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Abstract: Neural tuning for print refers to differential neural responses (e.g., the N1 component of
event-related potentials) to different orthographic forms and other visual stimuli. While impaired
neural tuning for print has been well established in dyslexic children who read alphabetic scripts, it
remains unclear whether such effects exist in dyslexic children who read Chinese, which dramatically
differs in visual and linguistic characteristics from alphabetic words. To fill this gap, we examined
two levels of the neural tuning for print: coarse tuning (i.e., false character vs. stroke combination),
and fine tuning (i.e., sub-lexical tuning: pseudo character vs. false character; and lexical tuning:
real character vs. pseudo character). Using the event-related potential technique, we examined
14 typically developing children and 16 dyslexic children who were screened from 216 nine-year-
old children in the third grade. For typically developing children, we observed both coarse and
sub-lexical tuning. Critically, for dyslexic children, we found stronger N1 for false character than
for stroke combination, suggesting intact coarse tuning, but a reduced N1 difference between false
character and pseudo character, suggesting impaired sub-lexical tuning. These results clearly show
selective impairments in fine neural tuning at the sub-lexical level in Chinese dyslexic children. Our
findings may be associated with unique features of Chinese characters.

Keywords: developmental dyslexia; N1; neural tuning; visual word processing; Chinese

1. Introduction

Developmental dyslexia (DD) is the most common learning disability and affects 5 to
17% of the population worldwide. DD is a reading difficulty despite conversational educa-
tion and adequate intelligence [1,2]. Research on the neural basis of reading difficulties can
help to establish biomarkers for the diagnosis and intervention of DD [3]. Neural tuning
for print over the occipitotemporal area plays a key role in fast visual word reading [4–6].
We thus focused on the neural tuning for print in Chinese DD children.

Extensive studies including dyslexic children who read alphabetic scripts have consis-
tently detected impairments in their neural tuning for print [7]. Using the EEG N1 (N170)
component as a measure, these impairments are mainly manifested at two levels: One is the
impaired coarse neural tuning for print—that is, compared with typically developing (TD)
children, DD children show reduced N1 difference between words or letter strings and
symbol strings (e.g., [8–11]). The other is the impaired fine neural tuning—that is, reduced
N1 differences among words, pseudo words, and irregular letter strings in DD children
compared with TD children (e.g., [8,9,12]).

It is noteworthy that almost all previous studies on neural tuning for print have been
conducted on dyslexic children using alphabetic scripts. Compared to alphabetic words,
Chinese characters fundamentally differ in their visual and linguistic characteristics [13] (see
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below for a discussion). Furthermore, recent research suggests different neural foundations
in dyslexia across alphabetic and Chinese scripts (e.g., [14,15]). Therefore, it is crucial to
examine whether the above impairments of neural tuning for print also exist in dyslexic
children who learn to read Chinese. To the best of our knowledge, no such study has
been conducted.

Therefore, we aimed to characterize neural tuning for print in Chinese DD children.
For this purpose, we used three types of characters (i.e., real, pseudo, and false characters)
and stroke combinations (see Figure 1A for examples). As shown in Figure 1B, we focused
on the coarse tuning (i.e., false character vs. stroke combination) and the fine tuning (i.e.,
sub-lexical level: pseudo character vs. false character; lexical level: real character vs. pseudo
character). To minimize task-demand linguistic processing, we used a content-irrelevant
color-matching task (see [16] for detailed discussion). Additionally, to reduce potential
confounding related to the compensatory effect [17], we investigated dyslexic children in
the early acquisition stage, which is also a critical time window for the diagnosis of dyslexia
in mainland China (i.e., 9 years, third grade; see [2]).
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schematic depiction of the color-matching task.

According to previous N1 studies on Chinese TD children [18], as expected, TD
children would show coarse tuning as well as sub-lexical fine tuning. In alphabetic children,
because of systematic mapping between orthographic forms and sounds, the acquisition
of grapheme–phoneme correspondence should be crucial for the emergence of coarse
tuning for print [19]. Indeed, several studies have consistently found impairments in coarse
tuning in DD children who read alphabetic scripts [8–10,17]. In contrast, Chinese characters
map onto phonology at the syllable level, and there is essentially no grapheme–phoneme
correspondence [20]. It has been shown that orthography, but not phonology, is the primary
driver of neural tuning for print [21]. Chinese TD children (7 years, first grade) have
acquired low levels of orthographic regularity knowledge (i.e., the ability to distinguish
characters from stroke combinations in a lexical decision task) after they start learning to
read and, in turn, exhibit the coarse tuning [18].

Furthermore, children’s knowledge of orthographic regularity is closely related to
their reading skills [18,22]. For Chinese DD children aged 9 in the third grade, they may
have acquired the low-level orthographic regularity knowledge to distinguish characters
from stroke combinations, because of their comparable reading skills to TD children aged 7
in the first grade. Therefore, we expected that DD children would show the coarse tuning
for print, reflected in stronger N1 for false character than for stroke combination. In contrast,
due to a lack of high levels of orthographic regularity knowledge at this age [23,24], we



Brain Sci. 2023, 13, 379 3 of 11

expected that the fine tuning for print would be impaired in dyslexic children’s brains.
Specifically, we expected that DD children would show a reduced N1 difference in the
comparison of false characters and pseudo characters. In summary, we expected that the
coarse tuning for print would be intact, but the fine tuning would be impaired in Chinese
DD children.

2. Methods

The research protocol was approved by Hangzhou Normal University’s ethical com-
mittee (IRB #20130301h), and written informed consent was obtained from all participants
and their parents. The protocols adhered to the Helsinki Declaration.

2.1. Participants

Two-hundred and sixteen third-grade children were screened. The tools were the
Chinese character recognition test [25] and Standard Combined Raven’s Test (CRT [26]; see
the next section for details). Based on the procedure and criteria, which have been widely
used in the previous studies of Chinese dyslexic children (e.g., [14,27–31]), the criteria for
screening and justifying dyslexic children in the present study were as follows: (a) Chinese
character recognition score one standard deviation or more below the grade-level average,
(b) with normal non-verbal intelligence (IQ > 85), (c) no neurological or psychiatric diseases
reported by parents or teachers, and normal or corrected-to-normal visual acuity. A total of
19 children met these criteria and consented to take part in the study, but 3 participants
were excluded because of noise in their EEG recordings.

Chronological age-matched typically developing (TD) children were selected in the
same grade at the same school. Their Chinese character recognition scores were at or above
the grade average. Fifteen children consented to participate in the study, but one of them
quit during testing.

The participants were all native Mandarin speakers and right-handed. The results
shown here are based on a total of 16 dyslexic children (DD; 8 boys and 8 girls) and
14 age-matched controls (TD; 7 boys and 7 girls). Table 1 illustrates the children’s age, CRT,
and Chinese character recognition scores. The mean age of the two groups was matched
(t(28) < 1.0, p = 0.37), as was the mean of the CRT scores (t(28) < 1.0, p = 0.58). By contrast,
the TD group had a significantly higher mean score of Chinese character recognition than
the DD group (t(28) = 12.21, p < 0.001).

Table 1. Mean age, CRT score, and reading performance.

Group Age (Years) CRT Score Reading Score

TD 9.05 (0.38) 108.07 (16.95) 114.57 (12.04)
DD 8.95 (0.25) 105.25 (9.80) 66.81 (9.37)

Note: values in parentheses are standard deviations.

2.2. Cognitive Assessments
2.2.1. Chinese Character Recognition Test

The Chinese character recognition test is a widely used tool in Chinese dyslexia re-
search [25]. The test contains a list of 150 Chinese characters of increasing difficulty. Children
are instructed to read out these characters one by one during the test. The score of the test
has been shown to be a good indicator of Chinese children’s reading ability in previous
studies [32–34]. When the score is one standard deviation below the grade-level average, the
child is considered to have reading difficulties and may have dyslexia [14,30–33].

2.2.2. Standard Combined Raven’s Test

This test is widely used to assess the non-verbal intelligence in Chinese dyslexia
research [14,30,34]. This test has high reliability (the retest reliability is 0.95, and the split-
half reliability is 0.97) and validity (significant correlation coefficient with the full scale
of the Wechsler Intelligence Test = 0.56) [35]. In this test, children are presented with a
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mutilated picture and six options. They are instructed ‘You see, in the picture above, there
is a piece missing, so please choose the best piece to fill in this picture from the following
six small pieces. Please find out which piece matches best’. This test contains five sections
(A to E). Each section consists of 12 items. All items in Sections A, B, and C need to be
answered. In Sections D and E, when three consecutive items are incorrect, this section
is stopped. One point is awarded for one correct answer. Raw scores are transferred to
standard scores according to the norm.

2.2.3. Materials

We adopted three stimulus types of characters (i.e., real, pseudo, false) and stroke
combinations (see Figure 1A). All characters contained two radicals that were left- and right-
structured. The average number of strokes was well matched. Half of the real characters
were at a low frequency of occurrence (1 to 5 per million), and half of the characters were
at a high frequency (400 to 4500 per million), according to the Modern Chinese Character
Frequency Dictionary (1985). Using the same set of radicals as that in real characters, we
constructed pseudo and false characters. For pseudo characters, the position of the two
radicals was legal. By contrast, for false characters, the two radicals were arranged in their
illegal positions. A stroke combination was composed of a false character by disrupting
the strokes of its radicals, but keeping the left and right structures. Each stimulus type
consisted of 36 stimuli (6 as targets), each of which was either green, red, or yellow. Each
color appeared the same number of times across stimulus types.

2.2.4. Procedure

There were four blocks, each of which included 108 trials. All stimuli were presented
randomly, but two successive stimuli of the same type were prohibited. Each stimulus was
presented in the center of the screen with a gray background. In each trial, the stimulus
duration was 300 ms. The ISI was randomized across trials, uniformly distributed among
an array of 1450 ms, 1525 ms, 1600 ms, 1675 ms, and 1750 ms. To obtain enough trials for
ERP averaging, all stimuli were presented three times. A similar procedure was used in
previous studies [16,18,21,36–39]. There were 108 trials in each stimulus type (90 non-target
trials). Participants were asked to press a key when they saw two stimuli of the same color
appearing in succession (see Figure 1C). The response key was balanced across subjects.

2.3. Data Collection and Statistical Analysis

An elastic cap with 30 Ag/AgCl electrodes was used, which was montaged according
to the extended 10–20 system [40]. A DC amplifier system from BrainAmp ExG with its
BrainVision Recoder software (Brain Products GmbH, Gilching, Germany) was used to
record the EEG signals. The ground node was AFz. The online reference electrode was
located between Cz and CPz. Additionally, to correct eye-blink artifacts, we recorded both
electrooculograms (EOGs). A value of 5 kΩ was adopted as the impedance criterion. The
signals were AC-amplified between 0.1 and 100 HZ, sampling at 1000 Hz.

Offline data were filtered twice, with a 0.1 Hz/high-pass filter, and then with a
30 Hz/low-pass filter. Before averaging, we scanned each recording epoch for artifacts
manually. We corrected trials for eye movement artifacts offline through using the ICA
procedure [41]. Trials were then epoched with a 100 ms pre-stimulus period and a 700 ms
post-stimulus period. The 100 ms before the stimulus onset was used for baseline correction.
False positive responses in each type were excluded from the further analyses. Epoch
signals that exceeded ±100 µV were rejected. Three pairs of channels were selected (P7,
O1, and TP9 as the left ROIs, and P8, O2, and TP10 as the right ROIs). These channels
were the topographic maxima in the negative field on the occipitotemporal area over both
hemispheres, usually used to measure N1 in many previous studies [18,36,37,39,42]. The
time windows of P1 and N1 were determined by the first and second components of global
field power (GFP) [43]. The peak amplitude of each selected channel was detected in the
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time windows of P1 and N1, and then averaged by hemisphere. The peak latencies of both
components were represented by the P7/P8 electrodes.

3. Results

Figure 2 illustrates the topographic maps and the occipitotemporal ROI ERP wave-
forms of the four stimulus types separately for the TD and DD children. A robust N1
component was observed in each stimulus type in each group of children.
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P1 and N1 were mainly analyzed. According to previous studies, P1 is usually
associated with the processing of low-level visual features, while N1 is recognized as an
electrophysiological marker reflecting the neural tuning for print [5]. ANOVA was used
to analyze the data, factorized with two within-subject factors—stimulus type (i.e., real,
pseudo, false, stroke) and lateralization (left vs. right)—as well as one between-subject
factor, i.e., reading group (TD vs. DD).

Neither DD children nor TD children showed robust differences among the four
stimulus categories on the P1 component (see the Supplementary Materials for detailed
results). This is not surprising, given that the low-level visual features were matched
among the four stimulus categories.

3.1. N1 Amplitude for Four Types of Stimuli in TD and DD Children

Figure 3A illustrates the mean N1 amplitude evoked by the four types of stimuli in
the left hemisphere in both groups of children.
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3.2. Intact Coarse Neural Tuning for Print in Chinese DD Children

The results showed that the main effect of stimulus type was significant (F(3, 84) = 12.69,
p < 0.001, η2 = 0.31). The other main effect was not significant, with F-values < 1. The stimu-
lus type by reading group interaction was significant (F(3, 84) = 3.77, p = 0.01, η2 = 0.12). No
other significant interaction was found—for stimulus type by lateralization (F(3, 84) = 2.46,
p = 0.07, η2 = 0.08); for reading group by lateralization (F(1, 84) = 2.26, p = 0.14, η2 = 0.08);
or for stimulus type by lateralization by reading group (F-values < 1). Results in the further
analysis revealed stronger N1 for orthographic stimuli than for stroke combination in DD
children (all p-values < 0.01). Similarly, TD children showed stronger N1 responses to
false characters relative to stroke combinations (p = 0.02). To sum up, these results clearly
suggest that the coarse tuning may be intact in dyslexic children who learn to read Chinese.

3.3. Impaired Fine Neural Tuning for Print in Chinese DD Children

The aforementioned results showed that TD and DD children showed stronger N1
for orthographic stimuli than for stroke combination (i.e., the coarse tuning for print). As
discussed above, the theoretical hypothesis on the fine tuning for print was mainly about
N1 responses to orthographic stimuli. Therefore, in the next analysis we focused on N1
responses to the orthographic stimuli (real, pseudo, false), using a 3 × 2 × 2 three-way
ANOVA. The main results revealed a significant stimulus type by reading group interaction
(F(2, 56) = 4.47, p = 0.02, η2 = 0.14), and the stimulus type by lateralization interaction was
also significant (F(2, 56) = 3.79, p = 0.03, η2 = 0.12). The three-way interaction of stimulus
type by lateralization by reading group was F(2, 56) < 1. A hemispheric difference in
N1 tuning for print has been widely reported in previous studies (see [5,16,18,39] for an
overview). To examine our hypothesis more clearly, we conducted planned post hoc simple
effects analysis for the three-way interaction.

The main results pertaining to our hypothesis are shown in Figure 3A, illustrating
different patterns of N1 for real, pseudo, and false characters in the left hemisphere between
TD and DD children. For the TD group, we observed an increased N1 response to false
characters relative to pseudo or real characters (for false vs. pseudo, p = 0.04; for false
vs. real, p = 0.01), while there was no significance in the comparison of real characters
and pseudo characters (p = 0.99). By contrast, for DD children, the N1 difference was
not significant among these three stimulus types (all p-values > 0.99). Over the right
hemisphere, no significant N1 difference was found among these stimulus types in either
TD or DD children (all p-values > 0.14). In summary, these results suggest that the fine
tuning may be impaired in Chinese dyslexic children.
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3.4. N1 Amplitude Difference between Two Stimulus Types in TD and DD Children

As shown in Figure 3B, in the left hemisphere, the N1 difference (false vs. stroke) was
found in both the TD and DD groups, while the N1 difference (real vs. pseudo) largely
varied even in TD children. Notably, N1 (pseudo vs. false) widely existed in most of the
TD children, but not in DD children.

The results of the independent-samples t-test (one-way) revealed that neither the false
vs. stroke nor the real vs. pseudo N1 difference was significant between the TD and DD
groups (for false vs. stroke, t (28) = 0.57, p = 0.29; for real vs. pseudo, t (28) = 0.17, p = 0.43).
Critically, the N1 difference (pseudo vs. false) was significantly reduced in DD children
compared with TD children (t (28) = 1.83, p = 0.04). In summary, the results suggest that the
coarse tuning may be comparable in DD and TD children, whereas the fine tuning may be
reduced in DD children compared with TD children.

In addition, neither DD children nor TD children showed significant differences among
the four stimulus types in N1 latency (see the Supplementary Materials for detailed results).

4. Discussion

The impaired neural tuning for print has been extensively studied and consistently
demonstrated in alphabetic dyslexic children. Chinese characters are dramatically different
from alphabetic words in terms of visual and linguistic characteristics. However, the char-
acteristics of the neural tuning in Chinese dyslexic children remain unclear. We addressed
this issue by comparing the patterns of N1 responses to stimuli with different orthographic
regularities. We observed both coarse and fine tuning in TD children. Critically, DD chil-
dren produced strong N1 for false characters relative to stroke combinations, whereas false
characters evoked similar N1 responses to pseudo characters. Our findings suggest that
the fine neural tuning is selectively impaired in Chinese DD children.

Our first main finding was that DD children produced increased N1 responses to false
characters compared with stroke combinations; furthermore, the N1 difference between
these two stimulus types was similar in both DD and TD children. These results indicate
that the coarse neural tuning for print may be intact in Chinese dyslexic children. In contrast,
previous studies found that the coarse tuning was impaired in alphabetic dyslexic children.
Specifically, compared with TD children, alphabetic dyslexic children showed reduced
N1 differences between letter and symbol strings [8–10,44]. One plausible explanation is
that the drastic linguistic differences between Chinese characters and alphabetic words
led to this discrepancy between the current findings and those in alphabetic children. In
alphabetic words, orthographic forms such as letters systematically map to sounds. Indeed,
studies on alphabetic readers show that the coarse tuning for print appears quickly after
acquiring the grapheme–phoneme correspondences in preschool children [19]. The ability
of phonological decoding is impaired in alphabetic dyslexic children even after learning to
read [11,45]. Therefore, the coarse tuning appears to be more vulnerable to impairment in
alphabetic dyslexic children. In contrast, visual forms are mapped to phonological forms
relatively arbitrarily in Chinese [20]. Orthography rather than phonology mainly drives the
neural tuning for print (see [21] for a detailed discussion). TD children aged 7 in the first
grade have acquired low-level orthographic regularity knowledge to distinguish characters
from stroke combinations, leading to the emergence of coarse tuning for print [18]. Results
from previous studies have shown that children’s orthographic regularity knowledge is
closely related to their reading skills [22,38]. Due to their having comparable reading
skills to TD children aged 7 in the first grade, DD children aged 9 in the third grade may
have acquired this low-level orthographic regularity knowledge. Therefore, Chinese DD
children produced the coarse tuning in our study. It is also possible that task-demand
difference has an impact. While previous studies usually employed a content-relevant task,
our study adopted a content-irrelevant task (the color-matching task). The coarse tuning
for print may be more vulnerable in the content-relevant task, which is strategically more
dependent on the phonological processing [16]. However, this issue needs further studies
to clarify it. Through using various types of tasks measuring the same group of dyslexic
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children, further studies may advance our understanding of the coarse tuning for print in
dyslexic children.

Our second key finding is that DD children produce similar N1 responses to pseudo
and false characters, and the N1 difference between these two stimulus types was signifi-
cantly reduced relative to TD children. These results suggest that the fine neural tuning in
Chinese DD children was impaired at the sub-lexical level. In agreement with our results,
previous studies in alphabetic dyslexic children have consistently found reduced N1 differ-
ence between pseudo words and false words [8,9,12]. Therefore, there may be a universal
impaired neural tuning for print in dyslexic children across different writing systems. This
is because acquisition of knowledge of orthographic regularity is a fundamental and central
part of reading, not only in alphabetic scripts, but also in Chinese script. In our study, the
pseudo characters were composed of two radicals that never appear together in the lexicon,
but each radical occurred at a regular position, whereas these two radicals were placed
in illegal positions in the false characters. Due to lack of phonology or semantics of their
own, the difference between pseudo characters and false characters was mainly in ortho-
graphic regularity (more precisely, the radical position). Previous behavioral studies have
shown that the high levels of orthographic knowledge are impaired in Chinese dyslexic
children [46]. For instance, dyslexic children showed significantly decreased accuracy in
responding to false characters in a lexical decision task, compared with TD children [23,24].
Orthography plays a key role in driving the fine neural tuning for print [21]. Therefore, we
observed that the fine tuning was impaired in dyslexic children.

Our findings could be generalized to alphabetic DD children and provide an alterna-
tive explanation for the impaired neural tuning for print in alphabetic dyslexic children.
As discussed previously, due to the systematic grapheme-to-phoneme conversion, pseudo
words not only conform to orthographic rules, but are also pronounceable. Specifically,
pseudo words and false words differ in both orthographic regularity and phonology in
alphabetic scripts. Therefore, the reduced N1 difference between false and pseudo alpha-
betic words may be due to defects in either orthographic or phonological processing. In
contrast, the unique properties of Chinese characters can tease apart orthographic and
phonological properties. In addition, by using a content-irrelevant color-matching task, the
involvement of potential phonological processing was further reduced. In this context, we
still observed significantly reduced N1 differences between pseudo and false characters in
DD children. Our results indicate that the impaired fine tuning is more likely due to defects
in orthographic (but not phonological) processing, regardless of script type. However, this
inference still needs to be verified in future studies—for example, by using various types of
tasks and directly comparing the N1 responses to pseudo and false words in alphabetic
DD children.

Consistent with previous studies on alphabetic dyslexic children, we observed that
DD children produced similar N1 responses to real characters relative to pseudo characters.
Interestingly, the N1 difference of real vs. pseudo characters was also absent in TD children.
One possible interpretation is that the neural tuning for real characters relative to pseudo
characters develops slowly as children learn to read, even for TD children. Consistent with
this idea, an earlier study of Chinese TD children found that children showed a greater N1
difference between real and pseudo characters with more reading experience (i.e., at the
age of 11, but not 9) [18]. However, this interpretation needs further verification. Future
studies on TD and DD children in the later stages of learning to read would advance our
understanding about the neural tuning for print at the lexical level in dyslexic children.

While beyond the scope of this study, several issues need further research to address
them. First, it is necessary to delineate the sources of the impaired neural tuning in the
brain. The EEG technique adopted in our study has limited spatial resolution. Techniques
with high spatial precision, such as fMRI, would further delineate the sources that the
impaired neural tuning for print stems from. Second, previous research has found increased
responses in frontal areas as DD children read words, suggesting compensatory effects [47].
However, such compensation may be not necessarily restricted to frontal regions [48].
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To minimize the potential influence of the compensation, we investigated DD children
in the early stages of reading acquisition. However, we know little about whether the
compensatory brain activity also occurs in posterior brain areas. By examining older
children and adults with DD, further studies may provide evidence for understanding the
impairment and compensation involved in neural tuning for print.

5. Limitations

Before closing our discussion, we would like to note a few limitations of the present
study. First, as no language information was needed to complete the color-matching task,
the features of the neural tuning for print in DD children in language-relevant tasks remain
unclear. Second, we only tested one age group of DD children. To further characterize the
developmental profile and examine whether the compensation is involved in the neural
tuning for print, future studies should expand the range of ages. Third, the sample size
of the present study was small. Future studies need to use larger sample sizes to verify
our findings.

6. Conclusions

We observed that both TD and DD children showed similar N1 responses for real
characters relative to pseudo characters, while they showed increased N1 responses to
false characters relative to stroke combinations. However, TD children showed increased
N1 responses for false characters compared with pseudo characters, whereas DD children
produced reduced N1 differences between these two stimulus types. These results show
that the fine neural tuning for print is selectively impaired in dyslexic children who learn
to read Chinese. Our findings may be related to unique features of Chinese characters,
but they may also contribute to understanding impairments of neural tuning in alphabetic
dyslexic children from the perspective of script universality.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci13030379/s1.

Author Contributions: Conceptualization, J.Z., L.X. and X.W.; methodology, J.Z.; software, L.X., J.Z.
and X.W.; formal analysis, L.X. and J.Z.; investigation, J.Z.; resources, J.Z. and X.W.; data curation, L.X.;
writing—original draft preparation, L.X.; writing—review and editing, J.Z. and X.W.; visualization,
L.X.; supervision, J.Z. and X.W.; project administration, J.Z.; funding acquisition, J.Z. and X.W. All
authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by the National Science Foundation of China (grant number
32171063), the Key-Area Research and Development Program of Guangdong Province (grant number
2019B030335001), the Key Project of Science and Technology Program of Guangzhou (grant number
201804020085), and Opening Project of Key Laboratory of Brain, Cognition and Education Sciences
(South China Normal University), Ministry of Education.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of Hangzhou
Normal University (IRB #20130301h on 1 March 2013).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data, experimental procedures and analysis scripts can be obtained
by contacting the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/brainsci13030379/s1
https://www.mdpi.com/article/10.3390/brainsci13030379/s1


Brain Sci. 2023, 13, 379 10 of 11

References
1. Shaywitz, S.E.; Shaywitz, B.A. Dyslexia (Specific Reading Disability). Biol. Psychiatry 2005, 57, 1301–1309. [CrossRef]
2. Yang, L.; Li, C.; Li, X.; Zhai, M.; An, Q.; Zhang, Y.; Zhao, J.; Weng, X. Prevalence of Developmental Dyslexia in Primary School

Children: A Systematic Review and Meta-Analysis. Brain Sci. 2022, 12, 240. [CrossRef]
3. Posner, M.; Rothbart, M. Influencing Brain Networks: Implications for Education. Trends Cogn. Sci. 2005, 9, 99–103. [CrossRef]

[PubMed]
4. Price, C.J.; Mechelli, A. Reading and Reading Disturbance. Curr. Opin. Neurobiol. 2005, 15, 231–238. [CrossRef]
5. Schlaggar, B.L.; McCandliss, B.D. Development of Neural Systems for Reading. Annu. Rev. Neurosci. 2007, 30, 475–503. [CrossRef]
6. Fraga-González, G.; Pleisch, G.; Di Pietro, S.V.; Neuenschwander, J.; Walitza, S.; Brandeis, D.; Karipidis, I.I.; Brem, S. The Rise and

Fall of Rapid Occipito-Temporal Sensitivity to Letters: Transient Specialization through Elementary School. Dev. Cogn. Neurosci.
2021, 49, 100958. [CrossRef]

7. Amora, K.K.; Tretow, A.; Verwimp, C.; Tijms, J.; Leppänen, P.H.T.; Csépe, V. Typical and Atypical Development of Visual Expertise
for Print as Indexed by the Visual Word N1 (N170w): A Systematic Review. Front. Neurosci. 2022, 16, 898800. [CrossRef]

8. Araújo, S.; Faísca, L.; Bramão, I.; Reis, A.; Petersson, K.M. Lexical and Sublexical Orthographic Processing: An ERP Study with
Skilled and Dyslexic Adult Readers. Brain Lang. 2015, 141, 16–27. [CrossRef]

9. Mahé, G.; Bonnefond, A.; Gavens, N.; Dufour, A.; Doignon-Camus, N. Impaired Visual Expertise for Print in French Adults with
Dyslexia as Shown by N170 Tuning. Neuropsychologia 2012, 50, 3200–3206. [CrossRef]

10. Mahé, G.; Bonnefond, A.; Doignon-Camus, N. Is the Impaired N170 Print Tuning Specific to Developmental Dyslexia? A Matched
Reading-Level Study with Poor Readers and Dyslexics. Brain Lang. 2013, 127, 539–544. [CrossRef]

11. Maurer, U.; Brem, S.; Bucher, K.; Kranz, F.; Benz, R.; Steinhausen, H.-C.; Brandeis, D. Impaired Tuning of a Fast Occipito-Temporal
Response for Print in Dyslexic Children Learning to Read. Brain J. Neurol. 2007, 130, 3200–3210. [CrossRef]

12. Bakos, S.; Landerl, K.; Bartling, J.; Schulte-Körne, G.; Moll, K. Neurophysiological Correlates of Word Processing Deficits in
Isolated Reading and Isolated Spelling Disorders. Clin. Neurophysiol. Off. J. Int. Fed. Clin. Neurophysiol. 2018, 129, 526–540.
[CrossRef]

13. Yeh, S.-L.; Li, J.-L. Role of Structure and Component in Judgments of Visual Similarity of Chinese Characters. J. Exp. Psychol.
Hum. Percept. Perform. 2002, 28, 933–947. [CrossRef] [PubMed]

14. Xue, H.; Wang, Z.; Tan, Y.; Yang, H.; Fu, W.; Xue, L.; Zhao, J. Resting-State EEG Reveals Global Network Deficiency in Dyslexic
Children. Neuropsychologia 2020, 138, 107343. [CrossRef]

15. Yang, Y.; Yang, Y.H.; Li, J.; Xu, M.; Bi, H.-Y. An Audiovisual Integration Deficit Underlies Reading Failure in Nontransparent
Writing Systems: An FMRI Study of Chinese Children with Dyslexia. J. Neurolinguistics 2020, 54, 100884. [CrossRef]

16. Zhao, J.; Li, S.; Lin, S.-E.; Cao, X.-H.; He, S.; Weng, X.-C. Selectivity of N170 in the Left Hemisphere as an Electrophysiological
Marker for Expertise in Reading Chinese. Neurosci. Bull. 2012, 28, 577–584. [CrossRef]

17. Maurer, U.; Schulz, E.; Brem, S.; van der Mark, S.; Bucher, K.; Martin, E.; Brandeis, D. The Development of Print Tuning in
Children with Dyslexia: Evidence from Longitudinal ERP Data Supported by FMRI. NeuroImage 2011, 57, 714–722. [CrossRef]

18. Zhao, J.; Maurer, U.; He, S.; Weng, X. Development of Neural Specialization for Print: Evidence for Predictive Coding in Visual
Word Recognition. PLoS Biol. 2019, 17, e3000474. [CrossRef]

19. Brem, S.; Bach, S.; Kucian, K.; Guttorm, T.K.; Martin, E.; Lyytinen, H.; Brandeis, D.; Richardson, U. Brain Sensitivity to Print
Emerges When Children Learn Letter-Speech Sound Correspondences. Proc. Natl. Acad. Sci. USA 2010, 107, 7939–7944. [CrossRef]

20. Chen, H.C.; Juola, J.F. Dimensions of Lexical Coding in Chinese and English. Mem. Cognit. 1982, 10, 216–224. [CrossRef]
21. Lin, S.E.; Chen, H.C.; Zhao, J.; Li, S.; He, S.; Weng, X.C. Left-Lateralized N170 Response to Unpronounceable Pseudo but Not

False Chinese Characters-the Key Role of Orthography. Neuroscience 2011, 190, 200–206. [CrossRef] [PubMed]
22. Tong, X.; McBride-Chang, C. Developmental Models of Learning to Read Chinese Words. Dev. Psychol. 2010, 46, 1662–1676.

[CrossRef]
23. Li, Q.; Wang, X. Phonetic Processing or Orthographic Processing Deficit?—A Study on the Cognitive Processing and Its Deficit of

Chinese Reading Disability. Psychol. Res. 2015, 8, 32–39.
24. Wang, X.; Li, Q.; Deng, C. An Experimental Study on the Phonetic Processing and Orthographic Processing Deficit of the Chinese

Reading Disability. Psychol. Sci. China 2014, 4, 803–808.
25. Shu, H.; Chen, X.; Anderson, R.C.; Wu, N.; Xuan, Y. Properties of School Chinese: Implications for Learning to Read. Child Dev.

2003, 74, 27–47. [CrossRef]
26. Li, D.; Chen, G. Combined Reven’s Teat (CRT)-Chinese Revised Version; East China Normal University: Shanghai, China, 1989.
27. Ho, C.S.-H.; Chan, D.W.-O.; Lee, S.-H.; Tsang, S.-M.; Luan, V.H. Cognitive Profiling and Preliminary Subtyping in Chinese

Developmental Dyslexia. Cognition 2004, 91, 43–75. [CrossRef]
28. Li, H.; Shu, H.; McBride-Chang, C.; Liu, H.Y.; Xue, J. Paired Associate Learning in Chinese Children with Dyslexia. J. Exp. Child

Psychol. 2009, 103, 135–151. [CrossRef]
29. Wang, L.-C.; Yang, H.-M. The Comparison of the Visuo-Spatial Abilities of Dyslexic and Normal Students in Taiwan and Hong

Kong. Res. Dev. Disabil. 2011, 32, 1052–1057. [CrossRef]
30. Ding, Y.; Zhao, J.; He, T.; Tan, Y.; Zheng, L.; Wang, Z. Selective Impairments in Covert Shifts of Attention in Chinese Dyslexic

Children. Dyslexia Chichester Engl. 2016, 22, 362–378. [CrossRef]

http://doi.org/10.1016/j.biopsych.2005.01.043
http://doi.org/10.3390/brainsci12020240
http://doi.org/10.1016/j.tics.2005.01.007
http://www.ncbi.nlm.nih.gov/pubmed/15737817
http://doi.org/10.1016/j.conb.2005.03.003
http://doi.org/10.1146/annurev.neuro.28.061604.135645
http://doi.org/10.1016/j.dcn.2021.100958
http://doi.org/10.3389/fnins.2022.898800
http://doi.org/10.1016/j.bandl.2014.11.007
http://doi.org/10.1016/j.neuropsychologia.2012.10.013
http://doi.org/10.1016/j.bandl.2013.09.012
http://doi.org/10.1093/brain/awm193
http://doi.org/10.1016/j.clinph.2017.12.010
http://doi.org/10.1037/0096-1523.28.4.933
http://www.ncbi.nlm.nih.gov/pubmed/12190259
http://doi.org/10.1016/j.neuropsychologia.2020.107343
http://doi.org/10.1016/j.jneuroling.2019.100884
http://doi.org/10.1007/s12264-012-1274-y
http://doi.org/10.1016/j.neuroimage.2010.10.055
http://doi.org/10.1371/journal.pbio.3000474
http://doi.org/10.1073/pnas.0904402107
http://doi.org/10.3758/BF03197632
http://doi.org/10.1016/j.neuroscience.2011.05.071
http://www.ncbi.nlm.nih.gov/pubmed/21704128
http://doi.org/10.1037/a0020611
http://doi.org/10.1111/1467-8624.00519
http://doi.org/10.1016/S0010-0277(03)00163-X
http://doi.org/10.1016/j.jecp.2009.02.001
http://doi.org/10.1016/j.ridd.2011.01.028
http://doi.org/10.1002/dys.1541


Brain Sci. 2023, 13, 379 11 of 11

31. Fu, W.; Zhao, J.; Ding, Y.; Wang, Z. Dyslexic Children Are Sluggish in Disengaging Spatial Attention. Dyslexia 2019, 25, 158–172.
[CrossRef]

32. McBride-Chang, C.; Shu, H.; Zhou, A.; Wat, C.P.; Wagner, R.K. Morphological Awareness Uniquely Predicts Young Children’s
Chinese Character Recognition. J. Educ. Psychol. 2003, 95, 743–751. [CrossRef]

33. Pan, J.; McBride-Chang, C.; Shu, H.; Liu, H.; Zhang, Y.; Li, H. What Is in the Naming? A 5-Year Longitudinal Study of Early
Rapid Naming and Phonological Sensitivity in Relation to Subsequent Reading Skills in Both Native Chinese and English as a
Second Language. J. Educ. Psychol. 2011, 103, 897–908. [CrossRef]

34. Zhang, Y.; Tardif, T.; Shu, H.; Li, H.; Liu, H.; McBride-Chang, C.; Liang, W.; Zhang, Z. Phonological Skills and Vocabulary
Knowledge Mediate Socioeconomic Status Effects in Predicting Reading Outcomes for Chinese Children. Dev. Psychol. 2013, 49,
665–671. [CrossRef]

35. Li, D.; Hu, K.; Chen, G.; Jin, Y.; Li, M. Combined form of Raven’s test (CRT) and its preliminary testing in the Shanghai
Metropolitan Area. Psychol. Sci. 1988, 04, 29–33. [CrossRef]

36. Li, S.; Lee, K.; Zhao, J.; Yang, Z.; He, S.; Weng, X. Neural Competition as a Developmental Process: Early Hemispheric
Specialization for Word Processing Delays Specialization for Face Processing. Neuropsychologia 2013, 51, 950–959. [CrossRef]
[PubMed]

37. Maurer, U.; Zevin, J.D.; McCandliss, B.D. Left-Lateralized N170 Effects of Visual Expertise in Reading: Evidence from Japanese
Syllabic and Logographic Scripts. J. Cogn. Neurosci. 2008, 20, 1878–1891. [CrossRef]

38. Xue, L.; Maurer, U.; Weng, X.; Zhao, J. Familiarity with Visual Forms Contributes to a Left-Lateralized and Increased N170
Response for Chinese Characters. Neuropsychologia 2019, 134, 107194. [CrossRef]

39. Zhao, J.; Kipp, K.; Gaspar, C.; Maurer, U.; Weng, X.; Mecklinger, A.; Li, S. Fine Neural Tuning for Orthographic Properties of
Words Emerges Early in Children Reading Alphabetic Script. J. Cogn. Neurosci. 2014, 26, 2431–2442. [CrossRef]

40. Acharya, J.N.; Hani, A.J.; Cheek, J.; Thirumala, P.; Tsuchida, T.N. American Clinical Neurophysiology Society Guideline 2:
Guidelines for Standard Electrode Position Nomenclature. Neurodiagnostic J. 2016, 56, 245–252. [CrossRef]

41. Delorme, A.; Makeig, S. EEGLAB: An Open Source Toolbox for Analysis of Single-Trial EEG Dynamics Including Independent
Component Analysis. J. Neurosci. Methods 2004, 134, 9–21. [CrossRef]

42. Bentin, S. ERP Manifestations of Processing Printed Words at Different Psycholinguistic Levels: Time Course and Scalp Distribu-
tion. J. Cogn. Neurosci. 1999, 11, 235–260. [CrossRef]

43. Maurer, U.; Brem, S.; Bucher, K.; Brandeis, D. Emerging Neurophysiological Specialization for Letter Strings. J. Cogn. Neurosci.
2005, 17, 1532–1552. [CrossRef]

44. van Setten, E.R.H.; Maurits, N.M.; Maassen, B.A.M. N1 Lateralization and Dyslexia: An Event-Related Potential Study in Children
with a Familial Risk of Dyslexia. Dyslexia 2019, 25, 84–102. [CrossRef]

45. Maurer, U.; McCandliss, B.D. The Development of Visual Expertise for Words: The Contribution of Electrophysiology. In
Single-Word Reading: Behavioral and Biological Perspectives; New Directions in Communication Disorders Research: Integrative
Approaches; Lawrence Erlbaum Associates Publishers: Mahwah, NJ, USA, 2008; pp. 43–63. ISBN 978-0-8058-5350-6.

46. Fangfang, L.; Pengxiang, Z.; Shuting, T.; Xiaoyan, G.; Hongyao, H.E. Research Progress on Neural Mechanism of Orthographic
Processing in Children with Chinese Developmental Dyslexia. Chin. J. Sch. Health 2021, 42, 465–470.

47. Georgiewa, P.; Rzanny, R.; Gaser, C.; Gerhard, U.J.; Vieweg, U.; Freesmeyer, D.; Mentzel, H.J.; Kaiser, W.A.; Blanz, B. Phonological
Processing in Dyslexic Children: A Study Combining Functional Imaging and Event Related Potentials. Neurosci. Lett. 2002, 318,
5–8. [CrossRef]

48. Shaywitz, B.A.; Shaywitz, S.E.; Pugh, K.R.; Mencl, W.E.; Fulbright, R.K.; Skudlarski, P.; Constable, R.T.; Marchione, K.E.; Fletcher,
J.M.; Lyon, G.R.; et al. Disruption of Posterior Brain Systems for Reading in Children with Developmental Dyslexia. Biol.
Psychiatry 2002, 52, 101–110. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/dys.1609
http://doi.org/10.1037/0022-0663.95.4.743
http://doi.org/10.1037/a0024344
http://doi.org/10.1037/a0028612
http://doi.org/10.16719/j.cnki.1671-6981.1988.04.007
http://doi.org/10.1016/j.neuropsychologia.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23462239
http://doi.org/10.1162/jocn.2008.20125
http://doi.org/10.1016/j.neuropsychologia.2019.107194
http://doi.org/10.1162/jocn_a_00660
http://doi.org/10.1080/21646821.2016.1245558
http://doi.org/10.1016/j.jneumeth.2003.10.009
http://doi.org/10.1162/089892999563373
http://doi.org/10.1162/089892905774597218
http://doi.org/10.1002/dys.1604
http://doi.org/10.1016/S0304-3940(01)02236-4
http://doi.org/10.1016/S0006-3223(02)01365-3

	Introduction 
	Methods 
	Participants 
	Cognitive Assessments 
	Chinese Character Recognition Test 
	Standard Combined Raven’s Test 
	Materials 
	Procedure 

	Data Collection and Statistical Analysis 

	Results 
	N1 Amplitude for Four Types of Stimuli in TD and DD Children 
	Intact Coarse Neural Tuning for Print in Chinese DD Children 
	Impaired Fine Neural Tuning for Print in Chinese DD Children 
	N1 Amplitude Difference between Two Stimulus Types in TD and DD Children 

	Discussion 
	Limitations 
	Conclusions 
	References

