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Developmental dyslexia is known to involve dysfunctions in multiple brain regions; however, a clear under-
standing of the brain networks behind this disorder is still lacking. The present study examined the functional
network connectivity in Chinese dyslexic children with resting-state electroencephalography (EEG) recordings.
EEG data were recorded from 27 dyslexic children and 40 age-matched controls, and a minimum spanning tree
(MST) analysis was performed to examine the network connectivity in the delta, theta, alpha, and beta frequency

bands. The results show that, compared to age-matched controls, Chinese dyslexic children had global network
deficiencies in the beta band, and the network topology was more path-like. Moderate correlations are observed
between MST degree metric and rapid automatized naming and morphological awareness tests. These obser-
vations, together with the findings in alphabetic languages, show that brain network deficiency is a common
neural underpinning of dyslexia across writing systems.

1. Introduction

Reading is an indispensable cognitive ability in our daily life. Un-
fortunately, learning to read can be challenging for many children, and
approximately 5-17% of them are afflicted by developmental dyslexia, a
severe learning disability that emerges despite normal intelligence and a
normal socio-cultural environment (Sun et al., 2013; Ziegler et al.,
2003). Neuroimaging studies have greatly advanced our understanding
of the neural underpinnings of dyslexia and may eventually help to
identify biomarkers that can be used for early diagnosis and intervention
(Posner and Rothbart, 2005). As a complex cognitive activity, reading
requires the coordination of multiple neural substrates (Beaulieu et al.,
2005), and the field has seen a growing effort in examining abnormal-
ities of brain networks in dyslexia, with task-based functional MRI data
(Bullmore and Sporns, 2009; Feng et al., 2016; Greicius et al., 2009). For
instance, a significant disruption of functional connectivity between the
visual word form area (VWFA) and left inferior frontal and left inferior
parietal language areas was seen in German dyslexic readers when
performing continuous reading tasks (Van der Mark et al., 2011) and
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phonological and lexical decision tasks (Schurz et al., 2015; Van der
Mark et al., 2009). Decreased connectivity between the left middle oc-
cipital gyrus and left inferior frontal gyrus was also seen in dyslexic
children when they performed lexical and perceptual tasks (Cao et al.,
2018). With a whole-brain functional connectivity analysis, Finn et al.
(2014) revealed reduced connectivity in the VWFA, as well as divergent
connectivity within the visual pathway and between visual association
areas and prefrontal attention areas. With EEG recordings, a recent
study showed that the connection from the left-central to right
inferior-temporal and occipital sites was weaker in dyslexic readers
when processing visual word forms (Zari¢ et al., 2017).

In addition to task-evoked neural activity, the spontaneous neural
activity in resting state (i.e., when no cognitive task is being performed)
can also be used to reveal the intrinsic functional architecture of the
brain in dyslexia and other neurodevelopmental disorders (Deco et al.,
2011; Fox et al., 2005; van Diessen et al., 2015). With resting-state fMRI
data, Koyama et al. (2013) found that the connectivity between the left
intraparietal sulcus and the left fusiform gyrus is weaker in
English-speaking dyslexic children, regardless of whether they had been
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receiving behavioral remediations (Koyama et al., 2013). A resting-state
fMRI study of Chinese children revealed that VWFA and left intraparietal
sulcus regions were functionally connected to the left middle frontal
gyrus, but the connection was weaker in dyslexic children (Zhou et al.,
2015). Interestingly, this study also revealed a significant correlation
between network connection strength and a reading fluency measure.
Two recent resting-MEG studies revealed that children with reading
difficulties show significantly reduced global network efficiency across
all frequency bands, and reduced temporal correlations between left
temporoparietal sensors and the remaining sensors in the beta3 band
(20-29 Hz) (Dimitriadis et al., 2013, 2018). In addition, two recent
resting-EEG studies further revealed a less integrated or less efficient
global network organization in dyslexic individuals (Fraga Gonzdlez
et al., 2016, 2018b, Fraga Gonzalez et al., 2018a).

Minimum spanning tree (MST) analysis is a popular approach in
examining global brain connectivity (Stam et al., 2014; Tewarie et al.,
2015). MST is a unique network, within which all nodes are connected,
but there is no recurrent connection (Boersma et al., 2013; Stam and
Straaten, 2012). MST analysis focuses on connectivity strength; it can
thus avoid scaling effects while preserving information about network
organization (Boersma et al., 2013; Tewarie et al., 2015). The topology
of an MST network can be characterized by various metrics, e.g., degree,
leaf fraction, diameter, eccentricity, betweenness centrality (BC),
Kappa, degree correlation, and tree hierarchy (Ty) (Stam et al., 2014; Yu
et al., 2016). In extreme cases, an MST network can have a path-like or
star-like topology (see Fig. 1A).

MST analysis has been used to examine the organization of brain
networks in various special populations, e.g., development dyslexia
(Fraga Gonzalez et al., 2016, Fraga Gonzalez et al., 2018a), Alzheimer’s
disease (Yu et al., 2016), autism spectrum disorder (Zeng et al., 2017),
and attention-deficit/hyperactivity disorder (ADHD) (Janssen et al.,
2017). To the best of our knowledge, Fraga Gonzalez et al. (2016,
2018b) were the first to apply MST analysis to examine the global
network organizations in dyslexic children. In this study, resting-state
EEG was recorded in dyslexic and normal developing children in the
Netherlands. The results revealed significant group differences on three
network metrics in the theta band (4-8 Hz). Dyslexic children had lower
scores on leaf fraction (the number of nodes within one link) and degree
(the average number of links to each node), suggesting a deficit in in-
formation integration. Dyslexic children also had lower scores on kappa
(the broadness of the degree distribution), indicating reduced synchro-
nization between the nodes (Stam and van Straaten, 2012). Most
notably, a path-like network topology was observed in dyslexics, sug-
gesting less integration of network nodes.

The methodology of Fraga Gonzalez et al. (2016, 2018b) is appealing
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to developmental studies as EEG devices are more accessible and
affordable than MRI and MEG. The present study was set out to examine
the functional network connectivity in Chinese dyslexic children.
Logographic scripts, such as Chinese, are different from alphabetic
scripts in terms of the form, nature of orthography, phonology, and se-
mantic representations (Li et al., 2009; Yeh and Li, 2002). Previous
neuroimaging studies have shown that the neural basis of dyslexia might
be different between alphabetic and logographic scripts (Siok et al.,
2008; Tan et al., 2005a). It is important to examine this potential writing
system factor from a network perspective. To reveal which network
properties are closely linked to reading, in addition to resting-state EEG
recordings, the present study also assessed various cognitive skills that
are critical to reading (Lei et al., 2011; Li et al., 2012), with phonolog-
ical, morphological, and rapid number naming tests.

2. Method

The research protocol reported here was approved by a local ethics
committee, and written informed consent was obtained from the parents
of the children who participated in the present study.

2.1. Participants

Seven-hundred and eighty children from three local elementary
schools were screened for developmental dyslexia (DD) with the Stan-
dard Combined Raven’s Test (CRT; Li and Chen, 1989) and a Chinese
Character recognition test (Shu et al., 2003). Detailed descriptions of
these tools are presented in the next section. Following the protocols of
previous studies (Ding et al., 2016; Lei et al., 2011; Shu et al., 2006), to
be included in the dyslexic group a child needs to a) have normal
non-verbal IQ (CRT score > 85), b) score one standard deviation below
the average of the same grade on the Chinese character recognition test;
c) have normal or corrected-to-normal visual acuity, and d) have no
other known neuropsychological dysfunctions (e.g., ADHD). Thirty-six
children met with these criteria and participated in an EEG recording
session. Forty-four children in the same grade took part in the present
study as chronological age-matched controls (CA). All participants were
native Chinese speakers and right-handed. Nine children from the DD
group and 4 children from the CA group were excluded from analysis
because the quality of the EEG recordings was not suitable for further
analysis. The results presented here are based on the EEG data from 27
DD children and 40 CA children.
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Fig. 1. (A) An illustration of two extreme forms of MST trees: a path-like tree with the lowest possible leaf number (2) and a star-like tree with a larger leaf number
(9). (B) MST trees constructed from the group average PLI of the healthy controls (left) and dyslexic children (right) in the present study (for illustration pur-

pose only).
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2.2. Screening tools

2.2.1. Standard Combined Raven’s test
The Standard Combined Raven’s Test (Li and Chen, 1989) was used
to assess the non-verbal intelligence of the children.

2.2.2. Chinese character recognition test

This test was developed by Shu et al. (2003) and it has been widely
used for screening dyslexia in Mandarin-speaking Chinese children
(Ding et al., 2016; Lei et al., 2011; Shu et al., 2006; Zhang et al., 2012).
This test requires the child to read out a list of 150 Chinese characters,
which are presented in order of increasing difficulty. The maximum
possible score on this test is 150. Scoring one standard deviation below
the grade average is a good indication of severe reading difficulty or
dyslexia.

2.3. Reading-related cognitive tests

2.3.1. Phonological awareness test

A phoneme deletion test was used to assess the phonological pro-
cessing skill of the children who participated in the present study (Li
et al., 2012). In this test, children are asked to produce a new syllable by
removing the first phoneme from a monosyllabic Chinese word. For
example, given the syllable/chal/, children are asked to delete
the/ch/sound. The answer, in this case, is/al/. This test consisted of
four practice trials and 22 experimental trials. Among the experimental
trials, there are fourteen trials for one-syllable words and four trials for
two-syllable and three-syllable words.

2.3.2. Rapid number naming test

The rapid number naming test was used to assess the rapid naming
ability of readers (Li et al., 2012). Five numbers (2, 4, 6, 7, and 9) are
pseudo-randomly repeated eight times on a paper. Children are asked to
name the numbers as accurately and rapidly as possible. Children are
instructed to name the sheet twice. The score is the average naming time
across those two trials.

2.3.3. Morphological awareness test

A morphological construction test (Lei et al., 2011; McBride-Chang
et al., 2003) was used to assess morphological awareness. In each trial,
children are required to construct a new compound word to represent
the objects or concepts described by the experimenter. For example, the
experimenter asks, “if a sun that is red in color is called red sun (/hong3
tai4 yang3/), what should we call a sun that is yellow?” The correct
answer is “yellow sun (/huang3 tai4 yang3/)”. There are 2 practice trials
and 27 testing trials on this test.

2.4. EEG recording and analysis

EEG recordings were collected in a dimly lit and quiet room. In order
to record stable and ocular artifact-free EEG data, all participants were
instructed to refrain movements and to close their eyes. Two minutes of
resting-state (eyes closed) EEG data were recorded using a 32-channel
system. Horizontal eye movements (HEOG) were recorded using an
electrode placed at the outer canthi of the right eye. Electrode for
recording vertical eye movements (VEOG) was placed just under the left
eye. All channels were amplified with a DC-100 Hz band-pass filter and
then digitized at 1000 Hz using the BrainVision Recorder software
(Brain Products GmbH, Gilching, Germany). Electrode impedance was
kept below 5 kQ.

Continuous EEG data were imported into EEGLAB (Delorme and
Makeig, 2004) for analysis. Channels with excessive artifacts (e.g., eye
blinks, eye movements, body movements, and muscle contractions)
were removed and reconstructed from nearby channels with spline
interpolation. Channel reconstruction was performed on the EEG data of
22 subjects (7 from the DD group), and a maximum of four channels was
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allowed for an EEG recording. The EEG data were digitally filtered
(0.5-30 Hz band-pass), downsampled to 512 Hz, and segmented into 2-s
long epochs after re-referencing to the average of all scalp channels. The
data from each participant were then converted to 20 artifacts free
epochs, each containing 1024 times samples and saved in plain text files.
To examine the various MST metrics, subsequent analyses were per-
formed separately for the delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13
Hz), beta (13-30 Hz) bands, with the BrainWave software developed by
Cornelis Jan Stam (version 0.9.76; freely available from http://home.
kpn.nl/stam7883/brainwave.html).

2.4.1. Power spectral analysis

The power in different frequency bands can be used to assess the
drowsiness or alertness of the subjects. More relevantly, power is known
to affect the estimation of connectivity and network metrics. Thus, the
power spectrum of the 30 EEG scalp channels was first examined with a
frequency resolution of 1/2 s = 0.5 Hz in BrainWave.

2.4.2. Functional connectivity: the phase lag index (PLD)

The Phase Lag Index (PLI) is a measure of asymmetry for the distri-
bution of phase differences between two signals. It is less affected by the
influence of volume conduction, common sources, and montage (Stam
et al.,, 2007). PLI is obtained from time series of phase differences,
Ad(t), k =1 ... N, PLI = | < sign [sin (Ad(t))] > |. The PLI ranges
between 0 and 1. A PLI of zero suggests no coupling or coupling with a
phase difference centered around 0 mod n. A PLI of 1 indicates perfect
phase locking at a value of A¢ from O mod =n. A larger PLI suggests
stronger phase locking. The PLI analysis in the present study generated
30 x 30 weight adjacency matrices, which were later used in the MST
analysis in each frequency band.

2.4.3. Network topology: MST analysis

MST allows no recurrent connections, and networks are constructed
with the weight adjacency matrices generated from the PLI analysis.
When examining brain networks across different populations, the MST
analysis allows the construction of graphs of the same number of nodes
and connections. Moreover, an MST network has a much simpler
configuration as it focuses on the most significant sub-graph and thus
avoids bias (van Diessen et al., 2015). Based on the PLI adjacency
matrices, MST networks were constructed using the Kruskal algorithm
(Kruskal, 1956). The weights (defined as 1/PLI) of all possible connec-
tions were first sorted in ascending order; the strongest connections
were then added to the network one-by-one until all 30 nodes were
linked in a loopless sub-graph. As noted, the topological properties of an
MST network can be characterized by eight metrics: degree, leaf frac-
tion, diameter, eccentricity, betweenness centrality (BC), Kappa, degree
correlation, and tree hierarchy (Ty) (Stam et al.,, 2014). A detailed
description of these MST metrics is presented in Table S1 in Supple-
mentary Material.

2.5. Statistical analysis

We compared the non-verbal IQ, the Chinese character recognition
score, the cognitive test scores, and the various EEG metrics (spectrum
power, PLI values, and MST metrics) between the DD and CA children.
The PLI and MST metrics were log-transformed to meet the statistical
assumption of normal distribution. Correlation analyses were performed
to reveal the associations between network metrics (PLI values and MST
metrics) and the various reading-related cognitive skills. Permutation
tests were also performed on the correlations with the PERMUTOOLS
toolbox in MATLAB (https://github.com/mickcrosse/PERMUTOOLS).
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3. Results
3.1. Behavioral tests

Scores from the CRT test (non-verbal IQ), the character recognition
test, and the three reading-related cognitive tests are presented in
Table 1. Not all children completed all behavioral tests, and the means
reported in Table 1 are based on those who completed each of the tests
(see notes below Table 1). The non-verbal IQ was not statistically
different across the two groups (DD and CA), t (64) = 1.10, p = 0.276,
Cohen’s d = 0.275. Not surprisingly, DD children made more errors on
the Chinese character recognition test, t (65) = 25.12, p < 0.001, Cohen’s
d = 6.257. The DD children also performed worse on the morphological
awareness test, t (29) = 2.63, p = 0.013, Cohen’s d = 0.946, the
phonological awareness test, t (55) = 3.73, p < 0.01, Cohen’s d = 0.993,
and the rapid number naming test, t (64) = 4.894, p < 0.001, Cohen’s d
= 1.225.

3.2. Power spectrum

As shown in Fig. 2, the power spectrum was similar between the DD
and CA children, and no significant group difference was found in the
four-frequency bands (see Table S2 in Supplementary Material). One of
the reasons to examine the spectral power in different frequency bands
was to reveal the attentional state of the participants (e.g., if they were
drowsy). Following the practice of Fraga Gonzdlez et al. (2016), a
participant was considered as an outlier if the power was 1.5 quartile
range outside the upper or lower quartile (Tukey, 1977). For the delta
band analysis, one subject from the DD group was excluded from further
analysis. For the theta band analysis, one subject from the CA group was
excluded.!

3.3. Functional connectivity (PLI)

For PLI, no statistically significant group difference was observed in
any frequency bands (see Table 2).

Table 1

Demographical data and scores on various behavioral tests for dyslexic children
(DD) and healthy controls (CA). CCR- Chinese Character Recognition test; CRT-
Combined Raven’s Test; MA- Morphological Awareness test; PA- Phonological
Awareness test; RAN- Rapid number Naming test.

DD CA Stats
M (SD) M (SD) t p Cohen’s d
N 27 40
Sex (M/F) 13/14 17/23
Age (years)  9.22 (0.58) 9.38 (0.49) 1.16 0.249 0.290
CRT ? 119.21 122.45 1.10 0.276 0.275
(11.93) (11.69)
CCR 67.04 (10.85) 122.33 (7.19) 2512 <0.001 6.257
MA"® 21.81 (3.29) 24.47 (2.17) 2.63 0.013 0.946
PA € 15.65 (3.36) 18.55 (2.49) 3.73 <0.001  0.993
RAN ¢ 18.46 (4.35) 14.11 (2.88) 4.89 <0.001 1.225

Notes: 2 One child in the CA group did not complete this test. ® Eleven children in
the DD group and 16 children in the CA group did not complete this test. © One
child in the DD group and 9 children in the CA group did not complete the test.
4 One children in the CA group did not complete this test.

! The PLI and MST metrics were also analyzed without excluding any
participant. The statistical results are presented in Table S3 in Supplementary
Material.
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Fig. 2. Power averaged across all scalp electrodes. CA, chronological age-
matched controls; DD, developmental dyslexia. The strips represent 95% con-
fidence intervals.

3.4. Network topology (MST metrics)

For illustration purposes, the MST trees constructed from the group
average PLI are presented in Fig. 1B. Compared to age-matched controls,
dyslexic children showed a more path-like (i.e., lacked interconnections)
network topology. The statistical results for all MST metrics in all fre-
quency bands are presented in Table S3 in Supplementary Material. For
brevity, only significant or marginal group differences are discussed
here; full details are summarized in Table 2.

In the beta band, the eccentricity metric was higher in the DD group
(M = 0.283, SD = 0.010) than that in the CA group (M = 0.278, SD =
0.009), t (65) = 2.176, p < 0.05, Cohen’s d = 0.542 (see Fig. 3A). The
diameter score (the largest distance between any two nodes) was
marginally higher in the DD group (M = 0.359, SD = 0.013) than that in
the CA group (M = 0.354, SD = 0.012), t (65) = 1.842, p = 0.070,
Cohen’s d = 0.459 (see Fig. 3B). The betweenness centrality (BC) score, i.
e., the fraction of all shortest paths that pass through a node was lower in
the DD group (M = 0.697, SD = 0.017) than that in the CA group (M =
0.707, SD = 0.015), t (65) = 2.568, p < 0.05, Cohen’s d = 0.640 (see
Fig. 3C). These results all suggest a deficit in information integration in
dyslexic children.

A marginal group difference was observed on degree in the theta
band, with lower degree score observed in the DD (M = 0.222, SD =
0.015) than in the CA group (M = 0.228, SD = 0.013), t (64) = 1.810, p
= 0.075, Cohen’s d = 0.453 (see Fig. 4A).

The EEG epochs of the present study were 2-s long, shorter than that
in Fraga Gonzalez et al. (2016); however, the results reported here were
unlikely confounded by the length of the epochs. The MST network
metrics derived from PLI are less affected by epoch length, and reliable
results can be obtained with even shorter epochs (Fraschini et al., 2016).

3.5. MST metrics and reading-related cognitive skills

Correlation analysis was performed to examine the association be-
tween the MST network metrics and the reading-related cognitive skills
assessed in the present study. For brevity, only statistically significant
results are reported here (see Fig. 4).

In the theta band, a negative correlation was observed between rapid
number naming speed and degree in the CA group (see Fig. 4B), r =
0.328, p = 0.044. In the DD group, morphological awareness positively
correlated with degree (see Fig. 4C), r = 0.631, p = 0.009. No significant
correlation was found between the other network metrics and reading-
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Table 2
The PLI value and network topology metrics in dyslexic children (DD) and normal developing children (CA).
DD CA Stats
M SD M SD t p Cohen’s d
Theta band
PLI 0.240 (0.014) 0.246 (0.013) 1.642 0.106 0.411
Degree 0.222 (0.015) 0.228 (0.013) 1.830 0.072 0.458
Eccentricity 0.284 (0.012) 0.281 (0.011) 1.049 0.298 0.263
BC 0.699 (0.016) 0.703 (0.015) 1.251 0.215 0.313
Kappa 2.920 (0.109) 2.945 (0.099) 0.986 0.328 0.247
R -0.345 (0.028) -0.340 (0.036) 0.721 0.473 0.181
Diameter 0.360 (0.016) 0.356 (0.015) 1.131 0.262 0.283
Leaf 0.544 (0.016) 0.545 (0.016) 0.245 0.807 0.061
Th 0.392 (0.010) 0.390 (0.012) 0.704 0.484 0.176
Beta band
PLI 0.132 (0.006) 0.134 (0.007) 0.755 0.453 0.188
Degree 0.215 (0.016) 0.222 (0.015) 1.574 0.120 0.392
Eccentricity 0.283 (0.010) 0.278 (0.009) 2.176 0.033 0.542
BC 0.697 (0.017) 0.707 (0.015) 2.568 0.013 0.640
Kappa 2.863 (0.098) 2.907 (0.125) 1.563 0.123 0.389
R -0.314 (0.037) -0.313 (0.039) 0.187 0.852 0.047
Diameter 0.359 (0.013) 0.354 (0.012) 1.842 0.070 0.459
Leaf 0.531 (0.015) 0.538 (0.020) 1.499 0.139 0.373
Th 0.384 (0.012) 0.383 (0.014) 0.401 0.690 0.100
Notes: Bold text highlights significant results (p < 0.05); italic text highlights results at trend level.
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Fig. 3. In the beta band, the MST metrics eccentricity (A) and diameter (B) were higher in dyslexic children, whereas BC (C) was lower in dyslexic children. The
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related cognitive tests. The permutation tests yielded consistent results
(see Table S4 in Supplementary Material).

4. Discussion

The present study used resting-state EEG data to examine the func-
tional brain network in Chinese dyslexic children. Consistent with pre-
vious findings in alphabetic languages (Fraga Gonzalez et al., 2016,
2018b), the MST network in dyslexic children had a higher eccentricity
metric in the beta band, suggesting a more path-like network topology in
dyslexic children. The BC metric, which reflects dysfunctional hub
nodes, was lower in the beta band in Chinese dyslexic children, a
network abnormality that was not seen in dyslexic children in alphabetic
languages (Fraga Gonzdlez et al., 2016, 2018b). Importantly, the present
work also revealed moderate associations between MST metrics and
various cognitive skills that are critical to reading.

4.1. Network topology in the theta band

Fraga Gonzdlez and colleagues (2018b) found several MST network
metrics, including degree, leaf fraction, and Kappa, were lower in the
theta band in dyslexic children, showing that the long-range connections
in dyslexic children may be less efficient. The present observation of a
less integrated network in dyslexic children, as reflected in the lower
degree metric in the theta band, is consistent with this hypothesis. The
present results, together with that from alphabetic languages (Fraga
Gonzalez et al., 2018; Jiménez-Bravo et al., 2017), clearly show that a
less integrated network in the theta band is likely a common deficiency
in dyslexia.

4.2. Network topology in the beta band

Network deficiency in the beta band has not been seen in alphabetic
languages (e.g., Dutch, see Fraga Gonzalez et al., 2016, 2018b).
Compared to normally developing children, in the beta band, the MST
eccentricity metric was higher, and the BC metric was lower in Chinese
dyslexic children. In addition, the diameter metric was marginally
higher in dyslexics compared with healthy controls. The diameter metric
is the maximum eccentricity (Stam and Straaten, 2012), and it is posi-
tively associated with the path length of brain networks (Tewarie et al.,
2015). These results suggest an overall longer node path and a less in-
tegrated network in dyslexic children. Consistently, a recent MRI study
also showed that Chinese dyslexic readers have prolonged node path and
fewer hub regions in whole-brain structural networks (Liu et al., 2015).

Beta oscillations are related to motor control (Brovelli et al., 2004;
Herrmann et al.,, 2016; Jenkinson and Brown, 2011) and visual
perception (Quentin et al., 2015). For instance, synchronized activation
has been observed in sensorimotor areas following voluntary move-
ments and somatosensory stimulation (Neuper and Pfurtscheller, 2001).
Classen et al. (1998) also reported a decrease in activation coherence in
the beta band in a visuomotor force-tracking task but not in visual- or
motor-only tasks, suggesting that beta oscillations are related to visuo-
motor integration (Classen et al., 1998; Kilavik et al., 2013; Miiller et al.,
2003). Visuomotor skills are particularly important to Chinese reading
(Meng et al., 2018; Tan et al., 2005b), and deficits in visuomotor inte-
gration have been observed in Chinese dyslexic children in previous
behavioral studies (Cheng-Lai et al., 2013; McBride-Chang et al., 2011).
Visuomotor integration was not directly assessed in the present study.
Whether the beta-band network deficiency in Chinese dyslexic children
is related to visuomotor integration remains an open question for future
investigations.

4.3. MST metrics and reading-related cognitive skills

Frequently assessed with the rapid number naming task, rapid
automatized naming (RAN) is a good predictor of reading ability (Kirby
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et al., 2010; Liao et al., 2015; Norton and Wolf, 2012; Shum and Au,
2017), and recent studies have shown that RAN is related to Chinese
orthographic processing (Liao et al.,, 2015; Wang et al, 2018).
Morphological awareness is another reliable predictor of dyslexia in
Chinese (Lei et al., 2011; Li et al., 2009; Shu et al., 2006). In the theta
band, the present study revealed a negative correlation between RAN
and the MST degree metric in the CA group, and a positive correlation
between morphological awareness and the MST degree metric in the DD
group. Children with lower network degree metrics are less efficient in
information transfer; they are slower in automatized naming and make
more errors in morphological processing. These correlations are
consistent with previous findings that theta-band activity is related to
speech processing (Luo and Poeppel, 2007), comprehension (Bas-
tiaansen et al., 2008), and various cognitive skills that are indispensable
to readings. A lower MST degree metric suggests a more path-like
network topology. Network topology is likely a determinant of ortho-
graphic processing and automaticity in reading.

4.4. Limitations of the present study

Before closing our discussion, we would like to note a few limitations
of the present work. First, the epoch length was shorter in the current
study (2 s) compared to previous work by Fraga Gonzalez et al. (2016).
Although an epoch of 2 s is sufficient for reliable MST analysis, espe-
cially for the eccentricity metric, some MST metrics (leaf and hierarchy)
would require much longer epochs to estimate (Fraschini et al., 2016).
Second, the electrode montage was smaller in the present study; further
replication of the present findings is desirable. Thirdly, the correlation
analysis was performed on various brain network metrics and reading
skills, which are highly inter-correlated. Although permutation tests
have been performed to control false-positive results, further study with
a much larger sample is needed. Nevertheless, as an initial attempt in
revealing network abnormalities in Chinese dyslexic children with
resting-EEG recordings, the present work revealed a moderate correla-
tion between the MST degree metric and rapid automatized naming and
morphological awareness, suggesting network topology is likely a major
constraint on reading ability.

Declaration of competing interest
The authors declare no conflict of interest.
CRediT authorship contribution statement

Huidong Xue: Investigation, Data curation, Formal analysis, Meth-
odology, Resources, Software, Visualization, Writing - original draft.
Zhiguo Wang: Conceptualization, Funding acquisition, Methodology,
Resources, Software, Supervision, Validation, Writing - review & edit-
ing. Yufei Tan: Investigation, Resources, Writing - review & editing.
Hang Yang: Investigation, Resources, Writing - review & editing.
Wanlu Fu: Investigation, Resources, Writing - review & editing.
Licheng Xue: Methodology, Resources, Writing - review & editing. Jing
Zhao: Conceptualization, Formal analysis, Funding acquisition, Inves-
tigation, Methodology, Resources, Software, Project administration,
Supervision, Validation, Writing - review & editing.

Acknowledgments

This work was supported by grants from the National Natual Science
Foundation of China (NSFC) (grant No.: 31771229, 31371133), a grant
from the Zhejiang Philosophy and Social Sciences Planning Project
(grant No.: 177NDJC084YB) and a grant from the cultivation project of
the province leveled pre-pronderant characteristic discipline in the
College of Education of Hangzhou Normal University (grant No.:
19JYXKO001). Huidong Xue was supported by the project of provincial
advantage discipline construction, talent cultivation, and research



H. Xue et al.

innovation from College of Education, Hangzhou Normal University.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuropsychologia.2020.107343.

Compliance with ethical standards

This study was carried out following the guidelines listed in the
Declaration of Helsinki. The research protocol was reviewed by a local
ethics committee, and written informed consent was obtained from the
parents of all children who participated in this study.

References

Bastiaansen, M.C.M., Oostenveld, R., Jensen, O., Hagoort, P., 2008. I see what you mean:
theta power increases are involved in the retrieval of lexical semantic information.
Brain Lang. 106, 15-28. https://doi.org/10.1016/j.bandl.2007.10.006.

Beaulieu, C., Plewes, C., Paulson, L.A., Roy, D., Snook, L., Concha, L., Phillips, L., 2005.
Imaging brain connectivity in children with diverse reading ability. Neuroimage 25,
1266-1271. https://doi.org/10.1016/j.neuroimage.2004.12.053.

Boersma, M., Smit, D.J.A., Boomsma, D.L., De Geus, E.J.C., Delemarre-van de Waal, H.A.,
Stam, C.J., 2013. Growing trees in child brains: graph theoretical analysis of
electroencephalography-derived minimum spanning tree in 5-and 7-year-old
children reflects brain maturation. Brain Connect. 3, 50-60. https://doi.org/
10.1089/brain.2012.0106.

Brovelli, A., Ding, M., Ledberg, A., Chen, Y., Nakamura, R., Bressler, S.L., 2004. Beta
oscillations in a large-scale sensorimotor cortical network: directional influences
revealed by Granger causality. Proc. Natl. Acad. Sci. 101, 9849-9854. https://doi.
org/10.1073/pnas.0308538101.

Bullmore, E.T., Sporns, O., 2009. Complex brain networks: graph theoretical analysis of
structural and functional systems. Nat. Rev. Neurosci. 10, 186-198. https://doi.org/
10.1038/nrn2575.

Cao, F., Yan, X., Spray, G.J., Liu, Y., Deng, Y., 2018. Brain mechanisms underlying visuo-
orthographic deficits in children with developmental dyslexia. Front. Hum.
Neurosci. 12, 1-13. https://doi.org/10.3389/fnhum.2018.00490.

Cheng-Lai, A., Li-Tsang, C.W.P., Chan, A.H.L., Lo, A.G.W., 2013. Writing to dictation and
handwriting performance among Chinese children with dyslexia: relationships with
orthographic knowledge and perceptual-motor skills. Res. Dev. Disabil. 34,
3372-3383. https://doi.org/10.1016/j.ridd.2013.06.039.

Classen, J., Gerloff, C., Honda, M., Hallett, M., 1998. Integrative visuomotor behavior is
associated with interregionally coherent oscillations in the human brain.

J. Neurophysiol. 79, 1567-1573. https://doi.org/10.1152/jn.1998.79.3.1567.

Deco, G., Jirsa, V.K., Mcintosh, A.R., 2011. Emerging concepts for the dynamical
organization of resting-state activity in the brain. Nat. Rev. Neurosci. 12, 43-56.
https://doi.org/10.1038/nrn2961.

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.

Dimitriadis, S.I., Laskaris, N.A., Simos, P.G., Micheloyannis, S., Fletcher, J.M., Rezaie, R.,
Papanicolaou, A.C., 2013. Altered temporal correlations in resting-state connectivity
fluctuations in children with reading difficulties detected via MEG. Neuroimage 83,
307-317. https://doi.org/10.1016/j.neuroimage.2013.06.036.

Dimitriadis, S.I., Simos, P.G., Fletcher, J.M., Papanicolaou, A.C., 2018. Aberrant resting-
state functional brain networks in dyslexia: symbolic mutual information analysis of
neuromagnetic signals. Int. J. Psychophysiol. 126, 20-29. https://doi.org/10.1016/
j.ijpsycho.2018.02.008.

Ding, Y., Zhao, J., He, T., Tan, Y., Zheng, L., Wang, Z., 2016. Selective impairments in
covert shifts of attention in Chinese dyslexic children. Dyslexia 22, 362-378. https://
doi.org/10.1002/dys.1541.

Feng, X., Li, L., Ding, G., 2016. Abnormal inter-regional brain connectivity in
developmental dyslexia. Adv. Psychol. Sci. 24, 1864-1872. https://doi.org/
10.3724/sp.j.1042.2016.01864.

Finn, E.S., Shen, X., Holahan, J.M., Scheinost, D., Lacadie, C., Papademetris, X.,
Shaywitz, S.E., Shaywitz, B.A., Constable, R.T., 2014. Disruption of functional
networks in dyslexia: A whole-brain, data-driven analysis of connectivity. Biol.
Psychiatry 76 (5), 397-404. https://doi.org/10.1016/j.biopsych.2013.08.031.

Fox, M.D., Snyder, A.Z., Vincent, J.L., Corbetta, M., Van Essen, D.C., Raichle, M.E., 2005.
The human brain is intrinsically organized into dynamic, anticorrelated functional
networks. Proc. Natl. Acad. Sci. U.S.A. 102, 9673-9678. https://doi.org/10.1073/
pnas.0504136102.

Fraga Gonzalez, G., Smit, D.J.A., van der Molen, M.J.W., Tijms, J., Stam, C.J., de Geus, E.
J.C., van der Molen, M.W., 2018a. EEG resting state functional connectivity in adult
dyslexics using phase Lag Index and graph analysis. Front. Hum. Neurosci. 12, 341.
https://doi.org/10.3389/fnhum.2018.00341.

Fraga Gonzalez, G., Van der Molen, M.J.W., Zari¢, G., Bonte, M., Tijms, J., Blomert, L.,
Stam, C.J., Van der Molen, M.W., 2018b. Corrigendum to “Graph analysis of EEG
resting state functional networks in dyslexic readers” [Clin. Neurophysiol. 127(9)
(2016) 3165-3175]. Clin. Neurophysiol. 129 (9), 339-340. https://doi.org/
10.1016/j.clinph.2017.09.106.

Neuropsychologia 138 (2020) 107343

Fraga Gonzalez, G., Van der Molen, M.J.W., Zari¢, G., Bonte, M., Tijms, J., Blomert, L.,
Stam, C.J., Van der Molen, M.W., 2016. Graph analysis of EEG resting state
functional networks in dyslexic readers. Clin. Neurophysiol. 127, 3165-3175.
https://doi.org/10.1016/j.clinph.2016.06.023.

Fraschini, M., Demuru, M., Crobe, A., Marrosu, F., Stam, C.J., Hillebrand, A., 2016. The
effect of epoch length on estimated EEG functional connectivity and brain network
organisation. J. Neural Eng. 13 https://doi.org/10.1088/1741-2560/13/3/036015.

Greicius, M.D., Supekar, K., Menon, V., Dougherty, R.F., 2009. Resting-state functional
connectivity reflects structural connectivity in the default mode network. Cerebr.
Cortex 19, 72-78. https://doi.org/10.1093/cercor/bhn059.

Herrmann, C.S., Striiber, D., Helfrich, R.F., Engel, A.K., 2016. EEG oscillations: from
correlation to causality. Int. J. Psychophysiol. 103, 12-21. https://doi.org/10.1016/
j.ijpsycho.2015.02.003.

Janssen, T.W.P., Hillebrand, A., Gouw, A., Gelade, K., Van Mourik, R., Maras, A.,
Oosterlaan, J., 2017. Neural network topology in ADHD; evidence for maturational
delay and default-mode network alterations. Clin. Neurophysiol. 128, 2258-2267.
https://doi.org/10.1016/j.clinph.2017.09.004.

Jenkinson, N., Brown, P., 2011. New insights into the relationship between dopamine,
beta oscillations and motor function. Trends Neurosci. 34, 611-618. https://doi.org/
10.1016/j.tins.2011.09.003.

Jiménez-Bravo, M., Marrero, V., Benitez-Burraco, A., 2017. An oscillopathic approach to
developmental dyslexia: from genes to speech processing. Behav. Brain Res. 329,
84-95. https://doi.org/10.1016/j.bbr.2017.03.048.

Kilavik, B.E., Zaepffel, M., Brovelli, A., MacKay, W.A., Riehle, A., 2013. The ups and
downs of beta oscillations in sensorimotor cortex. Exp. Neurol. 245, 15-26. https://
doi.org/10.1016/j.expneurol.2012.09.014.

Kirby, J.R., Georgiou, G.K., Martinussen, R., Parrila, R., 2010. Naming speed and
reading: from prediction to instruction. Read. Res. Q. 45, 341-362. https://doi.org/
10.1598/RRQ.45.3.4.

Koyama, M.S., Di Martino, A., Kelly, C., Jutagir, D.R., Sunshine, J., Schwartz, S.J.,
Castellanos, F.X., Milham, M.P., 2013. Cortical signatures of dyslexia and
remediation: an intrinsic functional connectivity approach. PLoS One 8, e55454.
https://doi.org/10.1371/journal.pone.0055454.

Kruskal, J.B., 1956. On the shortest spanning subtree of a graph and the traveling
salesman problem. Proc. Am. Math. Soc. 7, 48-50. https://doi.org/10.2307/
2033241.

Lei, L., Pan, J., Liu, H., McBride-Chang, C., Li, H., Zhang, Y., Chen, L., Tardif, T.,
Liang, W., Zhang, Z., 2011. Developmental trajectories of reading development and
impairment from ages 3 to 8 years in Chinese children. JCPP (J. Child Psychol.
Psychiatry) 52, 212-220. https://doi.org/10.1111/j.1469-7610.2010.02311.x.

Li, D., Chen, G., 1989. Combined Reven’s Teat (CRT)-Chinese Revised Version. East
China Normal University, Shanghai.

Li, H., Shu, H., McBride-Chang, C., Liu, H., Peng, H., 2012. Chinese children’s character
recognition: visuo-orthographic, phonological processing and morphological skills.
J. Res. Read. 35, 287-307. https://doi.org/10.1111/j.1467-9817.2010.01460.x.

Li, H., Shu, H., McBride-Chang, C., Liu, H.Y., Xue, J., 2009. Paired associate learning in
Chinese children with dyslexia. J. Exp. Child Psychol. 103, 135-151. https://doi.
0rg/10.1016/j.jecp.2009.02.001.

Liao, C., Deng, C., Hamilton, J., Lee, C.S., Wei, W., Georgiou, G.K., 2015. The role of
rapid naming in reading development and dyslexia in Chinese. J. Exp. Child Psychol.
130, 106-122. https://doi.org/10.1016/j.jecp.2014.10.002.

Liu, K., Shi, L., Chen, F., Waye, M.M.Y., Lim, C.K.P., Cheng, P., wan, Luk, , S.S.H., Mok, V.
C.T., Chu, W.C.W., Wang, D., 2015. Altered topological organization of brain
structural network in Chinese children with developmental dyslexia. Neurosci. Lett.
589, 169-175. https://doi.org/10.1016/j.neulet.2015.01.037.

Luo, H., Poeppel, D., 2007. Phase patterns of neuronal responses reliably discriminate
speech in human auditory cortex. Neuron 54, 1001-1010. https://doi.org/10.1016/
j.neuron.2007.06.004.

McBride-Chang, C., Chung, K.K.H., Tong, X., 2011. Copying skills in relation to word
reading and writing in Chinese children with and without dyslexia. J. Exp. Child
Psychol. 110, 422-433. https://doi.org/10.1016/j.jecp.2011.04.014.

McBride-Chang, C., Shu, H., Zhou, A., Wat, C.P., Wagner, R.K., 2003. Morphological
awareness uniquely predicts young children’s Chinese character recognition.

J. Educ. Psychol. 95, 743-751. https://doi.org/10.1037/0022-0663.95.4.743.

Meng, Z.L., Wydell, T.N., Bi, H.Y., 2018. Visual-motor integration and reading Chinese in
children with/without dyslexia. Read. Writ. 1-18. https://doi.org/10.1007/s11145-
018-9876-z.

Miiller, G.R., Neuper, C., Rupp, R., Keinrath, C., Gerner, H.J., Pfurtscheller, G., 2003.
Event-related beta EEG changes during wrist movements induced by functional
electrical stimulation of forearm muscles in man. Neurosci. Lett. 340, 143-147.
https://doi.org/10.1016/50304-3940(03)00019-3.

Neuper, C., Pfurtscheller, G., 2001. Event-related dynamics of cortical rhythms:
frequency-specific features and functional correlates. Int. J. Psychophysiol. 43,
41-58. https://doi.org/10.1016/50167-8760(01)00178-7.

Norton, E.S., Wolf, M., 2012. Rapid automatized naming (RAN) and reading fluency:
implications for understanding and treatment of reading disabilities. Annu. Rev.
Psychol. 63, 427-452. https://doi.org/10.1146/annurev-psych-120710-10043.

Posner, M.I., Rothbart, M.K., 2005. Influencing brain networks: implications for
education. Trends Cogn. Sci. 9, 99-103. https://doi.org/10.1016/j.tics.2005.01.007.

Quentin, R., Chanes, L., Vernet, M., Valero-Cabré, A., 2015. Fronto-parietal anatomical
connections influence the modulation of conscious visual perception by high-beta
frontal oscillatory activity. Cerebr. Cortex 25, 2095-2101. https://doi.org/10.1093/
cercor/bhu014.

Schurz, M., Wimmer, H., Richlan, F., Ludersdorfer, P., Klackl, J., Kronbichler, M., 2015.
Resting-state and task-based functional brain connectivity in developmental
dyslexia. Cerebr. Cortex 25, 3502-3514. https://doi.org/10.1093/cercor/bhul84.


https://doi.org/10.1016/j.neuropsychologia.2020.107343
https://doi.org/10.1016/j.neuropsychologia.2020.107343
https://doi.org/10.1016/j.bandl.2007.10.006
https://doi.org/10.1016/j.neuroimage.2004.12.053
https://doi.org/10.1089/brain.2012.0106
https://doi.org/10.1089/brain.2012.0106
https://doi.org/10.1073/pnas.0308538101
https://doi.org/10.1073/pnas.0308538101
https://doi.org/10.1038/nrn2575
https://doi.org/10.1038/nrn2575
https://doi.org/10.3389/fnhum.2018.00490
https://doi.org/10.1016/j.ridd.2013.06.039
https://doi.org/10.1152/jn.1998.79.3.1567
https://doi.org/10.1038/nrn2961
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.neuroimage.2013.06.036
https://doi.org/10.1016/j.ijpsycho.2018.02.008
https://doi.org/10.1016/j.ijpsycho.2018.02.008
https://doi.org/10.1002/dys.1541
https://doi.org/10.1002/dys.1541
https://doi.org/10.3724/sp.j.1042.2016.01864
https://doi.org/10.3724/sp.j.1042.2016.01864
https://doi.org/10.1016/j.biopsych.2013.08.031
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.3389/fnhum.2018.00341
https://doi.org/10.1016/j.clinph.2017.09.106
https://doi.org/10.1016/j.clinph.2017.09.106
https://doi.org/10.1016/j.clinph.2016.06.023
https://doi.org/10.1088/1741-2560/13/3/036015
https://doi.org/10.1093/cercor/bhn059
https://doi.org/10.1016/j.ijpsycho.2015.02.003
https://doi.org/10.1016/j.ijpsycho.2015.02.003
https://doi.org/10.1016/j.clinph.2017.09.004
https://doi.org/10.1016/j.tins.2011.09.003
https://doi.org/10.1016/j.tins.2011.09.003
https://doi.org/10.1016/j.bbr.2017.03.048
https://doi.org/10.1016/j.expneurol.2012.09.014
https://doi.org/10.1016/j.expneurol.2012.09.014
https://doi.org/10.1598/RRQ.45.3.4
https://doi.org/10.1598/RRQ.45.3.4
https://doi.org/10.1371/journal.pone.0055454
https://doi.org/10.2307/2033241
https://doi.org/10.2307/2033241
https://doi.org/10.1111/j.1469-7610.2010.02311.x
http://refhub.elsevier.com/S0028-3932(20)30013-0/sref34
http://refhub.elsevier.com/S0028-3932(20)30013-0/sref34
https://doi.org/10.1111/j.1467-9817.2010.01460.x
https://doi.org/10.1016/j.jecp.2009.02.001
https://doi.org/10.1016/j.jecp.2009.02.001
https://doi.org/10.1016/j.jecp.2014.10.002
https://doi.org/10.1016/j.neulet.2015.01.037
https://doi.org/10.1016/j.neuron.2007.06.004
https://doi.org/10.1016/j.neuron.2007.06.004
https://doi.org/10.1016/j.jecp.2011.04.014
https://doi.org/10.1037/0022-0663.95.4.743
https://doi.org/10.1007/s11145-018-9876-z
https://doi.org/10.1007/s11145-018-9876-z
https://doi.org/10.1016/S0304-3940(03)00019-3
https://doi.org/10.1016/S0167-8760(01)00178-7
https://doi.org/10.1146/annurev-psych-120710-10043
https://doi.org/10.1016/j.tics.2005.01.007
https://doi.org/10.1093/cercor/bhu014
https://doi.org/10.1093/cercor/bhu014
https://doi.org/10.1093/cercor/bhu184

H. Xue et al.

Shu, H., Chen, X., Anderson, R.C., Wu, N., Xuan, Y., 2003. Properties of school Chinese:
implications for learning to read. Child Dev. 74, 27-47. https://doi.org/10.1111/
1467-8624.00519.

Shu, H., McBride-Chang, C., Wu, S., Liu, H., 2006. Understanding Chinese developmental
dyslexia: morphological awareness as a core cognitive construct. J. Educ. Psychol.
98, 122. https://doi.org/10.1037/0022-0663.98.1.122.

Shum, K.K. man, Au, T.K. fong, 2017. Why does rapid naming predict Chinese word
reading? Lang. Learn. and Dev. 13, 127-142. https://doi.org/10.1080/
15475441.2016.1232651.

Siok, W.T., Niu, Z., Jin, Z., Perfetti, C.A., Tan, L.H., 2008. A structural-functional basis for
dyslexia in the cortex of Chinese readers. Proc. Natl. Acad. Sci. 105, 5561-5566.
https://doi.org/10.1073/pnas.0801750105.

Stam, C.J., Nolte, G., Daffertshofer, A., 2007. Phase Lag Index : assessment of functional
connectivity from multi channel EEG and MEG with diminished bias from common
sources. Hum. Brain Mapp. 1193, 1178-1193. https://doi.org/10.1002/hbm.20346.

Stam, C.J., Straaten, E.C.W., Van, 2012. Clinical Neurophysiology the organization of
physiological brain networks. Clin. Neurophysiol. 123, 1067-1087. https://doi.org/
10.1016/j.clinph.2012.01.011.

Stam, C.J., Tewarie, P., Dellen, E. Van, Straaten, E.C.W., Van, Hillebrand, A.,
Mieghem, P., Van, 2014. The trees and the forest: characterization of complex brain
networks with minimum spanning trees. Int. J. Psychophysiol. 92, 129-138. https://
doi.org/10.1016/j.ijpsycho.2014.04.001.

Stam, C.J., van Straaten, E.C.W., 2012. The organization of physiological brain networks.
Clin. Neurophysiol. 123, 1067-1087. https://doi.org/10.1016/j.
clinph.2012.01.011.

Sun, Z., Zou, L., Zhang, J., Mo, S., Shao, S., Zhong, R., Ke, J., Lu, X., Miao, X., Song, R.,
2013. Prevalence and associated risk factors of dyslexic children in a middle-sized
city of China: a cross-sectional study. PLoS One 8, e56688. https://doi.org/10.1371/
journal.pone.0056688.

Tan, L.H., Laird, A.R., Li, K., Fox, P.T., 2005a. Neuroanatomical correlates of
phonological processing of Chinese characters and alphabetic words: a meta-
analysis. Hum. Brain Mapp. 25, 83-91. https://doi.org/10.1002/hbm.20134.

Tan, L.H., Spinks, J.A., Eden, G.F., Perfetti, C.A., Siok, W.T., 2005b. Reading depends on
writing, in Chinese. Proc. Natl. Acad. Sci. U.S.A. 102, 8781-8785. https://doi.org/
10.1073/pnas.0503523102.

Tewarie, P., van Dellen, E., Hillebrand, A., Stam, C.J., 2015. The minimum spanning tree:
an unbiased method for brain network analysis. Neuroimage 104, 177-188. https://
doi.org/10.1016/j.neuroimage.2014.10.015.

Tukey, J.W., 1977. Exploratory Data Analysis. Reading:Addison-Wesley.

Van der Mark, S., Bucher, K., Maurer, U., Schulz, E., Brem, S., Buckelmueller, J.,
Kronbichler, M., Loenneker, T., Klaver, P., Martin, E., Brandeis, D., 2009. Children
with dyslexia lack multiple specializations along the visual word-form (VWF)

Neuropsychologia 138 (2020) 107343

system. Neuroimage 47, 1940-1949. https://doi.org/10.1016/j.
neuroimage.2009.05.021.

Van der Mark, S., Klaver, P., Bucher, K., Maurer, U., Schulz, E., Brem, S., Martin, E.,
Brandeis, D., 2011. Neurolmage the left occipitotemporal system in reading :
disruption of focal fMRI connectivity to left inferior frontal and inferior parietal
language areas in children with dyslexia. Neuroimage 54, 2426-2436. https://doi.
org/10.1016/j.neuroimage.2010.10.002.

van Diessen, E., Numan, T., van Dellen, E., van der Kooi, A.W., Boersma, M., Hofman, D.,
van Lutterveld, R., van Dijk, B.W., van Straaten, E.C.W., Hillebrand, A., Stam, C.J.,
2015. Opportunities and methodological challenges in EEG and MEG resting state
functional brain network research. Clin. Neurophysiol. 126, 1468-1481. https://doi.
org/10.1016/j.clinph.2014.11.018.

Wang, L.-C., Liu, D., Chen, J.-K., Wu, Y.-C., 2018. Processing speed of dyslexia: the
relationship between temporal processing and rapid naming in Chinese. Read. Writ.
31, 1645-1668. https://doi.org/10.1007/s11145-018-9857-2.

Yeh, S.-L., Li, J.-L., 2002. Role of structure and component in judgments of visual
similarity of Chinese characters. J. Exp. Psychol. Hum. Percept. Perform. 28,
933-947. https://doi.org/10.1037/0096-1523.28.4.933.

Yu, M., Gouw, A.A., Hillebrand, A., Tijms, B.M., Stam, C.J., van Straaten, E.C.W.,
Pijnenburg, Y.A.L., 2016. Different functional connectivity and network topology in
behavioral variant of frontotemporal dementia and Alzheimer’s disease: an EEG
study. Neurobiol. Aging 42, 150-162. https://doi.org/10.1016/j.
neurobiolaging.2016.03.018.

Zarié, G., Correia, J.M., Fraga Gonzalez, G., Tijms, J., van der Molen, M.W., Blomert, L.,
Bonte, M., 2017. Altered patterns of directed connectivity within the reading
network of dyslexic children and their relation to reading dysfluency. Deve. Cogn.
Neuros. 23, 1-13. https://doi.org/10.1016/j.dcn.2016.11.003.

Zeng, K., Kang, J., Ouyang, G., Li, J., Han, J., Wang, Y., Sokhadze, E.M., Casanova, M.F.,
Li, X., 2017. Disrupted brain network in children with autism spectrum disorder. Sci.
Rep. 7 https://doi.org/10.1038/541598-017-16440-z.

Zhang, Y., Zhang, L., Shu, H., Xi, J., Wu, H., 2012. Universality of categorical perception
deficit in developmental dyslexia : an investigation of Mandarin Chinese tones. JCPP
(J. Child Psychol. Psychiatry) 53, 874-882. https://doi.org/10.1111/j.1469-
7610.2012.02528.x.

Zhou, W., Xia, Z., Bi, Y., Shu, H., 2015. Altered connectivity of the dorsal and ventral
visual regions in dyslexic children: a resting-state fMRI study. Front. Hum. Neurosci.
9 https://doi.org/10.3389/fnhum.2015.00495.

Ziegler, J.C., Perry, C., Ma-Wyatt, A., Ladner, D., Schulte-Korne, G., 2003.
Developmental dyslexia in different languages: language-specific or universal?

J. Exp. Child Psychol. 86, 169-193. https://doi.org/10.1016/50022-0965(03)
00139-5.


https://doi.org/10.1111/1467-8624.00519
https://doi.org/10.1111/1467-8624.00519
https://doi.org/10.1037/0022-0663.98.1.122
https://doi.org/10.1080/15475441.2016.1232651
https://doi.org/10.1080/15475441.2016.1232651
https://doi.org/10.1073/pnas.0801750105
https://doi.org/10.1002/hbm.20346
https://doi.org/10.1016/j.clinph.2012.01.011
https://doi.org/10.1016/j.clinph.2012.01.011
https://doi.org/10.1016/j.ijpsycho.2014.04.001
https://doi.org/10.1016/j.ijpsycho.2014.04.001
https://doi.org/10.1016/j.clinph.2012.01.011
https://doi.org/10.1016/j.clinph.2012.01.011
https://doi.org/10.1371/journal.pone.0056688
https://doi.org/10.1371/journal.pone.0056688
https://doi.org/10.1002/hbm.20134
https://doi.org/10.1073/pnas.0503523102
https://doi.org/10.1073/pnas.0503523102
https://doi.org/10.1016/j.neuroimage.2014.10.015
https://doi.org/10.1016/j.neuroimage.2014.10.015
http://refhub.elsevier.com/S0028-3932(20)30013-0/optuy8mvXJ3Vv
https://doi.org/10.1016/j.neuroimage.2009.05.021
https://doi.org/10.1016/j.neuroimage.2009.05.021
https://doi.org/10.1016/j.neuroimage.2010.10.002
https://doi.org/10.1016/j.neuroimage.2010.10.002
https://doi.org/10.1016/j.clinph.2014.11.018
https://doi.org/10.1016/j.clinph.2014.11.018
https://doi.org/10.1007/s11145-018-9857-2
https://doi.org/10.1037/0096-1523.28.4.933
https://doi.org/10.1016/j.neurobiolaging.2016.03.018
https://doi.org/10.1016/j.neurobiolaging.2016.03.018
https://doi.org/10.1016/j.dcn.2016.11.003
https://doi.org/10.1038/s41598-017-16440-z
https://doi.org/10.1111/j.1469-7610.2012.02528.x
https://doi.org/10.1111/j.1469-7610.2012.02528.x
https://doi.org/10.3389/fnhum.2015.00495
https://doi.org/10.1016/S0022-0965(03)00139-5
https://doi.org/10.1016/S0022-0965(03)00139-5

	Resting-state EEG reveals global network deficiency in dyslexic children
	1 Introduction
	2 Method
	2.1 Participants
	2.2 Screening tools
	2.2.1 Standard Combined Raven’s test
	2.2.2 Chinese character recognition test

	2.3 Reading-related cognitive tests
	2.3.1 Phonological awareness test
	2.3.2 Rapid number naming test
	2.3.3 Morphological awareness test

	2.4 EEG recording and analysis
	2.4.1 Power spectral analysis
	2.4.2 Functional connectivity: the phase lag index (PLI)
	2.4.3 Network topology: MST analysis

	2.5 Statistical analysis

	3 Results
	3.1 Behavioral tests
	3.2 Power spectrum
	3.3 Functional connectivity (PLI)
	3.4 Network topology (MST metrics)
	3.5 MST metrics and reading-related cognitive skills

	4 Discussion
	4.1 Network topology in the theta band
	4.2 Network topology in the beta band
	4.3 MST metrics and reading-related cognitive skills
	4.4 Limitations of the present study

	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	Appendix A Supplementary data
	Compliance with ethical standards
	References


