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Abstract—Homophone interference effects in Stroop experi-
ments are often taken as evidence for the hypothesis that
semantic access in written Chinese language is mediated by
activation of phonological processing. We here aim to test
this hypothesis with Chinese single-character words by
means of event related potential (ERP) recordings. Using
color words, homophones of color words and color-word
associates as materials in a Stroop task, we found behavioral
Stroop interference effects for all stimulus types and an N450
for incongruent color words and color-word associates. Crit-
ically, there was no difference in the ERP waveforms elicited
by congruent and incongruent homophones in the N450 time
window. However, in a later time window (600—800 ms) the
incongruent homophones elicited an apparent positivity over
left posterior regions. A similar effect was also observed for
incongruent color words. These findings thus indicate that
phonology does not play an important role in semantic acti-
vation of Chinese single-character words, and that the behav-
ioral Stroop effects for homophones possibly arises at later
stage of lexical processing. © 2010 IBRO. Published by
Elsevier Ltd. All rights reserved.
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The influential dual-route cascaded model of reading as-
sumes that semantic access is accomplished either di-
rectly via orthography or indirectly via phonology (Coltheart
et al., 2001). While it is generally agreed that phonology
plays an important role in semantic access in alphabetic
languages nowadays (Frost, 1998), the relative impor-
tance of phonology in retrieving meaning of a visual Chi-
nese word is still a matter of debate. Since the mapping
between orthography and phonology is not transparent, it
is often suggested that indirect semantic access via pho-
nology is not efficient in Chinese (Wong and Chen, 1999).
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While a number of studies do provide support for this direct
access hypothesis (Chen and Shu, 2001; Meng et al.,
2008), many behavioral experiments indicate that phonol-
ogy plays an important role in accessing meaning of Chi-
nese words (Chen and Tsoi, 1990; Guo et al., 2005; Per-
fetti and Zhang, 1995; Saalbach and Stern, 2004; Spinks
et al., 2000; Tan and Perfetti, 1997; Xu et al., 1999), such
as in Stroop tasks (Chen and Tsoi, 1990; Guo et al., 2005;
Saalbach and Stern, 2004; Spinks et al., 2000).

In classical Stroop tasks participants are asked to re-
spond to the ink or back-color of words and to ignore the
word meaning (Stroop, 1935). Longer reaction times for
incongruent trials (“red” printed in green ink or embedded
in green back-color) compared to congruent trials (“red” in
red or embedded in red back-color) or neutral words were
repeatedly observed. Homophones of color words (e.g.,
ijik,/hong2/,mean flood, homophone of “red” in Chinese,
the numeral here refers to Chinese tone) are often used to
investigate the role of phonology in semantic access. For
example, some studies found that semantically incongru-
ent homophones of color words (e.g., ﬁ% in green) elicited
significantly longer reaction times and/or higher error rates
than congruent homophones (e.g., }‘,it- in red) (Chen and
Tsoi, 1990; Guo et al., 2005; Saalbach and Stern, 2004;
Spinks et al., 2000). Since the meaning of homophones is
semantically unrelated to colors, this effect is typically
interpreted as such that homophones activated the mean-
ing of color words via the shared phonological code (Chen
and Tsoi, 1990; Guo et al., 2005; Saalbach and Stern,
2004; Spinks et al., 2000).

HOMOPHONE INTERFERENCE EFFECTS AND
THE DUAL-ROUTE MODEL OF READING

However, this semantic-based explanation for the homo-
phone Stroop interference effect should be interpreted
cautiously. Within the framework of the dual-route model it
has been suggested that at least two processes were
involved when participants perform Stroop tasks, namely a
semantic and a phonological process (Coltheart et al.,
1999; Saalbach and Stern, 2004). Words with strong se-
mantic association to colors, such as GRASS, may pro-
duce a Stroop interference effect relative to neutral words
such as HEART (Klein, 1964; Saalbach and Stern, 2004);
this effect is taken to be semantic in nature and can be
attributed to a conflict in the semantic lexicon. Additionally,
reaction times for naming the color of pronounceable non-
words, such as ITS, may be greater than naming the color
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of random consonant strings (Bakan and Alperson, 1967);
this effect is assumed to be phonological in nature.

In the same vein, the behavioral homophone effects in
Stroop tasks could be attributed to the conflict in the se-
mantic lexicon between the meanings of colors and the
closely related meaning of color words activated by the
identical pronunciation of homophones, as argued by
the previous researchers (Chen and Tsoi, 1990; Guo et al.,
2005; Saalbach and Stern, 2004; Spinks et al., 2000).
However, the effects could also occur because of the
conflicting phonologies of color name and written word.
With behavioral indices, such as reaction times and error
rates, it is hard (but also possible, see the study of Saal-
bach and Stern (2004)) to distinguish semantic and pho-
nological components in the Stroop effects. However,
event related potentials (ERP) due to their excellent tem-
poral resolution in the millisecond domain are a valuable
tool to investigate the semantic activation processes and to
disentangle the contribution of the semantic component
and the phonological component to the Stroop effects.

Two ERP components have been reported in Stroop
tasks (Liotti et al., 2000). It has been suggested that a
negativity at about 400 to 500 ms post stimulus that is
larger for incongruent than for congruent color words
(hereafter N450) is a reliable ERP index of semantic con-
flict between the meaning of color words and the response
to colors. Thus, the N450 may reflect the semantic com-
ponent in the behavioral Stroop effects. A second ERP
component found in Stroop tasks is a late positivity peak-
ing about 600—-700 ms post-stimulus onset that is centered
over left posterior superior scalp and elicited by incongru-
ent color words. Given that the late positivity overlapped
with response times in Stroop tasks and was most pro-
nounced at recording sites in close proximity to brain re-
gions involved in processing of word meaning it is conceiv-
able that this component may reflect the processing of
word meaning in case of color/word incongruency at a late
processing stage.

PURPOSE OF THIS STUDY

The main purpose of this study was to further explore the
role of phonology in semantic access in Chinese by means
of ERP recordings. It has been suggested that the N450 is
a reliable ERP index of semantic conflict between the
meaning of color words and the response to colors. If
homophones induce behavioral Stroop effects in Chinese
languages by activating the meaning of the color word,
then we could expect to observe similar N450 effects for
incongruent homophones and color words. Thus, the basic
assumption of this study is that if an N450 is observed for
both incongruent homophones and color words, then pho-
nology plays a role in semantic access. Conversely, if no
N450 is elicited by homophones, then the phonology does
not have an important role in Chinese semantic access.
We also predicted that there should be a late and
posteriorly distributed positivity for incongruent homo-
phones and for incongruent color words, because both
classes of items have related-but-incongruent phonology

with the colors and this may lead to the additional process-
ing of word meaning.

In addition, we also aimed at exploring the sensitivity of
the N450 to the amount of semantic conflict in the Stoop
paradigm. To this end, one more stimulus type was added,
the color-word associates. ltems like “grass” have high
semantic associations with certain colors (green here).
Behavioral Stroop effects for these items have been ob-
served, though smaller than those induced by incongruent
color words (Klein, 1964; Saalbach and Stern, 2004). If the
N450 is related to the amount of semantic conflict, then we
expected to observe an N450 also for incongruent color-
word associates, but due to their lower semantic associa-
tion strength the N450 for incongruent color-word associ-
ates should be smaller or topographically more circum-
scribed than the one for incongruent color words.

EXPERIMENTAL PROCEDURES
Participants

Nineteen healthy native Chinese speakers (mean age=26,
range=24-33, nine female), who finished at least 14 years of
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. Data of two addi-
tional participants were discarded due to recording failures or a
large number of artifacts in their ERP data.

Stimuli

Consistent with many previous studies, red (Q_I,/hongZ/), green
(&5.Iud4/), yellow (ﬁ,/huanng), and blue (% ./lan2/) were used
as four colors. For the selection of the color-word associates, a
questionnaire was sent to 18 Chinese adults. They were encour-
aged to give a one-character noun which was most associated
with each of four colors. ltems which were most frequently listed
were used as color-word associates: fire (4} ,/huo3/), grass (

,/caod/), orange (1: J/cheng2/), and sea (}ﬁ ,/hai3/). Homo-
phones are frequenfly used words which share the same pronun-
ciations and tones with corresponding color words, and have no
orthographic similarity to and semantic association with color
words. They are flood (33/hong2/), law (£8/1i4/), emperor (E/
huang?2/) and fence (*él,#a/n%. é e

Neutral words together with a high proportion of color patches
(24.8%) were taken as filler materials. None of the neutral words
had orthographical, phonological or semantic relationship with
other words materials in this experiment. Word complexity, such
as structure and strokes, was also matched when choosing neu-
tral words. Color patches were rectangles in 65 pixel X 73 pixel.
Each word stimulus was presented in size of 46 pt in black with
font Kai, and was embedded into a colored rectangle.

Each incongruent item (such as “green” in a red rectangle)
was repeated 10 times; each congruent item was repeated 30
times. In total 1128 trials were composed from 120 incongruent
color words, 120 congruent color words, 120 incongruent color-
word associates, 120 congruent color-word associates, 120 incon-
gruent homophones, 120 congruent homophones, 128 neutral
words, and 280 color patches.

Electrophysiological methods

Scalp electroencephalogram (EEG) was recorded from an array of
59 silver/silver-chloride electrodes embedded in an elastic cap
(EasyCap GmbH, Herrsching-Breitbrunn, Germany), and ampli-



K. Wang et al. / Neuroscience 165 (2010) 101-106 103

fied from DC to 100 Hz at a sampling rate of 500 Hz. The EEG was
acquired referenced to the left mastoid and re-referenced off-line
to linked mastoids. Further off-line data processing included a
digital low-pass filter set to 30 Hz. Continuous EEG data were
separated into 1400 ms epochs, commencing 200 ms prior to
stimulus onset taken as baseline. After correction, the average
number of trials and the respective ranges in incongruent and
congruent color words, color-word associates, and homophones
were 99 (71-119), 101 (78-119), 103 (83—-120), 101 (82-120),
101 (81-119), and 102 (75-120), respectively.

Procedure

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

All 1128 trials were separated into two blocks in a pseudo-
random order. The experiment was preceded by four blocks of 20
practice trials. The error rate of each participant was under 10%
after performing these 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 degree, respectively. 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 at the same location as the fixation cross for
maximal 2000 ms or until the participant pressed any of the
designated keys. A blank screen for 500 ms followed and was
replaced by the next fixation cross. The whole experimental ses-
sion lasted about 1 h.

Data analyses

Due to the low error rate (lower than 3%), only trials with correct
responses were used for statistical analyses. Trials with reaction
times under 200 ms or above 2000 ms were also excluded for
analyses. Mean amplitudes in the 400-500 ms time window were
used for statistical analyses of the N450. The electrodes were
separated into three regions: anterior (F3, Fz, F4), central (C3, Cz,
C4), and posterior (P3, Pz, P4), and three levels of a Hemisphere
factor from left to right: left (F3, C3, P3), middle (Fz, Cz, Pz), and
right (F4, C4, P4). The Greenhouse-Geisser correction for non-
sphericity was used whenever appropriate and epsilon-corrected
P-values are reported together with uncorrected degrees of free-
dom.

The difference waves between congruent and incongruent
conditions in the 400-500 ms time window for all stimulus types,
in the 700—1000 ms time window for color words and in the
600—-800 ms time window for homophones and color-word asso-
ciates (see results), were calculated. The scalp potential topo-
graphic maps were generated using a two-dimensional spherical
spline interpolation (Perrin et al., 1989) and a radial projection
from Cz.

RESULTS
Behavioral data

The behavioural data are shown on Table 1. For reasons
of integrity the table shows the data for congruent and
incongruent trials as well as for neutral trials that served as
filler items and did not enter the statistical analyses. An
ANOVA for reaction times with factors Congruency (con-
gruent vs. incongruent) and Type (color words vs. color-
word associates vs. homophones) revealed a Type effect
(F(2,36)=7.01, P<0.01, £=0.84), a Congruency effect
(F(1,18)=84. 32, P<0.0001), as well as a marginally sig-
nificant interaction (F(2,36)=3.16, P=0.06, £¢=0.93). Type
specific t-tests revealed reliable Congruency effects for
all conditions (one-tailed): color words ({(18)=7.01, P<
0.0001), homophones (f(18)=6.46, P<<0.0001), and color-
word associates (#(18)=1.88, P<0.05).

ERP data

The N450. ERPs at a midline posterior recording site
(Pz) and topographic maps of the difference wave in the
three experimental conditions are shown in Fig. 1A. An
ANOVA with factors Type (color words vs. color-word as-
sociates vs. homophones), Congruency (congruent vs. in-
congruent), Hemisphere (left vs. middle vs. right) and Re-
gion (anterior vs. central vs. posterior) was performed for
mean amplitudes in the 400-500 ms time interval. An
effect of Congruency (F(1,18)=10.33, P<0.01) and a
three-way interaction between Congruency, Type and Re-
gion (F(4,72)=2.81, P<0.05, £=0.76) were obtained. Fol-
lowing up the latter interaction, type specific analyses of
Congruency effects were conducted separately for each
region. These analyses revealed significant effects of Con-
gruency for color words all over the scalp (anterior:
F(1,18)=14.05, P<0.01; central: F(1,18)=14.34, P<0.01;
posterior: F(1,18)=13.16, P<<0.01). For color-word asso-
ciates significant effects of Congruency were obtained
over the posterior region only (F(1,18)=6.07, P<<0.05). No
effects were obtained for homophones (F-values <1).

The late positivity. As apparent from Fig. 1B, starting
at around 600 ms post stimulus, there was a positivity for
incongruent homophones and, slightly delayed, for incon-
gruent color words. We performed post hoc contrasts for
the mean amplitudes of congruent and incongruent trials in
all three conditions in this late time period. This post hoc
analysis was restricted to left posterior electrodes (PO3,
PO7, P3, O1) at which the late positivity was largest. More
positive going ERPs to incongruent homophones were
obtained in the 600-800 ms time window (F(1,18)=6.86,

Table 1. Mean reaction times (RT in ms) and standard deviations (in parentheses) for all the stimulus types

Color words Color-word associates Homophones Neutrals
Congr. Incongr. Congr. Incongr. Congr. Incongr.
RT 686 (76) 744 (79) 721 (82) 744 (83) 685 (65) 737 (77) 708 (73)

Congr., congruent; Incongr., incongruent.
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Fig. 1. Grand-average ERPs at (A) Pz, and (B) PO3 for incongruent (red line) and congruent conditions (blue line), and topographic maps of the
voltage amplitudes for difference waves (incongruent minus congruent) in the 400-500 ms window and in the late time window (incongruent minus
congruent) as detected by post hoc contrast. Left: color words. Center: homophones. Right: color-word associates.

P<0.05). For color words a similar effect was obtained in
the time window from 700 to 1000 ms (F(1,18)=5.91,
P<0.05). No late effects were obtained for color-word
associates (F-values <1) (Fig. 1B).

DISCUSSION

Previous behavioral studies with Stroop paradigms
showed that phonology plays a role in constraining the
meaning of the written Chinese word (Chen and Tsoi,
1990; Guo et al., 2005; Saalbach and Stern, 2004; Spinks
et al., 2000). In this study, we further studied the role of
phonology in semantic access of written Chinese words
using a Stroop task with ERP recordings. If phonology
plays an important role, we expected to observe similar
behavioral and ERP interference effects for color words
and for homophones. Besides, we also wanted to explore
the sensitivity of the N450 to the amount of semantic
conflict with color-word associates. We found behavioral
Stroop interference effects for color words, homophones of

color words, and color-word associates. In the ERP data,
an N450 was observed for incongruent color words and
color-word associates, but not for the homophones. In
addition, a late positivity with a left posterior scalp topog-
raphy was found for incongruent color words and homo-
phones. This late effect was absent for color-word asso-
ciates.

The semantic activation processes for Chinese
single-character words

The behavioral interference effects for color words and
homophones were comparable, and confirmed findings
from many other previous studies (Chen and Tsoi, 1990;
Guo et al., 2005; Saalbach and Stern, 2004; Spinks et al.,
2000). The N450 for incongruent color words resembled
findings in Stroop tasks in different languages (Liotti et al.,
2000; Qiu et al., 2006). This N450, however, was absent
for incongruent homophones of color words. This finding
suggests that incongruent homophones did not induce
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semantic conflict in the Stroop task. If a word could activate
the meaning of other words with the same pronunciation,
an N450 for incongruent homophones would have been
expected. These findings thus compromise the view that
phonology plays a dominant role in semantic access in
Chinese.

The sensitivity of the N450 to the amount of
semantic conflict

A second is issues addressed in the present study con-
cerns the sensitivity of the N450 to the amount of semantic
conflict. We therefore added color-word associates, which
due to their lower association strength should induce less
semantic conflict than the color words. As in previous
studies, the behavioral Stroop effects for color-word asso-
ciates were less prominent than those for color words but
statistically reliable (Klein, 1964; Saalbach and Stern,
2004). In the ERP data, an N450 effect was obtained for
incongruent color word associates. This effect was atten-
uated as compared to the N450 for color words, and was
restricted to posterior regions. This attenuated N450 effect
parallels the less pronounced behavioral interference ef-
fects for color word associates and suggests that the N450
is sensitive to the amount of the semantic conflict induced
by incongruent color words. These findings confirm that
the N450 is corresponding to the semantic component of
Stroop interference according to the dual-route model of
reading.

The source of the behavioral Stroop interference
effect for homophones

An interesting issue concerns the source of the behavioral
Stroop interference effect for homophones. In fact, re-
sponse times to incongruent homophones were about 50
ms longer than for congruent homophones and no N450
effect was obtained for incongruent homophones. A pos-
sibility is that this behavioral effect arose at a later stage of
lexical processing. In support of this view, we found a late
positivity over left posterior regions for incongruent homo-
phones and color words, for which pronounced behavioral
interference effects were obtained. The late positivity has
high resemblance with an ERP effect recently reported by
Liotti et al. (2000). Using English color words they found a
late positivity to incongruent color words. On the basis of
its left posterior topography and dipole modeling con-
ducted with similar waveforms (Abdullaev and Posner,
1998), Liotti and colleagues take the late positivity to reflect
re-entrant activation of word-processing regions. The late
positivity for homophones could possibly mean that at this
late stage incongruent homophones activated the meaning
of the incongruent color words with the same pronuncia-
tions. Therefore, it is reasonable to assume that the late
positivity reflects the additional processing of the meaning
of the incongruent color words in case of conflicting pho-
nological information carried by incongruent color words
and homophones. As only incongruent color words and
homophone, two conditions which showed strong behav-
ioral interference effects and also had incongruent phonol-
ogy to colors to be named, elicited this late positivity, it

might be associated with processing mechanisms of the
phonological component of Stroop interference according
to the dual-route model.

CONCLUSION

The present results do not support the view of a strong role
of phonology in accessing meaning of visual Chinese sin-
gle-character words. It is more likely that semantic access
in Chinese language relies heavily on the orthography-
semantic route. A possible limitation of our approach could
be that due to the constraints of the Stroop task, only a
small set of stimuli could be used. With a small set of
homophones, it is impossible to distinguish for example
between characters for which the phonetic part contributes
to pronunciation and those for which it does not. Addition-
ally, each stimulus was repeated many times, which could
influence the ecological validity of the results. Thus, addi-
tional studies with different experimental paradigms (e.g.,
lexical decision tasks) are needed to further disentangle
the role of phonology in semantic access of written Chi-
nese words.
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