult task than for easier task [8]. There-
fore, smaller P300 amplitudes were observed for incongruent than
for congruent conditions.

There are two main constraints in the current study. First, the
Stroop task only presented a small set of stimuli. It is thus impossi-
ble to distinguish potential different semantic activation processes
between integrate and compound characters, and between one-
character words and words with two or more characters. Second,
the Stroop task has low ecological validity in studying reading
processes. More studies with different experimental paradigms
will be helpful to address the semantic access of written Chinese
words.

4. Experimental procedures

4.1. Participants

Eighteen native Chinese speakers (mean age = 24, SD = 2,
range = 21–37, 10 female), who finished at least 14 years of school
education in China and studied in Germany when the experiment
was performed, provided informed consent to participate in the
study in return for 8 Euro per hour. All of them were right-handed
and had normal or corrected-to-normal vision. Most of the par-
ticipants had stayed in Germany for less than half year when the
study was carried out. Data of three additional participants were
discarded due to very high error rate (1) or due to a large number
of artifacts in their ERP data (2). This study was approved by the
ethics committee of Saarland University in Germany.

4.2. Stimuli

4.2.1. The Stroop experiment
All stimuli are shown in Table 3. Four color words (red, green,

yellow and blue) were used. For the selection of pseudowords,

two native Chinese were encouraged to create as many non-word
spelling errors as possible. The most frequently listed three items
were chosen as pseudowords for each color word. All of the pseu-
dowords had neither pronunciation nor meaning. Additionally,
some strings of geometrical shapes (14.2%), undistinguished pic-
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Table 3
Word stimuli used in the Stroop experiment.

Color words Pseudoword1 Pseudoword2 Pseudoword3

Red /pronunciation/ /hong2/ – – –

Green /pronunciation/ /lü4/ – – –
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Yellow /pronunciation/ /huang2/

Blue /pronunciation/ /lan2/

ures (14.2%) together with a high proportion of color patches
14.2%) were taken as filler materials.

Each word stimulus was presented in size of 46 pt in black with
ont Kai, and was embedded into a rectangle filled by one of four dif-
erent colors: red, green, yellow and blue. By these, the final average
atio of foreground to back-color is about 0.176.

Each congruent color word was repeated twelve times; each
ncongruent color word was repeated four times; each congruent
seudoword was repeated four times; one third of incongruent
seudowords were repeated once and the other two thirds were not
epeated. Using this method, the total amount of trials in the con-
ruent condition was the same as that in the incongruent conditions
nd the total amount of trials for color word and for pseudoword
ere the same. Each color patch was repeated twelve times, and

ach geometrical string and undistinguished picture in different
olor rectangles three times. In total, 336 trials were composed
rom 48 incongruent real words, 48 congruent real words, 48 incon-
ruent pseudowords, 48 congruent pseudowords, 48 geometrical
trings, 48 undistinguished figures, and 48 color patches.

.2.2. The visual judgment task
The font and size of the words in visual judgment task were the

ame as in the Stroop task. Each word was presented in black on
he white background.

In the visual judgment task, each color word and three corre-
ponding pseudowords were put in one group. Each two words
ombined together to compose a pair, and thus produced twelve
airs with different items. Besides, mapping each word to itself
roduced four pairs with identical items. Each pair with identical

tems was repeated three times. Different pairs were not repeated.
y doing so, each color word and the corresponding pseudowords
roduced 24 pairs containing twelve identical pairs and twelve dif-
erent pairs. The total number of stimulus pairs produced by four
olor words and their corresponding pseudowords were 96.

.3. Electrophysiological methods

A scalp electroencephalogram was recorded from an array of 59
ilver/silver-chloride electrodes embedded in an elastic cap, and
mplified from DC to 100 Hz at a sampling rate of 500 Hz. The EEG
as acquired referenced to the left mastoid and re-referenced off-

ine to the A2. Further off-line data processing included a digital
ow-pass filter set to 30 Hz. Continuous EEG data were separated
nto 1400 ms epochs, commencing 200 ms prior to stimulus onset
baseline). The standard deviation (SD) was calculated for a moving
indow of 200 ms in each trial, and a trial was rejected whenever

he SD was larger than 25 �V in the electrooculogram or 40 �V in
he EEG (at CZ). Blink trials were identified in the rejected trials by

isual inspection and corrected by a linear regression approach [3].
fter correction, the average number of trials and the respective
anges in incongruent and congruent real words, incongruent and
ongruent pseudowords were 43 (32–47), 43 (39–45), 42 (35–47)
nd 43 (36–47), respectively.
– – –

– – –

4.4. Procedure

Participants were instructed to press one of four keys on a
computer keyboard with two fingers on each hand for the corre-
sponding color (red, green, yellow and blue) as fast and accurately
as possible. The correspondence between colors and keys was bal-
anced among participants.

All 336 trials were presented in a pseudorandom order. The
experiment was preceded by 80 practice trials of color patches in
four blocks. The error rate of each participant was under 10% after
practice trials.

Stimuli were presented on a color monitor, and participants
were seated about 80 cm in front of the screen. The vertical and
horizontal visual angles were 1.83 and 1.60◦. The presentation of
stimuli was signaled by a fixation cross (“+”) in the center of the
screen for 500 ms. Thereafter, there was a blank screen for 500 ms,
then the stimulus appeared on the same location as the fixation
cross for maximally 2000 ms or until the participant pressed any
of the designated color keys. A blank screen for 500 ms followed
and was replaced by the next fixation cross. The Stroop experiment
session lasted about half an hour.

After the Stroop experiment, each participant performed a visual
judgment task. The presentation of stimuli was signaled by a fixa-
tion cross (“+”) in the center of the screen for 500 ms. Thereafter,
there was a blank screen for 500 ms, then the first word in a pair
appeared on the same location as the fixation cross for 500 ms.
After a blank screen for 500 ms, the second word in a pair was
presented on the same location on the screen for 500 ms which
was followed by a blank screen for 1000 ms. A fixation cross
appeared again to signal the beginning of a new trial. The partic-
ipants were instructed to identify whether the two words were
the same or not by pressing one of the two designated keys after
they had been presented with the second item. Responses larger
than 2000 ms were taken as false responses. The visual judgment
session lasted about 15 min. Only accuracy was recorded in this
session.

4.5. Data analyses

In the Stroop experiment, trials with reaction times under
200 ms or above 2000 ms were excluded from the analyses. By
visual inspection, there is a clear positivity before N450. Based on
the temporal information we labeled this component as P300. We
took the mean amplitudes in the 340–400 ms time window for
quantification of the P300 (the onset latency for this effect was
about 340 ms and the peak latency was about 370 ms), and in the
400 to 500 ms time window for quantification of the N450 (the peak
latency was about 450 ms). The mean amplitudes at seventeen elec-

trodes (F3, Fz, F4, C3, C4, Cz, P3, P4, P5, P6, Pz, PO3, PO4, POz, O1,
O2, Oz) were retrieved for the quantification of the P300 and the
N450. Only effects related to Congruency or Type were reported in
the ERP data.

Only accuracy rate was analysed in the visual judgment task.
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