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Abstract

Orthographic processing is crucial in reading. For the Chinese language, sub-lexical pro-
cessing has already taken place at radical level. Previous literature reported early position-
specific radical representations and later position-general radical representations, implying
a possible separating process of abstract position information irrespective of radicals per se
from radical representations during orthographic processing. However, it remains largely
unclear whether the abstract pattern of spatial arrangement of radicals can be rapidly
extracted, and if so, whether this extraction takes place at the visual cortex, the very first pro-
cessing center. As the visual cortex is documented to actively participate in orthographic
processing, it may also play a role in the possible extraction of abstract orthographic pat-
terns of Chinese characters. Hence, we hypothesize that abstract orthographic patterns of
Chinese characters are covertly extracted at the visual cortex during reading. In this study,
we investigated whether the visual cortex could rapidly extract abstract structural patterns of
Chinese characters, using the event-related potential (ERP) technique. We adopted an
active oddball paradigm with two types of deviant stimuli different only in one feature, struc-
tural or tonal, from standard stimuli; in each of the two sessions, subjects focused conscious
attention on one feature and neglected the other. We observed that the ERPs recorded at
occipital electrodes responded differentially to standard and structural deviant stimuli in both
sessions, especially within the time range of the occipital P200 component. Then, we
extracted three source waves arising from different levels of the visual cortex. Early
response differences (from 88 to 456 ms after stimulus onset) were observed between the
source waves, probably arising from left primary/secondary and bilateral associative visual
cortices, in response to standard and deviant stimuli that violated abstract structural pat-
terns, whether subjects focused their attention on the character structure or not. This sug-
gests rapid extraction of abstract structural patterns of Chinese characters in the visual
cortex, no matter the abstract structural pattern was explicit or implicit to subjects. Note that
the source waves arising from right primary/secondary visual cortices in response to stan-
dard and structural deviant stimuli did not differ at all, indicating that this extraction of the
abstract structural pattern of Chinese characters was left-lateralized. Besides, no difference
was observed between source waves originating from any level of the visual cortex to
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standard and deviant stimuli that violated abstract tonal patterns, until 768 ms when a late
effect related to conscious detection of targets occurred at higher levels of the visual cortex.
Note that at late stages (later than 698 ms after stimulus onset), responses arising from
bilateral associative visual cortices to standard and target stimuli differed for both sessions,
no matter the structural or tonal feature was attended to. Our findings support the primitive
intelligence of visual cortex to rapidly extract abstract orthographic patterns of Chinese char-
acters that might be engaged in further lexical processing. Our findings also suggest that
this rapid extraction can take place implicitly during reading.

Introduction

As a critical carrier of communications among humans, the written language is considerably
variable. It is marvelous for humans to be able to perceive written scripts and extract relevant
features fast [1,2]. During reading, our literate brain is able to reach the speech form of words
via dual routes, using mental lexicon or via grapheme-to-phoneme conversion [3]. Whichever
route is taken, written scripts are first processed in the visual cortex in a hierarchical manner,
with simple features like oriented bars detected first and more complex features like letter frag-
ments and shapes detected later [4]. Eventually, abstract word representations may be formed
at the visual word form area in the fusiform gyrus [5,6].

It is a key step to combine units of written scripts into a whole during the lexical processes
before word representations are formed [4]. For example, letters are perceived and then bound
into strings that form morphemes for alphabetic languages like English, and strokes into radi-
cals for logographic languages like Chinese. In fact, there is evidence that sub-lexical processes
have already occurred at the level of strings or radicals [7,8]. Their representations may assist
the recognition of the whole word or character where the strings or radicals are embedded,
supported by facilitatory priming effects when primes and targets share common strings or
radicals [7]. Nevertheless, the further combination of strings and radicals differs in the way
they are organized. For alphabetic languages, this combination usually takes place in a single
dimension, combining strings into words. In contrast, for logographic languages, the combi-
nation of radicals takes place on a two-dimension plain. In the Chinese language, radicals can
be bound in various manners. For example, they can be bound horizontally, forming a charac-
ter with left-right structure; they can also be bound vertically, forming a character with up-
down structure. Although there are other manners for radicals to be combined, over 86% of
modern Chinese characters are with left-right (~65%) or up-down structure (~21%) [9,10].

Radical position information seems to be encoded and represented during orthographic
processing. Although behavioral studies provide evidence supporting the emergence of both
position-specific and position-general radical representations in Chinese character recognition
[11,12], the time course of the covert processing underlying Chinese character recognition can
only be revealed with neurophysiological techniques, e.g. the event-related potential (ERP)
technique. For instance, Yum et al. found that pseudo-characters with illegally-positioned radi-
cals elicited different occipital P100 and N170 from those with legally-positioned radicals, sug-
gesting early encoding of radical position legality [13]. Similarly, Wei et al. discovered that the
radical position legality in real characters and pseudo-characters with legally-positioned radi-
cals was rapidly detected in native speakers as early as 120-160 ms reflected by ERP effects at
frontal and central areas [14]; they also found that the brain of native speakers is able to differ-
entiate real characters from pseudo-characters with legally-positioned radicals reflected by
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ERP effects at 170-210 ms [14], suggesting further lexical processing on the basis of radical
position information. In addition, using a masked priming paradigm, Su et al. found that the
target characters following the priming characters with different radical positions elicited
larger occipital P100 (120-180 ms) and that the target characters with radicals appearing in
their uncommon positions elicited larger N170 and P200 (225-325 ms), implying the early
encoding of radical position specification and preference [15]. Furthermore, as to the differ-
ences between position-specific radical representations and more abstract position-general
ones, Wu et al. provided ERP evidence supporting that the time courses for their emergences
may differ, and that position-specific radical representations tended to be reflected by an ERP
effect earlier than position-general ones [16].

The emergence order of position-specific and position-general radical representations inev-
itably suggests a possible abstracting process that isolates representations of radicals per se and
representations of abstract radical positions. In alphabetic languages, the separation of letter
identity and within-word letter position is crucial for subsequent semantic and phonological
processing; the letter identity assists semantic extraction and the position information is neces-
sary for representations of within-word-position-coded letter identities that will be utilized in
phonological processing [17]. Since the semantic and phonological features are also processed
at the radical level in Chinese character recognition [7,8], the separate representations for radi-
cals per se and abstract radical positions may be more complex than in alphabetic languages.
The role of the abstracted position information in orthographic processing of Chinese charac-
ters, to our surprise, was investigated by few studies. Representing the way that radicals of Chi-
nese characters are combined, the abstract position information irrespective of radicals per se
indeed affects the recognition of Chinese characters during reading. For instance, characters
with left-right structure tend to be perceived faster than those with up-down structure [18]. In
addition, since radicals are combined in various manners with different occurrence frequen-
cies, it seems plausible that the literate brain of Chinese speakers may learn to extract rapidly
the abstract spatial pattern of radical configuration embedded in a character during his/her
long-term linguistic experience, so as to adapt to the linguistic surroundings and facilitate fur-
ther processing to recognize Chinese characters. Therefore, the possible abstracting process
that isolates representations of radicals per se and representations of abstract radical positions,
the impact of the spatial arrangement of radicals on the recognition of characters, and the fact
that the literate brain of Chinese speakers is continuously learning the statistics of the linguistic
surroundings lead us to the hypothesis that the abstract pattern of spatial arrangement of radi-
cals in Chinese characters are extracted during reading, probably in an implicit way.

To our knowledge, it remains largely unclear whether the abstract pattern of spatial
arrangement of radicals irrespective of the radicals per se is extracted and represented during
Chinese character recognition. As a part of orthographic processing, previous literature on the
time course of orthographic processing for both alphabetic [19] and logographical languages
[20,21] makes us hypothesize that the possible extraction of the abstract spatial pattern of radi-
cal configuration may take place at an early stage of Chinese character recognition, preceding
phonological or semantic processing. We believe that this extraction process might take place
after the emergence of position-specific radical representations [15,16], since the isolation of
radicals per se and their positions, if existing, is likely to be involved as well in the extraction of
the abstract spatial pattern of radical configuration. Previous literature also observed activa-
tions of a group of brain regions including fusiform gyrus and middle occipital gyrus (Brod-
mann areas 18, 19, and 37) specifically during orthographic processing [22,23], which may
indicate the possible brain regions involved in the extraction of this abstract orthographic pat-
tern of Chinese characters.

PLOS ONE | https://doi.org/10.1371/journal.pone.0229590 February 21, 2020 3/23


https://doi.org/10.1371/journal.pone.0229590

@ PLOS|ONE

Implicit extraction of Chinese character structures

In this study, we attempted to explore whether the abstract pattern of spatial arrangement
of radicals could be implicitly extracted during reading. We decided to use the ERP technique
in order to track the time course of this covert procedure during orthographic possessing of
Chinese characters. We were most interested in an ERP component named the visual mis-
match negativity (vYMMN), a response originating from the visual cortex and reflecting its pre-
dictive error of the statistics of the visual surroundings [24]. From an evolutionary perspective,
our visual cortex evolves to detect sudden environmental change automatically, even if the
change is subtle. When a series of standard stimuli is delivered to a subject, they would estab-
lish a norm of the statistics of the visual surroundings for his/her visual cortex to predict future
stimuli. Then, when a rare, uncommon stimulus is presented out of sudden, his/her visual cor-
tex would make a prediction error and thus generate the vVMIMN [24]. Therefore, the YMMN
can be used to examine whether the visual cortex is able to perceive and recognize certain fea-
tures of visual stimuli and, if so, can help to further detect the timing of the covert feature
extraction. Previous literature on the vMMN suggests that the human visual system is not only
sensitive to changes of such simple features of visual stimuli as color and line orientation
[25,26], but also to violation of sequential regularity [27,28] and change of abstract features
like gender category [29].

Importantly, the vVMIMN can also be elicited by violations of the regularity of lexical infor-
mation. For instance, Wei et al. reported significant vMMN effects for surprising alternations
between non-characters and real characters/pseudo-characters with legally-positioned radi-
cals, among native Chinese speakers but not non-native speakers, suggesting that the brain of
native Chinese speakers is capable of extracting lexical features with an early-triggered auto-
matic process [14]. Their further study reported vMIMN effects for deviant character fre-
quency, suggesting that the statistics embedded in Chinese characters indeed affects early,
automatic processing of Chinese characters [30]. Moreover, Wang et al. used the vYMMN to
study the rapid feature extracting procedure of Chinese characters during reading; they discov-
ered significant VMMN effects for infrequent violations of the tonal pattern embedded in stan-
dard characters, indicating that abstract phonological patterns of Chinese characters are
rapidly extracted in the visual cortex [31]. This vYMMN effect still exists even when the stimuli
are displayed at the corner of the screen away from the center to which the attention of subjects
is attracted by an irrelevant visual task [32]. However, it still lacks evidence to clarify whether
the visual cortex can implicitly extract abstract spatial patterns of radical configuration of Chi-
nese characters. The ability of the visual cortex to automatically extract abstract phonological
patterns supports the extraction of higher-level abstract lexical features in the visual cortex.
Since abstract structural patterns stem somewhat more directly from visual cues than tonal
patterns and orthographic processing generally precedes phonological processing [20,21], it is
conceivable that abstract structure patterns may also be extracted in the visual cortex. There-
fore, in this study, we expected to observe significant vYMMN effects for infrequent violations
of the structural pattern embedded in standard characters, whether or not these violations
were the targets for subjects to detect with conscious attention.

Here, we adopted an active dual-deviant oddball paradigm, simulating a scene of reading.
To be more specific, the visual stimulus stream used in this experiment was composed of three
types of Chinese characters: those with left-right structure and falling tone, those with left-
right structure and rising tone, and those with up-down structure and falling tone (probability:
8:1:1). In one of the two sessions in the experiment, subjects were instructed to respond to the
target characters with a deviant structure (up-down) from the standard one (left-right). By
doing so, subjects explicitly identified the violations of the standard abstract pattern of spatial
arrangement of radicals in this session. We expected to observe differences within in the time
range of the vMMN between ERPs in response to standard stimuli and target ones, which
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represented the active extraction of the abstract structural pattern. In the other session with
exactly the same stimulus presentation, subjects were instructed to respond to the target char-
acters with a deviant tone (rising) from the standard one (falling). Then, we examined whether
there were also differences within in the time range of the vYMMN between ERPs in response
to standard stimuli and non-target ones with a different structure that were targets in the
structure identification session. We expected to observe similar difference effects on ERPs as
in the structure identification session; if so, this meant that the differences in ERPs in response
to changes in the abstract structure pattern of Chinese characters could be extracted implicitly
during reading.

This paradigm was also used to replicate the findings that abstract phonological patterns of
Chinese characters are implicitly extracted in the visual cortex [31,32]. In the session where
subjects were instructed to identify the target characters with a deviant tone, we expected to
observe differences within in the time range of the vYMMN between ERPs in response to stan-
dard stimuli and target ones, which represented the active extraction of the abstract tonal pat-
tern. In the other session where subjects were instructed to identify the target characters with a
deviant structure, we expected to observe similar difference effects on ERPs as in the tone iden-
tification session.

Materials and methods
Subjects

Sixteen subjects (8 females; mean age + SD: 23 + 3 years) participated in the experiment. All
subjects were native Chinese speakers with normal or corrected-to-normal vision. None of the
subjects had history of neurological or psychiatric disorders. All subjects were paid for their
time and gave written informed consent to the experimental protocol approved by the local
Ethics Committee of Tsinghua University.

Experimental protocol

We used an active oddball paradigm with two types of deviant stimuli, simulating a scene of
reading (Fig 1A). In a stream of Chinese characters, characters with left-right structure and
falling tone (LR4) occurred frequently as standard stimuli and two types of deviant stimuli
were infrequently delivered between standard stimuli; one was characters with up-down struc-
ture and falling tone (UD4) and the other was characters with left-right structure and rising
tone (LR2). Note that UD4 characters differed from LR4 characters only in structure and that
LR2 characters differed from LR4 characters only in lexical tone. The characters were assem-
bled with various radicals and their pronunciations contained various consonants and vowels,
thus rendering the pattern of both structural and tonal features abstract.

The stream contained 1200 characters: 960 standard stimuli (LR4), 120 structural deviant
stimuli (UD4), and 120 tonal deviant stimuli (LR2). Owing to the limitation of the number of
real characters with left-right structure and falling tone, the stimulus pool contained 524 stan-
dard characters and 436 of them were presented twice. The characters were presented in a
pseudo-random order, any two neighboring deviant stimuli were separated by at least two
standard stimuli, and the standard characters that were delivered twice were not presented
consecutively. All the stimuli were in white color, displayed at the center of a gray background.
Subjects’ eyes were at the same height as the center of the screen and the eye-to-screen distance
was ~1 m. The width and height of the Chinese characters were about 10 cm; they were all in
Imitation Song typeface. The occurrence frequency and the stroke number of the characters
were matched across stimulus types (Table 1); the occurrence frequency of the characters was
obtained from the balanced corpus of modern Chinese of the State Language Commission of
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Chinese character stream
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LR: left-right structure; UD: up-down structure; 4: falling tone; 2: rising tone.
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Stimuli stacking up

D
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Dual-deviant oddball paradigm

of a single trial o S

LR4 500-700/ms LR4  STANDARD LR4  STANDARD
LR4  STANDARD LR4  STANDARD
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UubD4 %@ (prees bulion) v YD4 ( tamceT ) v UD4 (non-TaRGET)

Fig 1. Experimental protocol and stimuli. (A) We adopted an active oddball paradigm with two types of deviant stimuli that violated abstract patterns of structural
and tonal features of Chinese characters respectively. The standard stimuli were Chinese characters with left-right structure and falling tone (LR4). The two types of
deviant stimuli were characters with up-down structure and falling tone (UD4) and characters with left-right structure and rising tone (LR2). The patterns of
structural and tonal features abstract were abstract, since the characters were constructed with various radicals and their pronunciations contained various
consonants and vowels. (B) Chinese characters stacking-up for the three stimulus types. Note they are considerably similar, suggesting minimal physical
heterogenicity of visual stimuli. (C) The duration of the presence of each character was 200 ms and the stimulus onset asynchrony was 1.9-2.1's. (D) The
experiment included two sessions where exactly the same stream of characters was presented. In one session, subjects were instructed to respond to the deviant
stimuli that violated the abstract structural pattern by pressing a button and neglected the other type (TaskS); in the other session, they were instructed to respond to
the deviant stimuli that violated the abstract tonal pattern by pressing a button (TaskT).

https://doi.org/10.1371/journal.pone.0229590.g001

Table 1. The occurrence frequency and the stroke number of the stimuli.

Number Occurrence frequency (%o) Stroke number
mean SD mean SD
LR4 524 0.194 0.468 10 3
UD4 120 0.191 0.309 10 3
LR2 120 0.178 0.471 10 3
Variance homogeneity test p=0.613 p=0.789
ANOVA F2, 761 0.067 0.207
p value 0.935 0.813
https://doi.org/10.1371/journal.pone.0229590.t001
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China (http://corpus.zhonghuayuwen.org). The final images of stacking-up stimulus charac-
ters for the three stimulus types were considerably similar, suggesting minimal physical hetero-
genicity of visual stimuli (Fig 1B). The duration of the presence of each character was 200 ms
and the stimulus onset asynchrony was 1.9-2.1 s (Fig 1C). The delivery of stimuli was con-
trolled by custom programs in E-Prime (2.0; Psychology Software Tools).

The experiment included two sessions where exactly the same stream of characters was pre-
sented. In one session, subjects were instructed to respond to one type of deviant stimuli by
pressing a button and neglect the other type; in the other session, they were instructed to
respond to the other type of deviant stimuli. The session order was counterbalanced across
subjects. As shown in Fig 1D, if the subjects focused their attention on the character structure,
their task would be to detect the up-down structure (UD4) among a stream of characters with
the left-right structure (LR4 and LR2); hereafter this session was referred to as TaskS. In TaskS,
the target deviant stimuli were UD4 characters and the non-target deviant stimuli were LR2
characters. LR4 and LR2 characters together established an explicit abstract structural pattern
(i.e. the left-right structure), and LR4 and UD4 characters together established an implicit
abstract tonal pattern (i.e. the falling tone) to which subjects did not consciously attend. Simi-
larly, if subjects focused their attention on the character tone, their task would be to detect the
rising tone (LR2) among a stream of characters with the falling tone (LR4 and UD4); hereafter
this session was referred to as TaskT. In TaskT, the target deviant stimuli were LR2 characters
and the non-target deviant stimuli were UD4 characters. Here, the abstract tonal pattern (i.e.
the falling tone) established by LR4 and UD4 characters was explicit, and the abstract struc-
tural pattern (i.e. the left-right structure) established by LR4 and LR2 characters was implicit.
Intervals between stimuli were deliberately set short and subjects were instructed to respond as
fast as possible, maximizing the psychological resources of the subjects devoted to the current
task. In addition, the tone identification task was quite difficult. These ensured the detection of
the unattended feature, especially the abstract structural pattern, to be implicit.

Electrophysiological recording

During data acquisition, subjects were comfortably seated in an armchair. They were
instructed to press a button in response to each target stimulus as quickly as possible. While
they were doing the tasks, continuous electroencephalography (EEG) data were being
recorded at a sampling rate of 500 Hz with a BrainAmp DC amplifier (Brain Products GmbH)
and the software Recorder (1.20, Brain Products GmbH), using Ag/AgCl electrodes, simulta-
neously from 61 channels (Fp1/2, AF3/4/7/8, F1/2/3/4/5/6/7/8, ¥T7/8, FC1/2/3/4/5/6, T7/8,
C1/2/3/4/5/6, TP7/8/9/10, CP1/2/3/4/5/6, P1/2/3/4/5/6/7/8, PO3/4/7/8, O1/2, Fpz, Fz, Cz,
CPz, Pz, POz, Oz) according to the international 10/10 system, with the reference electrode
placed at FCz and the ground electrode placed at AFz. Vertical and horizontal electro-oculo-
grams were also recorded for elimination of ocular artifacts. Electrode impedance was main-
tained below 10 k€.

Analysis of behavioral performances

A hit was recorded when the subject pressed the response button between 200 to 1400 ms after
the onset of a target stimulus. The hit rate is the ratio of the number of hits to the number of
target stimuli. The reaction time is the median time across trials between stimulus onset and
the first hit. The indices were calculated in Matlab (R2013b, MathWorks) and compared
between sessions with paired t-tests in SPSS (22.0.0, IBM); a priori significance level was set at
0.05.
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Pre-processing and analysis of event-related potentials

The pre-processing of event-related potentials (ERPs) included re-referencing, filtering, arti-
fact elimination, bad-block rejection, segmenting, and averaging. First, the continuous EEG
data were re-referenced to the average of all channels, and band-pass filtered between 1 and 70
Hz. Next, ocular and myogenic artifacts were largely eliminated with a data cleaning

toolbox implanted in EEGLAB [33] on the basis of an EEG-cleaning algorithm named Artifact
Subspace Reconstruction [34]; it automatically detects artifacts based on the principal compo-
nent analysis and eliminated the artifacts based on clean parts of the data that had minimal
noise. Afterwards, the continuous EEG data were segmented into epochs with duration of 1.25
s, including 250 ms pre-stimulus baseline. Then, all the epochs with data points exceeding

+80 uV were rejected, and all the valid epochs were averaged. The ERPs were baseline cor-
rected, relative to the average of all pre-stimulus data (-250-0 ms).

We compared the ERPs in response to the standard and deviant stimuli with paired t-tests.
The comparison was first conducted in sensor space; the ERPs recorded at occipital regions
(PO3/4/7/8, O1/2) were averaged and further analyzed. A sliding window with duration of 40
ms moved with 2-ms step and the mean amplitude was compared between responses to the
standard and the unattended deviant stimuli for each time point with paired t-tests. The p val-
ues were false discovery rate (FDR) corrected in order to control the overall Type I error rate.
We also compared the ERPs in response to the standard and the target deviant stimuli, using
the same analyzing approaches.

In order to compare the ERPs in response to different types of stimuli in source space, we
extracted six components from the averaged ERPs using spatial filters that were obtained via
the independent component analysis (ICA) [35]. The number of components was determined
according to the explained variance of the retained components; we retained the fewest com-
ponents that could explain at least 95% of the data variance. Spatial filters transformed the
responses acquired on the scalp into responses arising from a functionally connected group of
brain structures. Therefore, we assumed that each component represented the brain response
arising from a configuration of functionally connected neural sources. We derived the source
waves from original data for each subject, for each stimulus type, for each session.

In order to localize the neural sources for each spatial filter, we applied dipole fitting to the
components derived from the ICA-based decomposition with DIPFIT 3.3 toolbox implanted
in EEGLAB. We used a boundary element model derived from the MNI (Montreal Neurologi-
cal Institute) averaged brain as the head model. The location, orientation, and strength of a
couple of mirrored rotating dipoles (or a single dipole, for two components with lateralized
topographies) were obtained through a scanning procedure aimed at minimizing the deviation
between the estimated topography and the measured one [36]. The locations of the estimated
equivalent dipoles were reported in the Talairach coordinate system. Residue variance (RV)
was also reported to evaluate the accuracy of the source localization. We also reconstructed the
sources underlying each component with exact low-resolution brain electromagnetic tomogra-
phy (eLORETA). Different from dipole fitting, eLORETA uses a distributed source model for
source reconstruction and provides exact, zero-error localization in the presence of measure-
ment and structured biological noise [37]. The main aim for us to provide the results of source
reconstruction based on eLORETA was to render the source reconstruction results from mul-
tiple methods comparable. Since the spatial resolution of the EEG data was generally low, the
consistency between equivalent sources estimated through dipole fitting and eLORETA would
render the source reconstruction results more convincing.

After the source waves were derived, we compared the ERPs in response to the standard
and deviant stimuli in source space with paired t-tests. The comparing approach was the same
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Fig 2. Behavioral performance. (A) The reaction time was significantly earlier for TaskS than for TaskT. (B) The hit
rate was significantly higher for TaskS than for TaskT. Behavioral performance suggests that subjects detected
structural features of Chinese characters faster and more accurately than tonal features when they focused their
attention on the corresponding features. Error bars refer to +SEM.

https://doi.org/10.1371/journal.pone.0229590.9002

as that for ERPs in sensor space. The ERP pre-processing, the ICA-based decomposition of
ERPs, and the dipole fitting were conducted with the EEGLAB toolbox in Matlab, the eLOR-
ETA was conducted in the LORETA-KEY software package [38], and sensor- and source-level
ERP analyses were conducted with custom programs in Matlab.

Results
Behavioral performances

The mean reaction time was 684 ms for TaskS and 839 ms for TaskT (Fig 2A). A paired t-test
showed that the reaction time was significantly shorter for TaskS than for TaskT (df = 15,
t=10.759, p < 0.001). The mean hit rate was 94% for TaskS and 86% for TaskT (Fig 2B). A paired
t-test showed that the hit rate was significantly higher for TaskS than for TaskT (df = 15, t = 5.326,
p < 0.001). This suggests that the tone identification task was more difficult than the structure
identification task, ensuring the extraction of abstract structural pattern in TaskT to be implicit.

Extraction of abstract structural pattern: Sensor-level analyses

We observed significant differences between occipital ERPs in response to standard (LR4) and
target deviant stimuli (UD4) in TaskS. As shown in Fig 3A, the time range when the differ-
ences occurred was 118-212 ms (target deviant > standard), 226-388 ms (target

deviant < standard), 402-478 ms (target deviant < standard), and 638-756 ms (target

deviant > standard). This suggests that the abstract structural pattern of Chinese characters
could be extracted rapidly when sufficient attentional resources were devoted to the character
structure. Also observed were significant differences between occipital ERPs in response to
standard (LR4) and non-target deviant stimuli (UD4) in TaskT. As shown in Fig 3A, the time
range when the differences occurred was 22-146 ms (non-target deviant > standard), 204-356
ms (non-target deviant < standard), and 666-784 ms (non-target deviant > standard). There-
fore, the differences between ERPs, especially the P200 component, in response to standard sti-
muli and structural deviant stimuli were significant, whether or not conscious attention was
paid to the abstract structural pattern, suggesting that violations of the abstract structural pat-
tern could be detected even in an implicit manner with conscious attention paid to the tonal
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Fig 3. Occipital ERPs. (A) Responses recorded at occipital electrodes. Significant differences in occipital ERPs in response to standard and non-target stimuli in
TaskT were observed, especially within the time range of P200. Similar response differences were also observed in TaskS between occipital ERPs in response to
standard and target stimuli. These findings suggest that the abstract structural pattern could be detected explicitly and implicitly. In contrast, no significant difference
in occipital ERPs in response to standard and non-target stimuli in TaskS was observed, but there were significant differences in occipital ERPs in response to
standard and target stimuli in TaskT, suggesting that the abstract tonal pattern could only be detected if conscious attention was paid to the tonal feature of
characters. (B) Topographies of the occipital P200 and parietal P300 components. The topographies of the occipital P200 component suggest that the difference

effects indeed arose from the occipital lobe. The parietal P300 effects occurred primarily around Pz, although occipital ERPs also showed similar effects that may
partially be a product of volume conduction.

https://doi.org/10.1371/journal.pone.0229590.g003

features instead of structural ones. The topographies of the P200 component are given in Fig
3B, suggesting that the difference effects indeed arose from the occipital lobe; on the other
hand, the late ERP differences largely represented P300 effects and may be related to target
detection. The statistics of the mean amplitude of occipital ERPs within the time periods of

interest were given in Table 2.

Extraction of abstract tonal pattern: Sensor-level analyses

We observed significant differences between occipital ERPs in response to standard (LR4) and
target deviant stimuli (LR2) in TaskT. As shown in Fig 3A, the time range when the differences
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Table 2. Effects of occipital ERPs (scalp responses at PO3/4/7/8 and O1/2 collapsed) reflecting extraction of abstract structural or tonal pattern.

Session Time period (ms) Character Mean amplitude (uV) paired-t
mean SD (df =15)
TaskS 118-212 LR4 -2.4717 1.6270 3.5735**
UD4 -2.1096 1.4920
226-388 LR4 0.8576 1.1370 5.6384 ****
UD4 0.1546 0.9487
402-478 LR4 0.1658 0.8945 2.9037*
UD4 -0.3514 0.9262
638-756 LR4 -1.0112 0.8155 3.9088 **
UD4 -0.2125 0.6551
TaskT 22-146 LR4 0.1131 0.7892 4.6392 ***
UD4 0.4110 0.8078
204-356 LR4 0.9196 1.3813 6.1158 ****
UD4 0.2881 1.4245
666-784 LR4 -0.8181 0.7447 4.2483 ***
UD4 -0.5319 0.7024
TaskT 280-332 LR4 1.4904 1.8384 2.6990 *
LR2 1.1991 2.0012
386-476 LR4 -0.0006 0.7079 3.0223 **
LR2 -0.2888 0.8871
534-664 LR4 -0.6538 0.6523 3.4566 **
LR2 -1.1081 0.7002
722-964 LR4 -0.8039 0.9654 4.4300 ***
LR2 -0.0805 0.8490

5 p < 0.0001
% p < 0.001
** p < 0.01

* p <0.05.

https://doi.org/10.1371/journal.pone.0229590.t002

occurred was 280-332 ms (target deviant < standard), 386-476 ms (target deviant < standard),
534-664 ms (target deviant < standard), and 722-964 ms (target deviant > standard). This sug-
gests that the abstract tonal pattern of Chinese characters could still be extracted when sufficient
attentional resources were devoted to the character tone, but this extraction was much slower
than the extraction of the abstract structural pattern. According to the topography shown in Fig
3B, the late ERP differences probably represented the P300 component and were related to tar-
get detection. We did not observe any significant difference between occipital ERPs in response
to standard (LR4) and non-target deviant stimuli (LR2) in TaskS, indicating that the extraction
of the abstract tonal pattern required conscious attention paid to the character tone and proba-
bly could not take place implicitly. The statistics of the mean amplitude of occipital ERPs within
the time periods of interest were given in Table 2.

ERP decomposition and source localization

We extracted six components that explained 95.18% of the whole data. Based on visual inspec-
tion, their topographies suggest that three components arose from the occipital lobe (IC5, IC4,
and IC1; Fig 4), one from the frontal lobe (IC3; Fig 4), and one from the generating sites of
P300 (IC2; Fig 4).
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Fig 4. Source reconstruction results. The 2-D and 3-D topographies, the equivalent dipole(s) in an average brain, and the eLORETA results of each component
are displayed. IC5 probably arose from the left primary/secondary visual cortices. IC4 probably arose from the right primary/secondary visual cortices. IC1 arose
from a higher level of the visual cortex compared with IC5 and IC4, probably the bilateral associate visual cortices. IC3 probably arose from the orbitofrontal cortex
(Brodmann area 11). IC2 clearly represented the P300 component.

https://doi.org/10.1371/journal.pone.0229590.9004

Further source localization suggested that the neural sources underlying IC5, IC4, and IC1
may be largely attributed to the left primary/secondary visual cortices, to the right primary/sec-
ondary visual cortices, and to the bilateral associate visual cortices and possibly regions respon-
sible for higher-level linguistic processing, respectively. Supportively, the dipole fitting
pinpointed the equivalent dipole underlying IC5 to [-6, -83, 4] mm (RV = 3.52%; Fig 4); the
gray matter with which the cube centered at this coordinate (range: + 4 mm) most largely over-
lapped was cuneus and lingual gyrus (Brodmann areas 17 and 18), lateralized to the left hemi-
sphere. In addition, the dipole fitting pinpointed the equivalent dipole underlying IC4 to [7, -
95, -14] mm (RV = 2.52%; Fig 4); the gray matter with which the cube centered at this coordi-
nate (range: + 4 mm) most largely overlapped was lingual gyrus (Brodmann areas 17 and 18),
lateralized to the right hemisphere. Also, the dipole fitting pinpointed the pair of equivalent
mirrored dipoles underlying IC1 to [+37, =55, 12] mm (RV = 0.92%; Fig 4); the gray matter
with which the cube centered at these coordinates (range: + 4 mm) most largely overlapped
was middle and superior temporal gyrus (Brodmann areas 19 and 22) in both hemispheres.

The source reconstruction results based on eLORETA for these three components were
consistent with the dipole fitting results. The equivalent sources for the three components
were all largely distributed in occipital lobes, but at different parts. The sources underlying IC5
and IC4 were distributed in a more restricted range of areas and closer to the occipital poles
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compared with those underlying IC1 (Fig 4), largely overlapped with Brodmann areas 17 and
18. This suggests that IC4 and IC5 may represent neural activities at primary and/or secondary
visual cortices. On the other hand, the sources underlying IC1 were distributed in a wider
range and farther from the occipital poles (Fig 4), largely overlapped with Brodmann areas 18
and 19; some activated sources even reached Brodmann areas 37 and 39, the former of which
was relevant to orthographic processing [22,23] and the latter of which was a part of Wernick-
e’s area which plays vital roles in understanding written or spoken language. The distributions
of brain activations underlying IC5, IC4, and IC1 revealed by eLORETA were given in Table 3.
This suggests that IC1 may represent neural activities at a higher level of the visual cortex com-
pared with IC5 and IC4.

IC3 may arise from orbitofrontal cortex. The dipole fitting pinpointed the pair of equivalent
mirror dipoles underlying IC3 to [+23, 42, -27] mm (RV = 14.10%; Fig 4); the gray matter
with which the cube centered at this coordinate (range: + 4 mm) most largely overlapped was
Brodmann area 11 in both hemispheres. Source reconstruction based on eLORETA gave simi-
lar results (Fig 4). It was quite obvious that IC2 represented P300 (Fig 4); it had similar topog-
raphy and response behavior to those of P300 reported in previous literature [39,40]. Hence,
we did not localize the sources for IC2.

Extraction of abstract structural pattern: Source-level analyses

We observed significant differences between source waves arising from the visual cortex elic-
ited by standard (LR4) and target deviant stimuli (UD4) in TaskS. The time range when the
differences occurred was 248-332 ms (target deviant > standard) and 334-456 ms (target
deviant < standard) for IC5 (Fig 5A), and 120-222 ms (target deviant > standard), 224-374
ms (target deviant < standard), 484-540 ms (target deviant < standard), and 698-776 ms (tar-
get deviant > standard) for IC1 (Fig 5B). No significant difference was found for IC4 in TaskS
(Fig 5C). This suggests that the abstract structural pattern of Chinese characters could be
extracted rapidly in the visual cortex when sufficient attentional resources were consciously
devoted to the character structure. Also observed were significant differences between source
waves arising from the visual cortex elicited by standard (LR4) and non-target deviant stimuli
(UD4) in TaskT. The time range when the differences occurred was 324-392 ms (non-target
deviant < standard) for IC5 (Fig 5A), and 88-140 ms (non-target deviant > standard) and
200-356 ms (non-target deviant < standard) for IC1 (Fig 5B). No significant difference was
observed for IC4 in TaskT either (Fig 5C). This suggests that the visual cortex could rapidly
detect violations of implicit abstract structural patterns even in the lack of conscious attention
on structural features. The fact that there were significant differences for IC5 but not for IC4
suggests that this implicit extraction of abstract structural pattern of Chinese characters tended
to be lateralized to the left primary/secondary visual cortices. The statistics of the mean ampli-
tude of IC1 and IC5 within the time periods of interest were given in Table 4 and Table 5,
respectively.

Table 3. Percentage of brain activations at each Brodmann area (sum of all voxels whose activation was greater
than 75% of the maximum of whole brain activation) for IC5, IC4, and IC1.

Brodmann Area
17 18 19 37 39
IC5 26.5% 57.5% 15.9% 0 0
IC4 22.3% 67.5% 10.2% 0 0
IC1 6.4% 54.9% 27.0% 7.5% 4.2%

https://doi.org/10.1371/journal.pone.0229590.t003
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Fig 5. Responses arising from the visual cortex. (A) Significant differences occurred between IC5 to standard and non-target stimuli in TaskT, within the time
range of 324-392 ms. Similar response differences were also observed in TaskS between IC5 to standard and target stimuli, within the time range of 334-456 ms. (B)
Significant differences occurred between IC1 to standard and non-target stimuli in TaskT, within the time ranges of 88-140 ms and 200-356 ms. Similar response
differences were also observed in TaskS between IC1 to standard and target stimuli, within the time ranges of 120-222 ms and 224-374 ms. In addition, significant
differences occurred at a relatively late stage (later than 698 ms) between IC1 to standard and target stimuli in both TaskS and TaskT. (C) No difference was
observed in either TaskT or TaskS between IC4 to standard and non-target stimuli or between IC4 to standard and target stimuli.

https://doi.org/10.1371/journal.pone.0229590.9005

Extraction of abstract tonal pattern: Source-level analyses

In contrast, there was no significant difference between source waves arising from the visual
cortex elicited by standard (LR4) and target deviant stimuli (LR2) in TaskT, except the signifi-
cant differences between IC1 elicited by standard (LR4) and target deviant stimuli (LR2) in the
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Table 4. Effects of IC1 reflecting extraction of abstract structural or tonal pattern.

Session Time period (ms) Character Mean amplitude (uV) paired-t
mean SD (df =15)
TaskS 120-222 LR4 -1.0444 0.6230 5.2597 ****
UD4 -0.8270 0.5477
224-374 LR4 0.5884 0.4219 4.7262
UD4 0.2718 0.3412
484-540 LR4 -0.0440 0.4078 2.8416*
UD4 -0.3331 0.4594
698-776 LR4 -0.3569 0.3875 3.0693 **
UD4 -0.0407 0.3320
TaskT 88-140 LR4 0.1330 0.5515 3.4125**
UD4 0.2764 0.5796
200-356 LR4 0.2796 0.5139 6.1923 ****
UD4 -0.0319 0.5815
TaskT 768-960 LR4 -0.3161 0.4231 4.2771 %%
LR2 0.0771 0.3011

% p < 0.0001
¥ p < 0.001
**p<0.01

* p <0.05.

https://doi.org/10.1371/journal.pone.0229590.t004

time range of 768-960 ms (target deviant > standard), which was quite late. There was no sig-
nificant difference between source waves arising from the visual cortex elicited by standard
(LR4) and non-target deviant stimuli (LR2) in TaskS (Fig 5B). These findings indicate that the
rapid detection of violations of the abstract tonal pattern in the visual cortex was poor or even
absent, whether the abstract tonal patterns were explicit or implicit to subjects. The statistics of
the mean amplitude of IC1 within the time periods of interest were given in Table 4.

Response of late higher-level processes: Source-level analyses

When attentional resources were consciously and actively devoted to detect the target stimuli,
there were significant differences between source waves representing higher-level processes
(IC3 and IC2) elicited by standard and target deviant stimuli in both TaskS and TaskT. For
IC3, whose sources were in the frontal lobe, the time range when the differences occurred was

Table 5. Effects of IC5 reflecting extraction of abstract structural pattern.

Session Time period (ms) Character Mean amplitude (uV) paired-t
mean SD (df =15)
TaskS 248-332 LR4 -0.0202 0.3313 5.4269 ****
UD4 0.0930 0.3548
334-456 LR4 0.1043 0.1947 5.3730 ****
UD4 -0.0881 0.2851
TaskT 324-392 LR4 0.0719 0.3112 4.5840 ***
UD4 -0.0333 0.3138

5% p < 0,0001
“** p < 0.001

https://doi.org/10.1371/journal.pone.0229590.t005
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Fig 6. Responses representing higher-level processes. Significant differences occurred between IC3 to standard and target stimuli in both TaskS and TaskT. In
addition, significant differences occurred between IC2 to standard and target stimuli in both TaskS and TaskT. Consistent with behavioral reaction time and IC1
results, response differences started earlier in TaskS than in TaskT for both IC3 and IC2.

https://doi.org/10.1371/journal.pone.0229590.9006

360-520 ms (target deviant > standard) in TaskS and 558-756 ms (target deviant > standard)
in TaskT (Fig 6). For IC2, which represented P300, the time range when the differences
occurred was 52-476 ms (target deviant < standard), 498-764 ms (target deviant > standard),
and 902-980 ms (target deviant < standard) in TaskS, and 230-608 ms (target deviant

< standard) and 666-904 ms (target deviant > standard) in TaskT (Fig 6). This suggests
involvement of attention-required higher-level processes in the extraction of explicit abstract
patterns of both structural and tonal features of Chinese characters. Note that the response dif-
ferences for the detection of target stimuli started much earlier in TaskS than in TaskT for
both IC3 and IC2, consistent with behavioral performances. The statistics of the mean ampli-
tude of IC2 and IC3 within the time periods of interest were given in Table 6 and Table 7,
respectively.

Interestingly, we also observed significant differences between IC1 elicited by standard and
target deviant stimuli at late stages of both TaskS and TaskT. The time range when the differ-
ences occurred was 484-540 ms (target deviant < standard), and 698-776 ms (target
deviant > standard) in TaskS, and 768-960 ms (target deviant > standard) in TaskT (Fig 5).
This suggests that late, attention-required processes in the visual cortex different from that
underlying the extraction of implicit abstract patterns were engaged in the extraction of
explicit abstract patterns, structural or tonal. When conscious attention was sufficiently
devoted, the visual cortex was able to respond to violations of both abstract structural and
tonal patterns in a relatively shorter time. Note that the late IC1 differences started much ear-
lier in TaskS than in TaskT, consistent with behavioral performances and the results of IC2
and IC3. This consistency indicates that the late-response differences in the visual cortex that
were specific to explicit abstract patterns might be relevant to top-down modulations of
higher-level processes.

Discussion

In this study, we investigated the possible extraction of abstract structural patterns of Chinese
characters in the visual cortex, by examining whether the ERPs, especially the source waves
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Table 6. Effects of IC2 reflecting conscious detection of abstract structural or tonal pattern.

Session Time period (ms) Character Mean amplitude (uV) paired-t
mean SD (df =15)
TaskS 52-476 LR4 0.0046 0.1470 7.9903 ****
UD4 -0.3170 0.2006
498-764 LR4 0.0868 0.1650 5.5241 ****
UD4 0.7097 0.4397
902-980 LR4 0.0920 0.1866 2.5562*
UD4 -0.1073 0.2792
TaskT 230-608 LR4 0.1135 0.2039 6.0362 ****
LR2 -0.1003 0.2145
666-904 LR4 0.0075 0.1743 6.2637 ****
LR2 0.3850 0.3239

5 p < 0.0001
* p <0.05

https://doi.org/10.1371/journal.pone.0229590.t006

arising from the visual cortex, changed in case of violations of explicit and implicit abstract
structural patterns. Early response differences were observed between 88 and 456 ms after
stimulus onset at different levels of the visual cortex, probably the left primary/secondary
visual cortices and the bilateral associative visual cortices, whether the abstract structural pat-
tern was explicit or implicit to subjects. On the other hand, we did not observe early response
difference in the visual cortex for abstract tonal patterns. Moreover, response differences later
than 698 ms after stimulus onset were also observed in the bilateral associative visual cortices
for both explicit abstract structural and tonal patterns. These findings suggest that the visual
cortex could rapidly extract abstract structural patterns of Chinese characters, whether or not
conscious attention was focused on the target feature. Besides, the extraction of abstract tonal
patterns was still feasible in the visual cortex at a relatively late stage if attentional resources
were sufficiently devoted.

The differences between ERPs elicited by explicit and implicit changes in the abstract struc-
tural pattern were observed both at the sensor level and at the source level. In the sensor space,
we selected occipital electrodes mainly because the responses of the visual cortex were of our
primary interest. We observed ERP differences, most significantly in the time range of the
P200 component, for both explicit and implicit violations of the abstract structural pattern,
corresponding to the vVMMMN. However, there were still several other time ranges in which the
ERP differences were also significant. Owing to the volume conduction of neurophysiological
signals, it was not easy to convincingly attribute the ERPs recorded at these occipital electrodes
to the brain region under them. That is to say, although we are confident to assume that the

Table 7. Effects of IC3 reflecting conscious detection of abstract structural or tonal pattern.

Session Time period (ms) Character Mean amplitude (uV) paired-t
mean SD (df = 15)
TaskS 360-520 LR4 -0.0719 0.2183 4.9935 ***
UD4 0.1938 0.1909
TaskT 558-756 LR4 0.1197 0.1882 5.2062 ***
LR2 0.3186 0.2635
% p < 0.001

https://doi.org/10.1371/journal.pone.0229590.t007
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occipital ERPs mainly represents the neural activity of the visual cortex, especially at the laten-
cies when typical visual ERP waves occurs, chances are that the scalp responses are dominated
by cortices other than the visual cortex within some time periods. When ERPs in response to
standard and deviant stimuli differed significantly, we relied on the topography of mean
amplitude to examine whether the effects reflected certain processes that actually took place in
the visual cortex or simply were products of volume conduction of processes that took place
elsewhere. For example, the ERPs at occipital electrodes in response to LR4 and UD4 in TaskS
differed around 638-756 ms, but it was almost unlikely that this difference effect reflected neu-
ral activities in the visual cortex, as the topographies of mean amplitude within this time range
showed concentrated power around Pz, suggesting volume conduction of the P300 compo-
nent. Therefore, it is necessary to conduct subsequent source-level analyses to clarify what
brain regions the ERP difference effects could be attributed to and when these effects actually
began and ended at their respective neural sources.

Using ICA-based space filters, we extracted three source waves arising from the visual cor-
tex. Although the source reconstruction results based on dipole fitting and eLORETA were not
exactly the same, they both supported that IC4 and IC5 arose from relatively lower levels of the
visual cortex (probably primary/secondary visual cortices), whereas IC1 arose from higher lev-
els of the visual system (probably bilateral associative visual cortices). We found evidence sup-
porting that abstract structural patterns could be rapidly and implicitly extracted in the visual
cortex, as a part of the orthographic processing of Chinese characters. We observed significant
differences between IC1 in response to the standard (LR4) and the target deviant stimuli
(UD4) in TaskS (before 374 ms). Moreover, significant differences between IC1 in response to
the standard (LR4) and the non-target deviant stimuli (UD4) were also observed in TaskT
(before 356 ms). Similar response differences were also observed for IC5 (before 456 ms), but
not for IC4. These findings suggest that both explicit and implicit abstract structural patterns
of Chinese characters can be extracted rapidly in the visual cortex, and that this rapid extrac-
tion is lateralized to the left hemisphere.

The sensory cortex is considered to have primitive or sensory intelligence that extracts
abstract stimulus patterns from ongoing sequence [41]. The auditory cortex has been docu-
mented to have the primitive intelligence to extract the abstract patterns of Chinese lexical
tones with various consonants and vowels [42]. In addition, the primitive intelligence to
extract phonological features of Chinese characters is not limited to the auditory modality but
also extends to the visual modality [31,32]. In this study, we add to the current literature that
the visual cortex indeed has the primitive intelligence to extract abstract orthographic patterns,
or to be more specific, abstract structural patterns. According to the predictive coding theory,
different levels of the visual cortex are constantly predicting the responses generated at its
lower level, and in case of any prediction error, an error signal is generated in order to correct
the estimation of the input signal [43]. From this perspective, our findings suggest that the
abstract structural pattern of upcoming Chinese characters is constantly predicted by associa-
tive visual cortices; when a violation occurs, the associative visual cortices will make a predic-
tion error and concurrently the response differs from its normal form. A vital prediction of the
predictive coding theory is the neuro-modulation of cells reporting prediction errors [44].
Consistently, we observed that the response differences to the standard (LR4) and the non-tar-
get deviant stimuli (UD4) in TaskT for IC1 occurred earlier than for IC5, whereas IC1 arose
from levels higher than IC5 in the visual cortex. The later occurrence of response differences
between standard and deviant stimuli at a lower level of the visual cortex seems to suggest that
the abstract structural pattern of Chinese characters is not initially extracted at the primary
level of the visual cortex, but that a top-down modulation from higher to lower levels of the
visual cortex drives the response differences in IC5. Interestingly, only the left but not the right
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visual cortex is sensitive to violations of abstract orthographic patterns at the primary/second-
ary level, in line with previous literature that the left hemisphere is critical for orthographic
processing [22], especially for recognition of Chinese characters [23]. These findings are con-
sistent with the interactive model of visual word recognition where orthographic processing is
considered to modulate low-level processing of visual inputs [45]. The corticofugal modulation
seems to take place fast, possibly enabling the visual cortex to make quicker and better predic-
tions about the current abstract pattern of character structure and thus adapting to the high-
speed presentation of characters in real-life reading.

This primitive intelligence might be relevant to the processing underlying the emergence of
position-specific and position-general radical representations. Previous literature documents
that early radical representations are position-specific, but position-general radical representa-
tions also appears later [16], implying an abstracting process that extracts position information
from initial radical representations. The current study provides supportive evidence that the
abstract position information is indeed represented during orthographic processing and that
the visual cortex is able to rapidly and implicitly detect this abstract pattern of the position
information. Remarkably, the implicit extraction of abstract structural pattern documented in
the current study seems to begin around the similar latencies of the emergence of position-spe-
cific radical representations (100-160 ms) and reaches the most significance around the simi-
lar latencies of the emergence of position-general ones (180-280 ms) [16]. Similarly in a study
by Wei et al. [14], the authors reported vMMN effects within the time range of 120-160 ms for
both real characters and pseudo-characters with legally-positioned radicals, but vMMN effects
within the time range of 170-210 ms only for real characters. It is conceivable that position-
specific radical representations should correctly emerge for both real characters and pseudo-
characters, since the radicals forming the characters are all in their legal position. Therefore,
their findings suggest that position-specific radical representations are indeed automatically
extracted at an initial stage of Chinese character processing and that further lexical processing
works for differentiation between real and pseudo-characters. Consistently, the most signifi-
cant part of the vMMN effects reported in the current study seems to be partially overlapping,
or even slightly later than, with the time range when the automatic extraction of position-spe-
cific radical representations (120-160 ms). The consistency of effect latency across multiple
studies leads us to speculate that the extraction of abstract structural pattern documented in
this study might share partially common mechanisms with the extraction of position-general
radical representations, possibly via an abstracting process in the visual cortex that isolates
abstract position information and representations of radical per se. Note that one advantage of
the current study over previous ones is that we have provided evidence documenting where in
the brain the ERP effects originated and pinpointed the neural sources underlying the ERP
effects to the visual cortex. Despite the relatively poor spatial resolution of the ERP technique,
the current study uses multiple source localization methods and obtains resembling results on
the generating sites of the ERP difference effects, providing converging evidence in favor of
the vital role of the visual cortex in the extraction of abstract structural patterns of Chinese
characters during orthographic processing.

We did not observe evidence supporting the detection of violations of implicit abstract pat-
terns of lexical tone in the visual system at low levels. This seems inconsistent with previous
studies documenting a rapid, automatic detection of violations of abstract patterns of Chinese
character phonology [31,32]. The inconsistency may be attributed to the different difficulties
of tone identification tasks. In their study, they used Chinese characters with identical conso-
nants and vowels that only varied in the lexical tone. But here in our study, we used Chinese
characters with a variety of consonants and vowels as stimuli. Since it is more difficult for sub-
jects to extract the lexical tone when consonants and vowels are more variable, the high
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difficulty of our tone identification task may impede the extraction of abstract tonal patterns.
Another reasonable explanation is that the extraction of abstract phonological patterns in the
visual cortex could reach only syllabic level but not deeper phonemic level. In other words,
abstract syllabic patterns of Chinese characters can be rapidly and automatically extracted as
documented by the studies by Wang et al. [31,32], but abstract phonemic patterns of Chinese
characters may not be extracted in the visual cortex. According to the interactive model of
visual word recognition, higher-order linguistic representations such as phonological repre-
sentations can modulate early orthographic processing, which further modulates earlier visual
processing [45]. It is conceivable that the effects of ERP differences (i.e. vVMIMN), if induced by
top-down modulations, would be greater for the modulation of a product (syllable pronuncia-
tion) of the coarser part of phonological processing and weaker for the modulation of a prod-
uct (phoneme) of the finer part of phonological processing. This may partially explain why we
failed to observe any response difference in the visual cortex when violations of abstract tonal
patterns occurred.

There are two limitations of this study that may affect the generalization of our findings.
First, our use of an active oddball paradigm, together with the relatively long presentation time
of the stimulus characters, renders it difficult for us to examine the role of attention in the
extraction of the abstract structural pattern of Chinese characters. Although the dual-deviant
oddball paradigm ensures that the ERP differences we found are not task-specific or target-
specific, it is impossible for us to examine whether the rapid and implicit extraction of abstract
structural patterns of Chinese characters was automatic and pre-attentive. After all, subjects
paid conscious attention to all the characters in the character stream but focused on different
features in different sessions. However, as an exploratory investigation, this study provides
solid evidence supporting the implicit extraction of abstract structural patterns of Chinese
characters. Whether this extraction is automatic and pre-attentive would be investigated in
future studies using a passive oddball paradigm, e.g. a common passive paradigm used in
vMMN studies where characters are presented peripherally and subjects pay attention to an
irrelevant visual task at the center [24,32].

Second, it is not clear whether our findings may be generalized to structures of Chinese
characters other than left-right structure or up-down structure. However, even if the results of
this study failed to be generalized to other types of Chinese character structure and Chinese
speakers could only differentiate characters with left-right structure from characters with up-
down structure at the level of visual cortex, it would still be appropriate for us to conclude that
the extraction of the abstract structural pattern of Chinese characters has already started in the
visual cortex. The core question here is what caused the ERP differences we observed in this
study. They cannot be induced due to the differences in familiarity of the characters, as we
controlled the occurrence frequency of the stimulus characters to ensure they were matched
across stimulus types. We cannot rule out the possibility that they are induced by the differ-
ences in familiarity of the abstract structural patterns. This could be examined in future studies
where the structure familiarity difference between standard and deviant stimuli is manipulated
so that it could be examined whether the ERP differences change with structure familiarity
correspondingly. However, since it is likely that the visual system of Chinese speakers learns to
extract the abstract structural pattern of Chinese characters during their long-term linguistic
experience, it is possible that the differences in occurrence frequency of various structures
determine, at least partially, the learning at the visual cortex and consequently the exact extrac-
tion strategy heavily depends on the familiarity.

In conclusion, this study documents that the visual cortex is able to extract abstract patterns
of spatial arrangement of radicals (i.e. structure) of Chinese characters rapidly, no matter the
abstract pattern is explicit or implicit to readers. The left primary/secondary visual cortices

PLOS ONE | https://doi.org/10.1371/journal.pone.0229590 February 21, 2020 20/23


https://doi.org/10.1371/journal.pone.0229590

@ PLOS|ONE

Implicit extraction of Chinese character structures

and the bilateral associative visual cortices are probably involved in this left-lateralized extrac-
tion. Nevertheless, we have not found evidence in favor of a similar rapid extraction in the
visual cortex of abstract patterns of the lexical tone of Chinese characters. These findings sug-
gest that the primitive intelligence of the visual cortex may be restricted to extract abstract pat-
terns of limited features of Chinese characters.

Author Contributions

Conceptualization: Xiaochen Zhang, Minghu Jiang.
Data curation: Xiaochen Zhang, Sigin Yang.
Formal analysis: Xiaochen Zhang.

Funding acquisition: Minghu Jiang.

Methodology: Xiaochen Zhang.

Resources: Minghu Jiang.

Software: Minghu Jiang.

Supervision: Minghu Jiang.

Writing - original draft: Xiaochen Zhang.

Writing - review & editing: Xiaochen Zhang, Sigin Yang, Minghu Jiang.

References

1. Petit J-P, Midgley KJ, Holcomb PJ, Grainger J (2006) On the time course of letter perception: a masked
priming ERP investigation. Psychon Bull Rev 13: 674—681. https://doi.org/10.3758/bf03193980 PMID:
17201369

2. Holcomb PJ, Grainger J (2006) On the time course of visual word recognition: an event-related potential
investigation using masked repetition priming. J Cogn Neurosci 18: 1631-1643. https://doi.org/10.
1162/jocn.2006.18.10.1631 PMID: 17014368

3. Fiebach CJ, Friederici AD, Muller K, Cramon von DY (2002) fMRI evidence for dual routes to the mental
lexicon in visual word recognition. J Cogn Neurosci 14: 11-23. https://doi.org/10.1162/
089892902317205285 PMID: 11798383

4. Dehaene S, Cohen L, Sigman M, Vinckier F (2005) The neural code for written words: a proposal.
Trends Cogn Sci 9: 335-341. https://doi.org/10.1016/}.tics.2005.05.004 PMID: 15951224

5. CohenlL, Dehaene S, Naccache L, Lehéricy S, Dehaene-Lambertz G, Hénaff MA, et al. (2000) The
visual word form area: spatial and temporal characterization of an initial stage of reading in normal sub-
jects and posterior split-brain patients. Brain 123: 291-307. https://doi.org/10.1093/brain/123.2.291
PMID: 10648437

6. LiuC, Zhang W-T, Tang Y-Y, Mai X-Q, Chen H-C, Tardif T, et al. (2008) The Visual Word Form Area:
evidence from an fMRI study of implicit processing of Chinese characters. Neuroimage 40: 1350-1361.
https://doi.org/10.1016/j.neuroimage.2007.10.014 PMID: 18272399

7. Zhou X, Marslen-Wilson W (1999) The nature of sublexical processing in reading Chinese characters. J
Exp Psychol Learn Mem Cogn 25: 819-837. https://doi.org/10.1037/0278-7393.25.4.819

8. Zhoul, Fong MCM, Minett JW, Peng G, Wang WS-Y (2014) Pre-lexical phonological processing in
reading Chinese characters: An ERP study. J Neurolinguist 30: 14-26. https://doi.org/10.1016/j.
jneuroling.2014.03.002

9. ZhangJ (2004) Chinese Characters Course (Language Knowledge). Beijing: Beijing Language and
Culture University Press. pp. 174 (in Chinese).

10. LiudJ, Wang X (2019) An Investigation of Formation Attribute of the General Standard Chinese Charac-
ters Based on the Chinese Character Form Database. J Bohai Univ Philos Soc Sci Ed 5: 104—111 (in
Chinese).

11.  Tsang Y-K, Chen H-C (2009) Do position-general radicals have a role to play in processing Chinese
characters? Language and Cognitive Processes 24: 947-966. https://doi.org/10.1080/
01690960802154615

PLOS ONE | https://doi.org/10.1371/journal.pone.0229590 February 21, 2020 21/23


https://doi.org/10.3758/bf03193980
http://www.ncbi.nlm.nih.gov/pubmed/17201369
https://doi.org/10.1162/jocn.2006.18.10.1631
https://doi.org/10.1162/jocn.2006.18.10.1631
http://www.ncbi.nlm.nih.gov/pubmed/17014368
https://doi.org/10.1162/089892902317205285
https://doi.org/10.1162/089892902317205285
http://www.ncbi.nlm.nih.gov/pubmed/11798383
https://doi.org/10.1016/j.tics.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15951224
https://doi.org/10.1093/brain/123.2.291
http://www.ncbi.nlm.nih.gov/pubmed/10648437
https://doi.org/10.1016/j.neuroimage.2007.10.014
http://www.ncbi.nlm.nih.gov/pubmed/18272399
https://doi.org/10.1037/0278-7393.25.4.819
https://doi.org/10.1016/j.jneuroling.2014.03.002
https://doi.org/10.1016/j.jneuroling.2014.03.002
https://doi.org/10.1080/01690960802154615
https://doi.org/10.1080/01690960802154615
https://doi.org/10.1371/journal.pone.0229590

@ PLOS|ONE

Implicit extraction of Chinese character structures

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Taft M, Zhu X, Peng D (1999) Positional Specificity of Radicals in Chinese Character Recognition. Jour-
nal of Memory and Language 40: 498-519. https://doi.org/10.1006/jmla.1998.2625

Yum YN, Su IF, Law S-P (2015) Early Effects of Radical Position Legality in Chinese: An ERP Study.
Scientific Studies of Reading 19: 456—467. https://doi.org/10.1080/10888438.2015.1081204

Wei D, Gillon Dowens M, Guo T (2018) Early lexical processing of Chinese words indexed by Visual
Mismatch Negativity effects. Sci Rep 8: 1289. https://doi.org/10.1038/s41598-018-19394-y PMID:
29358675

Su IF, Mak S-CC, Cheung L-YM, Law S-P (2012) Taking a Radical Position: Evidence for Position-Spe-
cific Radical Representations in Chinese Character Recognition Using Masked Priming ERP. Front
Psychol 3. https://doi.org/10.3389/fpsyg.2012.00333 PMID: 23024634

Wu'Y, Mo D, Tsang Y-K, Chen H-C (2012) ERPs reveal sub-lexical processing in Chinese character
recognition. Neurosci Lett 514: 164—168. https://doi.org/10.1016/j.neulet.2012.02.080 PMID:
22401826

Grainger J, Dufau S, Ziegler JC (2016) A Vision of Reading. Trends Cogn Sci 20: 171-179. https://doi.
org/10.1016/j.tics.2015.12.008 PMID: 26809725

Yu B, Cao H, Feng L, Li W (1990) Effect of morphological and phonetic whole perception of Chinese
characters on the perception of components. Acta Psychologica Sinica 3: 232—239 (in Chinese).

Carreiras M, Perea M, Vergara M, Pollatsek A (2009) The time course of orthography and phonology:
ERP correlates of masked priming effects in Spanish. Psychophysiology 46: 1113—-1122. htips://doi.
org/10.1111/j.1469-8986.2009.00844.x PMID: 19515107

Perfetti CA, Tan LH (1998) The time course of graphic, phonological, and semantic activation in Chi-
nese character identification. J Exp Psychol Learn Mem Cogn 24: 101—118. https://doi.org/10.1037/
0278-7393.24.1.101

Liu'Y, Perfetti CA, Hart L (2003) ERP Evidence for the Time Course of Graphic, Phonological, and
Semantic Information in Chinese Meaning and Pronunciation Decisions. J Exp Psychol Learn Mem
Cogn 29: 1231-1247. hitps://doi.org/10.1037/0278-7393.29.6.1231 PMID: 14622057

Bolger DJ, Perfetti CA, Schneider W (2005) Cross-cultural effect on the brain revisited: Universal struc-
tures plus writing system variation. Hum Brain Mapp 25: 92—-104. https://doi.org/10.1002/hbm.20124
PMID: 15846818

Wu C-Y, Ho M-HR, Chen S-HA (2012) A meta-analysis of fMRI studies on Chinese orthographic, pho-
nological, and semantic processing. Neuroimage 63: 381-391. hitps://doi.org/10.1016/j.neuroimage.
2012.06.047 PMID: 22759996

Stefanics G, Kremlacek J, Czigler | (2014) Visual mismatch negativity: a predictive coding view. Front
Hum Neurosci 8: 666. https://doi.org/10.3389/fnhum.2014.00666 PMID: 25278859

Czigler |, Balazs L, Winkler | (2002) Memory-based detection of task-irrelevant visual changes. Psycho-
physiology 39: 869-873. https://doi.org/10.1111/1469-8986.3960869 PMID: 12462515

Czigler |, Sulykos | (2010) Visual mismatch negativity to irrelevant changes is sensitive to task-relevant
changes. Neuropsychologia 48: 1277—1282. https://doi.org/10.1016/j.neuropsychologia.2009.12.029
PMID: 20036268

Kimura M, Schréger E, Czigler |, Ohira H (2010) Human visual system automatically encodes sequen-
tial regularities of discrete events. J Cogn Neurosci 22: 1124-1139. https://doi.org/10.1162/jocn.2009.
21299 PMID: 19583466

Stefanics G, Kimura M, Czigler | (2011) Visual mismatch negativity reveals automatic detection of
sequential regularity violation. Front Hum Neurosci 5: 46. https://doi.org/10.3389/fnhum.2011.00046
PMID: 21629766

Kecskés-Kovacs K, Sulykos |, Czigler | (2013) Is it a face of a woman or a man? Visual mismatch nega-
tivity is sensitive to gender category. Front Hum Neurosci 7: 532. https://doi.org/10.3389/fnhum.2013.
00532 PMID: 24027518

Wei D, Gillon Dowens M (2019) Processing of task-irrelevant words of different frequency values: a
visual mismatch negativity study. Neuroreport 30: 383-388. https://doi.org/10.1097/WNR.
0000000000001212 PMID: 30789388

Wang X-D, Liu A-P, Wu Y-Y, Wang P (2013) Rapid extraction of lexical tone phonology in Chinese char-
acters: a visual mismatch negativity study. PLoS ONE 8: e56778. https://doi.org/10.1371/journal.pone.
0056778 PMID: 23437235

Wang X-D, Wu Y-Y, A-Ping Liu, Wang P (2013) Spatio-temporal dynamics of automatic processing of
phonological information in visual words. Sci Rep 3: 3485. https://doi.org/10.1038/srep03485 PMID:
24336606

PLOS ONE | https://doi.org/10.1371/journal.pone.0229590 February 21, 2020 22/23


https://doi.org/10.1006/jmla.1998.2625
https://doi.org/10.1080/10888438.2015.1081204
https://doi.org/10.1038/s41598-018-19394-y
http://www.ncbi.nlm.nih.gov/pubmed/29358675
https://doi.org/10.3389/fpsyg.2012.00333
http://www.ncbi.nlm.nih.gov/pubmed/23024634
https://doi.org/10.1016/j.neulet.2012.02.080
http://www.ncbi.nlm.nih.gov/pubmed/22401826
https://doi.org/10.1016/j.tics.2015.12.008
https://doi.org/10.1016/j.tics.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26809725
https://doi.org/10.1111/j.1469-8986.2009.00844.x
https://doi.org/10.1111/j.1469-8986.2009.00844.x
http://www.ncbi.nlm.nih.gov/pubmed/19515107
https://doi.org/10.1037/0278-7393.24.1.101
https://doi.org/10.1037/0278-7393.24.1.101
https://doi.org/10.1037/0278-7393.29.6.1231
http://www.ncbi.nlm.nih.gov/pubmed/14622057
https://doi.org/10.1002/hbm.20124
http://www.ncbi.nlm.nih.gov/pubmed/15846818
https://doi.org/10.1016/j.neuroimage.2012.06.047
https://doi.org/10.1016/j.neuroimage.2012.06.047
http://www.ncbi.nlm.nih.gov/pubmed/22759996
https://doi.org/10.3389/fnhum.2014.00666
http://www.ncbi.nlm.nih.gov/pubmed/25278859
https://doi.org/10.1111/1469-8986.3960869
http://www.ncbi.nlm.nih.gov/pubmed/12462515
https://doi.org/10.1016/j.neuropsychologia.2009.12.029
http://www.ncbi.nlm.nih.gov/pubmed/20036268
https://doi.org/10.1162/jocn.2009.21299
https://doi.org/10.1162/jocn.2009.21299
http://www.ncbi.nlm.nih.gov/pubmed/19583466
https://doi.org/10.3389/fnhum.2011.00046
http://www.ncbi.nlm.nih.gov/pubmed/21629766
https://doi.org/10.3389/fnhum.2013.00532
https://doi.org/10.3389/fnhum.2013.00532
http://www.ncbi.nlm.nih.gov/pubmed/24027518
https://doi.org/10.1097/WNR.0000000000001212
https://doi.org/10.1097/WNR.0000000000001212
http://www.ncbi.nlm.nih.gov/pubmed/30789388
https://doi.org/10.1371/journal.pone.0056778
https://doi.org/10.1371/journal.pone.0056778
http://www.ncbi.nlm.nih.gov/pubmed/23437235
https://doi.org/10.1038/srep03485
http://www.ncbi.nlm.nih.gov/pubmed/24336606
https://doi.org/10.1371/journal.pone.0229590

@ PLOS|ONE

Implicit extraction of Chinese character structures

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

Delorme A, Makeig S (2004) EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics
including independent component analysis. J Neurosci Methods 134: 9-21. https://doi.org/10.1016/j.
jneumeth.2003.10.009 PMID: 15102499

Mullen TR, Kothe CAE, Chi YM, Ojeda A, Kerth T, Makeig S, et al. (2015) Real-Time Neuroimaging and
Cognitive Monitoring Using Wearable Dry EEG. IEEE Trans Biomed Eng 62: 2553—-2567. https://doi.
org/10.1109/TBME.2015.2481482 PMID: 26415149

Makeig S, Debener S, Onton J, Delorme A (2004) Mining event-related brain dynamics. Trends Cogn
Sci 8:204-210. https://doi.org/10.1016/j.tics.2004.03.008 PMID: 15120678

Fuchs M, Wagner M, Wischmann HA, Kéhler T, TheiBen A, Drenckhahn R, et al. (1998) Improving
source reconstructions by combining bioelectric and biomagnetic data. Electroencephalogr Clin Neuro-
physiol 107: 93—111. https://doi.org/10.1016/s0013-4694(98)00046-7 PMID: 9751281

Pascual-Marqui RD, Lehmann D, Koukkou M, Kochi K, Anderer P, Saletu B, et al. (2011) Assessing
interactions in the brain with exact low-resolution electromagnetic tomography. Proc R Soc A 369:
3768-3784. https://doi.org/10.1098/rsta.2011.0081 PMID: 21893527

Pascual-Marqui RD, Michel CM, Lehmann D (1994) Low resolution electromagnetic tomography: a new
method for localizing electrical activity in the brain. Int J Psychophysiol 18: 49-65. https://doi.org/10.
1016/0167-8760(84)90014-x PMID: 7876038

Polich J (2007) Updating P300: An integrative theory of P3a and P3b. Clin Neurophysiol 118:2128—
2148. https://doi.org/10.1016/j.clinph.2007.04.019 PMID: 17573239

Zhang X, Li X, Chen J, Gong Q (2018) Background Suppression and its Relation to Foreground Pro-
cessing of Speech Versus Non-speech Streams. Neuroscience 373: 60-71. https://doi.org/10.1016/.
neuroscience.2018.01.009 PMID: 29337239

Naaténen R, Tervaniemi M, Sussman E, Paavilainen P, Winkler | (2001) “Primitive intelligence” in the
auditory cortex. Trends Neurosci 24: 283-288. https://doi.org/10.1016/s0166-2236(00)01790-2 PMID:
11311381

Guo X-T, Wang X-D, Liang X-Y, Wang M, Chen L (2018) Sensory intelligence for extraction of an
abstract auditory rule: a cross-linguistic study. Neuroscience 372: 246—254. https://doi.org/10.1016/j.
neuroscience.2017.12.025 PMID: 29289720

Rao RPN, Ballard DH (1999) Predictive coding in the visual cortex: a functional interpretation of some
extra-classical receptive-field effects. Nat Neurosci 2: 79-87. https://doi.org/10.1038/4580 PMID:
10195184

Friston K (2018) Does predictive coding have a future? Nat Neurosci 21: 1019—-1021. https://doi.org/10.
1038/s41593-018-0200-7 PMID: 30038278

Carreiras M, Armstrong BC, Perea M, Frost R (2014) The what, when, where, and how of visual word
recognition. Trends Cogn Sci 18: 90-98. https://doi.org/10.1016/j.tics.2013.11.005 PMID: 24373885

PLOS ONE | https://doi.org/10.1371/journal.pone.0229590 February 21, 2020 23/23


https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.jneumeth.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15102499
https://doi.org/10.1109/TBME.2015.2481482
https://doi.org/10.1109/TBME.2015.2481482
http://www.ncbi.nlm.nih.gov/pubmed/26415149
https://doi.org/10.1016/j.tics.2004.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15120678
https://doi.org/10.1016/s0013-4694(98)00046-7
http://www.ncbi.nlm.nih.gov/pubmed/9751281
https://doi.org/10.1098/rsta.2011.0081
http://www.ncbi.nlm.nih.gov/pubmed/21893527
https://doi.org/10.1016/0167-8760(84)90014-x
https://doi.org/10.1016/0167-8760(84)90014-x
http://www.ncbi.nlm.nih.gov/pubmed/7876038
https://doi.org/10.1016/j.clinph.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17573239
https://doi.org/10.1016/j.neuroscience.2018.01.009
https://doi.org/10.1016/j.neuroscience.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29337239
https://doi.org/10.1016/s0166-2236(00)01790-2
http://www.ncbi.nlm.nih.gov/pubmed/11311381
https://doi.org/10.1016/j.neuroscience.2017.12.025
https://doi.org/10.1016/j.neuroscience.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29289720
https://doi.org/10.1038/4580
http://www.ncbi.nlm.nih.gov/pubmed/10195184
https://doi.org/10.1038/s41593-018-0200-7
https://doi.org/10.1038/s41593-018-0200-7
http://www.ncbi.nlm.nih.gov/pubmed/30038278
https://doi.org/10.1016/j.tics.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24373885
https://doi.org/10.1371/journal.pone.0229590

