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Abstract
Writing sequences play an important role in handwriting of Chinese characters. However, little is known
regarding the integral brain patterns and network mechanisms of processing Chinese character writing
sequences. The present study decoded brain patterns during observing Chinese characters in motion by
using multi-voxel pattern analysis (MVPA), meta-analytic decoding analysis, and extended uni�ed
structural equation model (euSEM). We found that perception of Chinese character writing sequence
recruited brain regions not only for general motor schema processing, i.e., the right inferior frontal gyrus,
shifting and inhibition functions, i.e., the right postcentral gyrus and bilateral pre-SMA/dACC, but also for
sensorimotor functions speci�c for writing sequences. More importantly, these brain regions formed a
cooperatively top-down brain network where information was transmitted from brain regions for general
motor schema processing to those speci�c for writing sequences. These �ndings not only shed light on
the neural mechanisms of Chinese character writing sequences, but also extend the hierarchical control
model on motor schema processing. 

Introduction
Human civilization is recorded and spread by written words. For different writing systems across culture,
one universal feature is that they all have �xed gesture rules, which are not innate but education-
dependent (Nakamura et al. 2012). Chinese characters are one widely used logographic script and
remarkable culture icon. They are composed of basic strokes that are mandatorily stipulated to be written
in certain rules of sequences in �xed two-dimensional squares (Huang and Wang 1992). As such, writing
sequences of Chinese characters are varied and complicated. These rules of writing sequences are
incumbent knowledge and skills for students to learn from formal elementary school education for the
purpose of spatial planning for writing reasonably and economizing cognitive resources for processing
Chinese characters (Lo et al. 2016). It has been shown that students who are better at mastering writing
sequences are faster in processing Chinese characters (Giovanni 1994; Law et al. 1998a). The process of
organizing basic strokes into a complete character sheds light on the retrieval and integration from
fragmented orthographic mental representation, i.e., writing strokes (Lo et al. 2016). However, little is
known about the neural organization of writing sequences of Chinese characters.

Some previous functional magnetic resonance imaging (fMRI) studies have investigated separate
functions of each brain region involved in processing Chinese character writing sequences (e.g., Yu et al.
2011). For example, Yu et al. (2011) found that bilateral premotor areas and adjacent parietal regions,
which are often found to be activated in processing general sequences (Thomas et al. 2018), were less
activated for processing scrambled writing sequences than for processing intact ones. In addition, the
SMA and pre-SMA related to general sequence processing functions were also found to be involved in
writing sequence processing (Yang et al. 2019). In contrast, some other studies revealed several other
brain regions speci�c to processing writing sequences. For example, by utilizing the writing sequence
priming paradigm and comparing writing sequences in different languages, some fMRI studies revealed
that the left precentral gyrus and left superior parietal lobule (SPL) played consequential roles in Chinese
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character writing sequence processing (Chen et al. 2016; Nakamura et al. 2012; Yu et al. 2011). These
two brain areas are also involved in Chinese handwriting, indicating their speci�c role in retrieving writing
sequences (Cao et al. 2013; Lagarrigue et al. 2017). Some lesion studies have found support for these
�ndings (Hodges 1991; Keller and Meister 2014; Maeda and Ogawa 2014; Otsuki et al. 1999). For
example, Otsuki et al. (1999) found that patients with a hemorrhage in the left SPL (BA7) would only fail
to produce a Chinese character in correct sequences, but they still managed to report the sequence rules.

It should be noted that as an exemplar of motor schema, a template based on prior knowledge to direct
executing simple or complex sequences of motion (Schmidt 1975), writing sequences may be decoded in
a complex process. This process might induce a change in multiplex brain activation pattern representing
distinctive external stimuli, which either follow or violate the embedded motor schema, instead of
univariate increase or decrease of brain activation levels (Baldassano et al. 2018b). However, the neural
mechanism of writing sequence processing has only been examined from the perspective of brain
activation levels (e.g., Yu et al. 2011). It has been shown that multi-voxel pattern analysis (MVPA) is
practical to analyze fMRI data presenting naturalistic stimuli (Chow et al. 2018; Spiers and Maguire
2007). Besides, the spatial patterns across voxels of brain regions can be examined by using MVPA with
whole-brain searchlight to decode the brain activation (Davis et al. 2014; Kriegeskorte and Kievit 2013;
Kriegeskorte 2011; Norman et al. 2006). Furthermore, information loss can be signi�cantly reduced
because there is no averaging of voxel intensities, and the analysis is done before smoothing (Ma et al.
2018). Therefore, it is worth further examining brain patterns associated with processing writing
sequences of Chinese characters using MVPA.

Another relevant important issue is that how these brain regions work in collaboration given that writing a
Chinese character in a stipulated and well-learned sequence can be classi�ed as a typical kind of motor
schema with rules. Badre and Nee (2018) has concluded that behavioral goals and motor schema are
processed by human beings hierarchically. It has also been found that bilateral prefrontal cortex, pre-
SMA, SMA, primary motor area, and subcortical areas like the putamen and caudate form a network for
executing or imaging sequences of motion (Kim et al. 2018; Sepulveda et al. 2016). A Chinese character,
as the highest level of a goal, was cut into ‘strokes’ and written separately in a sequence, re�ecting the
basic skeleton of a motor schema. Therefore, in the present study, it is reasonable to speculate that brain
regions revealed by MVPA will work in collaboration as a network to process writing sequences of
Chinese characters.

To summarize, the purpose of the present study was to decode brain patterns involved in processing
Chinese character writing sequences using MVPA and to model an information transmission network of
these relevant brain regions using extended uni�ed structural equation (euSEM) (Gates et al. 2011; Kim et
al. 2007). The potential �ndings will also shed light on the neural mechanism of motor schema with
Chinese character writing sequences as an exemplar.

During the experiment, participants were presented with a series of animations for intact or scrambled
writing sequences of Chinese characters, and instructed to judge whether the writing sequences were
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correct or not while being scanned with MRI. Previous studies have suggested that action execution and
observation share fundamental and cognitive processes and representations (Cooper 2019) based on
mirror neuron systems in the parietal-premotor circuitry. In addition, studies on complex action sequences
(Cross et al. 2011), motor schema in producing series of motions (Calvo-Merino et al. 2006), and event
schema in daily life (Baldassano et al. 2018a) have implemented a similar observation paradigm, and
provided evidence that the observation paradigm is able to induce the retrieval of correct motor schema
and the processing of the presented motion sequences. Since processing Chinese character writing
sequence may involve switching between multiple rules (Law et al. 1998b), e.g., right after left, bottom
after the top, it may recruit mechanisms similar to planning and executing general actions (Koechlin and
Jubault 2006).

We �rst detected brain regions activated with signi�cantly different patterns by whole-brain searchlight
when participants processed intact and scrambled Chinese character writing sequences. Then, we
modeled the effective connectivity among these brain regions. Based on previous studies (e.g.,
Baldassano et al. 2018b; Thomas et al. 2018; Yu et al. 2011), we predicted that activation patterns in
brain regions associated with both general motor schema and those speci�cally involved in writing
sequences processing would both be recruited for decoding writing sequences of Chinese characters.
More importantly, these brain areas would form a brain network for the purpose of retrieving correct
motor schema and monitoring con�icts from incorrect external stimuli.

Method
Participants

Twenty-seven participants were recruited in this study. They were all right-handed native Chinese college
students with normal or corrected-to-normal vision. None of them reported any neurological disorders.
Data from 2 participants were excluded due to falling asleep or exhibiting a signi�cantly low accuracy
rate (less than 50%) in the writing sequence processing task during MRI scanning. This left data of 25
participants (14 females, mean age = 23.04 years, SD = 2.93) for the �nal analyses.

Materials

Forty-two Chinese characters: 14 single-component structured (e.g., “ ”), 14 left-right structured (e.g., “ ”),
and 14 top-bottom structured (e.g., “ ”) were selected as the experimental stimuli. Single-component
characters refer to those written by inner writing sequences of strokes, for example, horizontal strokes
before vertical. Similarly, left-right structured and the top-bottom structured characters refer to those
written by typical rules between strokes, left before right and top before bottom respectively, as shown in
Figure 1. They were further divided into two subsets that were well-matched on character frequencies, and
stroke numbers.

To simulate a real writing process, mini videos were made to animate the intact and scrambled writing
process of each Chinese character. In the intact writing process, the order of each stroke complied with
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the sequences stipulated by the State Language Commission (2000). In the scrambled writing sequence,
the order of each stroke was rearranged except the �rst and the last stroke, deliberately breaking its
original integral writing rules (left before right, top before bottom, middle before surrounding, etc.) to
violate the highest schematic information of writing sequences, as shown in Figure 2B.

Procedure

The study was approved by the Institutional Review Board of Beijing Normal University. All participants
signed a consent form before the experiment and received a debrie�ng form afterward. Before the formal
experiment, participants performed a practice session of 12 trials. In each trial, a �xation cross was
presented for 600 ms followed by a blank screen for 600 ms. Each static character was presented for 400
ms in gray allowing participants to retrieve its orthographic and semantic information so that activation
associated with lexical processing that we were not interested in would remain similar across two
experimental conditions (Yu et al. 2011). Then, the animation of the writing sequence was presented, in
which the duration of each stroke mimicked writing progress by turning from grey to black, was 400 ms,
and the integrated Chinese character was also presented in black for 400 ms at the end of each
animation.

Participants were instructed to judge whether the writing sequence was correct or not when the blank
screen was presented. A randomized inter-trial interval of 2-5 s was applied after presenting the entire
writing process of each character. They were required to press a button with either their left or right index
�nger. The response �ngers for correct or incorrect writing sequences were counterbalanced. The
experimental procedure is shown in Figure 2A.

The formal experiment lasted approximately 60 minutes with 6 runs. In each run, participants watched 42
animations in a randomized order with 21 intact and 21 scrambled writing sequences. The stimuli for all
6 runs were identical but presented in different orders. After each run, participants could take a break as
long as necessary. The functional scanning took about 50 minutes in total, followed by a 6-minute
anatomical scanning for each participant.

Previous studies have found that processing Chinese character writing sequences might recruit executive
functions as top-down modulation (Yu et al. 2011). Therefore, based on our meta-analytic decoding of
the fMRI results, after MRI scanning, participants were called back to perform a task switching task (Kang
et al. 2020) to verify the role of executive functions in processing of Chinese character writing sequences.
Speci�cally, participants were required to judge the parity (odd or even) or the magnitude (larger or
smaller than 5) of a digit presented in either a square frame or a rhombus frame, which served as a cue.
Participant were told to judge the parity (odd or even) of the number following a square frame and to
judge the magnitude (larger or smaller than 5) following a rhombus frame as quickly and accurately as
possible. The mappings of cues and task requirements were counterbalanced across participants. During
the task, each trial began with a �xation in the center of the screen (“+”) for 300 ms, followed by a blank
screen for 200 ms. The geometric frame cue would then appear at the center for 500 ms, after which a
single digit (1-4 and 6-9) would be presented in the middle of the cue. The digit and the cue would
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disappear together when any response was made. Then, a blank screen for 1000 ms would appear before
the next trial. 

The two types of cues were pseudo-randomized, resulting in switch and nonswitch conditions. The cue-
task and the response-key mapping were counterbalanced among participants. Participants did a
practice session to familiarize themselves with switching between tasks. We calculated switch cost in
both accuracy and response times, i.e., difference between switch and nonswitch trials.

Data acquisition

Functional images were acquired by a Siemens Prisma 3-T MRI scanner with an interleaved multiband
EPI sequence with the following parameters: multi-slice factor = 2, TR = 1000 ms, TE = 29 ms, �ip angle =
70°, FOV = 200 × 200 mm², matrix size = 64 × 64, resolution within slices = 3.1 × 3.1 mm², and slice
thickness/gap = 4 mm/0.6 mm. There were 378 TRs for each experimental session in total for all
conditions. High-resolution T1-weighted anatomical images were also obtained using the following scan
parameters: TR = 2530 ms, TE = 2.27 ms, �ip angle = 7°, FOV = 256 × 256 mm², matrix size =256 × 256,
resolution within slices = 1.0 × 1.0 mm², slice thickness = 1 mm, and number of slices = 207.

Data analysis

Data preprocessing

The fMRI data pre-processing was conducted by the SPM 12 (Wellcome Department of Cognitive
Neurology, London, UK, http://www.�l.ion.ucl.ac.uk/spm) based on MATLAB 2018b (The MathWorks Inc).
The �rst 8 functional images (corresponding to the �rst �ller trial) were removed due to the instability of
the magnetic �eld. The data preprocessing procedure included the following steps: First, the slice timing
corrections were performed. Next, head motion corrections were applied to exclude participants with
translational head motion greater than 2 mm or 2°, and no participants were excluded. Besides, we
coregisterered all anatomical images to the mean EPI image obtained during realignment. Then, all
images were normalized to the EPI template on the basis of Montreal Neurological Institute (MNI) space
template and resampled into 3-mm cubic voxels. Finally, 184 TRs (184 s) of data were approximately
involved in the formal analysis averaged for each session of each condition.

Multivoxel pattern analysis

First, unsmoothed images were put into a general linear model (GLM) to conduct an individual �rst-level
analysis for each participant to estimate the beta images for  correct or incorrect writing sequences.
Therefore, for each participant, there were 2 beta images for two experimental conditions, respectively. We
generated a mask with voxels of higher than 30% probability based on the SPM original gray matter
probability template. Within that mask, a whole-brain searchlight analysis (Kriegeskorte et al. 2006) was
conducted by taking these voxels as centers of spheres with a 6-mm radius and calculated their beta
values in 6 runs of all participants.
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For each searchlight sphere, we applied the support vector machine (SVM, the binary linear vector
algorithm in the �tcsvm function of the MATLAB Statistics and Machine Learning Toolbox,
https://www.mathworks.com/help/stats/�tcsvm.html) to extract unique brain discrepancy maps (Wang
et al. 2007). SVM has been proven to be valid in analyzing high dimensional data even if the sample size
is small (LaConte et al. 2005). We used the beta images for 24 participants in two experimental
conditions to train the classi�er and test it on data from the last participant based on leave-one-out cross-
validation, where the data from 24 participants were used for training and the remaining one participant’s
data for testing (Alink et al. 2012; Haynes and Rees 2006). The same process was repeated for each
participant so that the SVM assigned a weight to each voxel indicating its testing accuracy and an
accuracy image could be obtained for each participant.

Finally, we spatially smoothed all images using an isotropic Gaussian kernel with a 6-mm full width at
half-maximum. We executed the nonparametric one-sample t-test by the statistical nonparametric
mapping toolbox (SnPM, https://warwick.ac.uk/snpm) to identify if the classi�cation accuracy of each
voxel is higher than the chance rate (50%) on the group level. The criteria were set to FWE corrected p <
0.05 on the voxel level and the variance smoothing was set to 0. We set the permutation to occur 5000
times.

Meta-analytic functional decoding

To explore the relationship between the brain mechanism of Chinese character writing sequences and
speci�c psychological components of executive functions, we used the online Neurosynth Image Decoder
(http://www.neurosynth.org, Rubin et al. 2017) to decode the MVPA �ltered image. Based on our
assumption, we chose 9 terms (including rule, sequence, spatial attention, action observation, motor
imagery, expectation, executive function, shifting, inhibition, and updating) covering the writing sequence
stimuli features and executive functions. The criteria were set to FDR corrected p < 0.01 automatically by
the platform.

Effective connectivity analysis

To get the connectivity network of writing sequence perception, 10 nodes were de�ned by drawing
spheres with the coordinates of the brain regions found in the MVPA as centers and radius of 6 mm. We
extracted time-series of spheres by the Resting-State fMRI Data Analysis Toolkit (REST,
https://www.nitrc.org/projects/rest/, (Song et al. 2011) and de�ned them as nodes in connectivity
analysis. The node centers were the peak voxel in clusters with signi�cantly higher than 50% classifying
accuracy values for intact and scrambled writing sequences in the MVPA results.

We employed the extended uni�ed structural equation model (euSEM) to construct an effective
connectivity model (Gates et al. 2011). Group iterative multiple model estimation (GIMME) was used to
automatically conduct model selection and �tting in practice. The SEM was only quali�ed to build
relationships without time-series order between regions of interest (ROIs) with the assumption that the
activation of ROIs was independent. However, the BOLD signals detected by fMRI had a sequential
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relationship with the time series. Therefore, Kim et al. (2007) developed a uni�ed SEM (uSEM) for block-
designed fMRI experiments that combine some lagged relationships with time series and that was also
the basis of the euSEM along with its consideration of the task effects and bilinear effects. Therefore, it
also �ts for ER-designed fMRI studies (Gates et al. 2011).

For our study, Lagrange multiplier equivalents were used to carry out the model selection to free each
path, after which we decided if the particular freed connection could improve the holistic model �tting of
at least 75% of the participants. Afterward, the model was strictly pruned on the group level. In this step,
the connections that did not exist in 75% of participants after being freed were removed. The paths that
passed the group level pruning were then freed on the individual level based on the semi-con�rmatory
manner of freeing. Eventually, those connections that were no longer signi�cant after other connections
were freed were trimmed and tested if they �t the con�rmatory model.

For model convergence, one participant was removed. Based on prior selected model �tting parameters
describing reliability, 2 norms were �t in the �nal model: con�rmatory �t index (CFI) > 0.90 and
nonnormed �t index (NNFI) > 0.90 (Gates et al. 2011).

We separated the network into subdivisions by the Louvain community detection algorithm with added
�netuning so that the network would be easier to read and evaluate (Rubinov and Sporns 2011). This
algorithm was built to maximize the number of within-group edges and to minimize the number of
between-group edges.

We then applied the optimal core-periphery subdivision algorithm to divide the connectivity network into a
core and a periphery group. This approach maximized the edges in the core group and minimized the
edges in the peripheral group (Rubinov and Sporns 2010). The cores were named as hubs of the brain
network (Braun et al. 2015).

Subsequently, for the core hubs, we calculated their local e�ciency, i.e., the inverse of the average

shortest path connecting all neighbors of a particular vertex
 (Rubinov and Sporns 2010), also de�ned as a measure of how e�ciently the node exchanges
information in the network system (Latora and Marchiori 2001).

Pearson correlation between the local e�ciency and the switching cost of the task-switching task was
calculated to examine whether there is any potential relationship between neural correlates for processing
Chinese character writing sequences and the shifting component of executive functions.

Data and Code Availability Statement

Data and codes are available and can be currently previewed on Mendeley
(https://data.mendeley.com/datasets/8k2857yrch/draft?a=542beca1-a9fd-4cb1-8110-c9408d25f941).
The dataset and codes will be open and accessible to readers online.
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Results
Behavioral results

Trials with incorrect responses or without a response were identi�ed as incorrect and excluded from data
analysis. Trials in which participants made a response before the animation ended were removed from
the analysis for response times but not from the accuracy analysis.

The mean accuracy for intact writing sequences was 90.67% ± 8.56%, and that for scrambled writing
sequences was 94.89% ± 3.99%. There was a signi�cant difference between two conditions, t(24) = 2.42,
p = 0.023. The mean reaction time (RT) for intact writing sequences was 510 ± 188 ms, and that for
scrambled writing sequences was 504 ± 166 ms. No signi�cant difference was observed between two
conditions, t(24) < 1.

MVPA results

MVPA results showed brain activation patterns in the bilateral supplementary motor area (SMA)/dorsal
anterior cingulate gyrus (dACC), left precentral gyrus, left superior parietal lobule (SPL), left putamen, right
inferior frontal gyrus (IFG), right postcentral gyrus/right supramarginal gyrus, right inferior parietal lobule
(IPL)/right supramarginal gyrus, right middle temporal gyrus, right middle occipital gyrus, and right
parahippocampal gyrus (PHG). The results were shown in Table 1 and Figure 3A.

Meta-analytic functional decoding results

The results of the meta-analytic functional decoding showed that brain patterns associated with Chinese
character writing sequences were correlated with rules (r = 0.023), sequence (r = 0.086), spatial attention
(r = 0.114), action observation (r = 0.076), motor imagery (r = 0.15), expectation (r = 0.007), executive
functions (r = 0.01), shifting (r = 0.047), inhibition (r = 0.038) and updating (r = -0.01). Although the
correlations were relatively low, they were on the same level with previous studies using this approach
(Gao et al. 2018; Bellucci et al. 2019). The results were shown in Figure 3B.

Effective connectivity results

The effective connectivity network is shown in Figure 4A. The core hubs of the network were identi�ed as
the right IFG and right postcentral gyrus by the core-periphery subdivision algorithm (q = 0.745).

We also calculated the local e�ciency of the hubs (right postcentral gyrus and right IFG) with functions in
the brain connectivity toolbox (BCT, http://www.brain-connectivity-toolbox.net). The local e�ciency of the
right IFG was 0.067 ± 0.032, and the local e�ciency of the right postcentral gyrus was 0.056 ± 0.031.

Furthermore, we found that the local e�ciency of the right postcentral gyrus was signi�cantly correlated
with the switching cost of RT for the task switching task, indicating that the higher the local e�ciency of
the right postcentral gyrus was, the smaller the switching cost of RT was (r = - 0.551 p = 0.030). The local
e�ciency of the right postcentral gyrus could marginally predict the accuracy switching cost, indicating
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that the higher the local e�ciency of the right postcentral gyrus was, the smaller the switching cost of
accuracy was (r = - 0.521 p = 0.054). However, the local e�ciency of the right IFG could not predict the
switching cost of RT (r =- 0.301 p = 0.912) or the switching cost of accuracy (r = -0.361, p = 0.498). The
results are shown in Figure 4B.

To further describe and parse the network distinctively, the Louvain algorithm (Rubinov and Sporns 2011)
was used to divide the network into subdivisions: the right PHG and right middle temporal gyrus were
identi�ed as components of Module 1; Module 2 included the left precentral gyrus, left putamen, right IFG,
right postcentral gyrus, and right IPL; and Module 3 consisted of the bilateral SMA/dACC, left SPL and
right middle occipital gyrus.

In Module 1, there was a unidirectional information path from the right middle temporal gyrus to the right
PHG. In Module 2, information �owed from the right IFG to the right postcentral gyrus. The activation of
the right postcentral gyrus modulated that in the right IPL, and the right IPL was responsible for the
feedback to the right IFG; thereby, a circuit was constituted. The right postcentral gyrus was also the
intermediary hub of information transfer from the right IFG to the left precentral gyrus, and the right IFG
also regulated the activity of the left putamen. In Module 3, the bilateral SMA/dACC indirectly modulated
the activation of the left SPL with the right middle occipital gyrus as the intermediating region.

In addition, information was transmitted between modules. Information was transmitted from Module 2
to Module 3 through one path from the left putamen and right IFG to the bilateral SMA/dACC and the
other from the right postcentral gyrus to the left SPL. Module 2 also transferred information to Module 1
by using the path from the right postcentral gyrus to the right middle temporal gyrus, and the right IFG in
Module 2 received feedback information from the right middle temporal gyrus from Module 1.
Information �owed from the middle occipital gyrus of Module 3 to the middle temporal gyrus of Module
1.

Discussion
The present study investigated brain activation patterns and the network associated with processing
writing sequences of Chinese characters by using MVPA and euSEM. The underlying cognitive
mechanism of writing sequence processing was also revealed by decoding the brain activity patterns
with meta-analytic functional decoding.

The results of the MVPA showed that both the cortical and subcortical brain regions were engaged in
decoding writing sequences of Chinese characters, including the bilateral SMA (including the bilateral pre-
SMA/dACC, SMA, right superior frontal gyrus, right middle frontal gyrus and right middle cingulum), left
precentral gyrus, left SPL, left putamen, right IFG, right postcentral/supramarginal gyrus, right
IPL/supramarginal gyrus, right middle temporal gyrus, right middle occipital gyrus and right
parahippocampal gyrus. Further meta-analytic functional decoding showed that these brain activity
patterns were related to rules, sequence, spatial attention, action observation, motor imagery, shifting, and
inhibition, and also weakly related to expectation, executive functions, and updating.
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Consistent with previous neuroimaging studies, which have found that both the left precentral gyrus and
left SPL (the Exner’s area) speci�cally contribute to processing Chinese character writing sequence (Chen
et al. 2016; Nakamura et al. 2012; Yu et al. 2011), we also observed activation pattern divergence of these
two brain areas. Although previous studies have found that the VWFA is usually involved in processing
Chinese character input information (Yu et al. 2011), the Exner’s area serves as the role of output for
motor-orthographic information (Keller and Meister 2014; Linke et al. 2018), analogous to the role of the
VWFA in processing visual-orthographic information of Chinese characters (e.g., Cao et al. 2013). Since
each character was presented as a whole for participants to retrieve orthographic and semantic
information in advance, it was reasonable that the VWFA could not differentiate correct and incorrect
writing sequences. This result was also consistent with those from Nakamura et al. (2012) that the VWFA
was only found to be activated more strongly with static word priming than moving trajectory priming,
while the Exner’s area was found activated signi�cantly differently between forward trajectories and
backward trajectories. In addition, VWFA was also not found in a more recent study by Chen et al. (2016),
which conceptualized writing sequences as orthographic buffer.

Our MVPA results also showed signi�cant discriminative activation patterns of other brain regions, which
were found involved in action organization (e.g., right IPL, (Desmurget and Sirigu 2012; Rozzi et al. 2008),
general cognitive control (e.g., pre-SMA/dACC, (Botvinick et al. 2004); right IFG, (Badre 2008) and memory
retention and retrieval for schematic representation or detailed information (e.g., right middle temporal
gyrus and right parahippocampal gyrus, (Robin and Moscovitch 2017). Therefore, the current �ndings
indicate that the processing involved in discriminating incorrect from correct writing sequences is not
only language-speci�c but also engages in multiple levels of domain-general cognitive control.  

The meta-analytic functional decoding results provided further support for our speculation. Despite the
terms related to the basic visual characteristics of experimental materials and task demands (e.g., rules,
sequence, spatial attention, action observation, motor imagery), brain activity patterns in processing of
Chinese character writing sequence was also correlated to the shifting component of executive functions.
This is probably due to the fact that multiple rules applied to even one Chinese character (Law et al.
1998a), so participants needed to switch among different rules when processing every animated Chinese
character. For example, to write the character “  (tree)”, both rules of “left before right” and “top before
bottom” are used. This is not a unique characteristic of writing Chinese characters. Rather, most motor
schemas in everyday life also need to switch between rules, e.g., adjusting gestures to catch balls from
different angles and strengths. Furthermore, inhibition function also plays a relatively important role in
the process of writing sequences. One possible reason is that both the SMA (Gehring and Knight 2000)
and right inferior frontal gyrus (Aron et al. 2014a) are recruited for error detection and con�ict inhibition to
complete the task.

To further determine the univariate indexes of brain activity and, more importantly, to ascertain
information interactions among different brain regions, we chose the 10 ROIs discovered in the MVPA
results and constructed the effective connectivity network for processing Chinese character writing
sequences using the euSEM (Gates et al. 2011). The core hubs of the network were identi�ed as the right
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IFG and right postcentral gyrus, suggesting their multiple crucial functions in processing writing
sequences.

The right IFG has been found to be involved in inhibitory control associated with the Go/Nogo task and
stop-signal task (Aron et al. 2014a, b; Botvinick et al. 2004; Chatham et al. 2012; Erika-Florence et al.
2014; Hampshire et al. 2010). According to the hierarchical control hypothesis of motor schema, the right
IFG may also proceed with abstract contextual information (Badre and Wagner 2004; Badre et al. 2010;
Badre 2008), which would be the well-learned rules of Chinese character writing sequences in the present
study. Additionally, the right IFG also plans (Grafton and Hamilton 2007) and rehearses (Ashe et al. 2006)
the action before an event starts, as well as processes information of general motor sequences (Bubic et
al. 2009; Wang et al. 2015). Taken together, we infer that the right IFG guides participants to make a
correct or incorrect judgment through a top-down process based on existing motor schema of writing
sequences.

In addition, a signi�cant positive correlation was also found between the local e�ciency of the right
postcentral gyrus and the shifting function revealed by the task-switching task. That is, participants with
higher shifting function showed better local e�ciency of the right postcentral gyrus. This �nding is
consistent with one previous resting-state connectivity study that showed the local e�ciency of the right
postcentral gyrus could predict the shifting ability of participants (Reineberg and Banich 2016), and
further suggests that the right postcentral gyrus may be in charge of shifting component of executive
functions. Therefore, it is reasonable to speculate that the right postcentral gyrus is the communication
and shifting hub of different kinds of sequence rules in the writing of Chinese characters.

To specify the cognitive function of the network associated with writing sequence processing, we further
segmented the network into three submodules based on their connectivity patterns among brain regions
by the Louvain algorithm (Rubinov and Sporns 2011).

The �rst module included the connectivity between the right middle temporal gyrus and the right
parahippocampal gyrus. These two brain regions were both highly related to information encoding,
maintenance and retrieval in memory (Eichenbaum and Lipton 2008; Eichenbaum et al. 2007; Luck et al.
2010; Takahashi et al. 2002; Ward et al. 2014) and interactions of information between long-term
memory and working memory (Jeneson and Squire 2012; Squire et al. 2007).

After visual information was processed by the right middle occipital gyrus (Pitzalis et al. 2015; Pitzalis et
al. 2013), which has been also found in visual processing and recognizing Chinese characters (Bolger et
al. 2005; Wu et al. 2012), intact or scrambled writing sequences were then temporarily organized in
working memory before formally being processed. Since our results showed that the right middle
temporal gyrus also formed a circuit with the right IFG and right postcentral gyrus, we speculated that
prior knowledge of rules for Chinese character writing sequence was retrieved from long-term memory.
Meanwhile, the stimulus information temporarily stored working memory was retrieved in order to
monitor correct or incorrect writing sequences before making a judgment (Bergmann et al. 2012). Brain
regions for memory, i.e., the temporal and parahippocampal gyri, served as information storage for motor
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schema of writing sequences in the current brain network, and motor schema was directly invoked and
retrieved by brain regions for general cognitive control, like SMA and right IFG, for generating
comprehensive writing sequence regulations and detecting con�icts from errors. This memory retrieval
process provided evidence that domain general processing such as memory retrieval was also involved in
the processing of Chinese character writing sequences.

To go further, we found that a top-down mechanism was recruited for both generating correct sequence
rules and error monitoring. Speci�cally, in the second module, the right IFG handled the processing of
integral rules of writing sequences and delivered guidelines directly to the right postcentral gyrus, which
e�ciently utilized multiple rules by invoking shifting functions, then to the left precentral gyrus and the
left SPL (Exner's area; Keller and Meister 2014) processing speci�c writing sequence information, as
suggested in our MVPA results. Overall, information �ow in the second module con�rms the top-down
control of abstract contextual information of motor schema to output in low-level motor perception
(Badre and Nee 2018). The connectivity modes of the brain regions mentioned above are also similar to
the system of frontal-parietal mirror neurons involvement in knotty motor sequence processing (see
details in Molnar-Szakacs et al. 2006).

A similar top-down mechanism also �ts the connectivity from the right IFG to the third module with
straight-down information �ow from the bilateral SMAs to the right middle occipital gyrus and the left
SPL, with left putamen as the intermediary between two modules. In the present study, the bilateral SMAs
included both the bilateral pre-SMA/dACC, which have been found to be involved in involved in con�ict
detection for an unexpected response (Duque et al. 2013). Connectivity between the right IFG and the pre-
SMA has also been discovered for both reactive and proactive inhibition (Obeso et al. 2013). The left
putamen also plays a role in motor control (Padmala and Pessoa 2010), and it has been found
coactivated with the bilateral inferior frontal gyrus in the cognitive control network (Sundermann and
P�eiderer 2012). Considering the interaction between the right IFG, left putamen, bilateral SMA and pre-
SMA/dACC, it is likely that these three brain regions are engaged in top-down control and impart
information to the sensory and motor area, i.e., the right middle occipital gyrus and left SPL observed in
the present study. As a result, participants were able to determine whether a writing sequence was correct
or not. 

Furthermore, there was a circuit formed by the right IFG, right postcentral gyrus, and right IPL with both
feedforward and feedback mechanisms. The right IPL, somehow similar to the left precentral gyrus and
left SPL, is speci�cally involved in handwriting (Planton et al. 2013; Yang et al. 2020). Therefore, it is
reasonable to speculate that a similar top-down model to the connection among the right IFG, right
postcentral gyrus and left precentral gyrus or left SPL is also observed for the right IPL, while there is also
a feedback pathway from the right IPL to the right IFG, which can be regarded as bottom-up attentional
reorienting and inhibition when unexpected or invalid stimuli is observed (Igelstrom and Graziano 2017).
It may be inferred that when participants observe the writing animations with unknown sequences, the
feedback is sent to the headquarters of the network to acclimate the expectation to the next stroke and
make a judgment of true or false.
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Taken together, our �ndings have important theoretical implications. First, we found that brain regions
associated with domain-general cognitive functions such as the right IFG and bilateral pre-SMA/dACC,
rather than orthographic-speci�c brain regions such as the VWFA, were highly involved in processing
writing sequences. These �ndings suggest that perception of writing sequences is not a simple
processing but a well-established exemplar of a sophisticated motor schema processing. Practically, this
implicates that Chinese character writing sequences can be used as superb materials for investigating
motor schema and rules. Secondly, it has been found that motor schema processing depends on the
frontal-parietal hierarchical control mechanism (Ashe et al. 2006; Badre and Nee 2018; Badre et al. 2010;
Badre 2008). Our results supported and extended the hierarchical control model by revealing that the
temporal and occipital cortex, and some subcortical regions like the putamen, were also involved in motor
schema processing, especially the right IFG and the right postcentral gyrus as hubs. Speci�cally, the right
IFG processes theoretical contextual information, while the right postcentral gyrus, with shifting
functions, regulates all brain regions processing �rst-order policy speci�c writing sequences of each
Chinese character. Both hubs work as crucial intermediary links in the network and keep the balance
between the top-down process for action planning and selection and the bottom-up excitation generated
by the environment (Cooper 2019).

However, it should be noted that we did not �nd any valid activity pattern to differentiate the rostral
prefrontal cortex, which has been identi�ed as a classical brain region for high-level schema processing
(Badre and Nee 2018; Badre et al. 2010; Badre 2008). One possible reason is that activation of speci�c
regions in the frontal cortex is related to the di�culty of the schema. It has been shown that if the motor
schema is di�cult to process, the rostral prefrontal cortex would be more possible to get involved (Badre
and Nee 2018). In contrast, participants in the present study have learned sequence rules for writing
Chinese characters pro�ciently in elementary education, so perception of these writing sequences is
probably relatively easy and automatic (Ashe et al. 2006), resulting in no involvement of the rostral
prefrontal cortex. Future studies may recruit more beginners or children who have not systematically
learned Chinese character writing sequences in order to examine the neural plasticity of motor schema in
terms of writing sequences from a developmental perspective.

To summarize, for the �rst time, the present study examined the neural mechanism of Chinese character
writing sequence processing by using both MVPA and euSEM. We found that, as an exemplar of motor
schema, Chinese character writing sequence processing recruits neural networks for both domain-general
and writing-speci�c functions. Speci�cally, the top-down information communication network from the
right IFG to brain regions related to sensorimotor and memory implies that motor schema of writing
sequences recruits visual sensory processing (i.e., occipital gyrus) , speci�c motor-orthographic
processing (i.e., the Exner’s area), and memory retrieval (i.e., temporal and parahippocampal gyrus)
modulated by general executive functions of shifting and inhibition (e.g., right postcentral gyrus and IFG).
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Tables
Table 1. Brain regions with a decoding accuracy higher than 50% in the MVPA results (k > 40, FWE
corrected p < 0.05)

Brain Region MNI
coordinates

BA cluster
size

t

x y z

Left SMA, Right SMA 0 9 45 6 529 6.89

Left Precentral Gyrus -51 -6 54 6 108 5.09

Left Superior Parietal Lobule -9 -87 36 7 42 4.37

Left Putamen -33 0 -6   112 7.39

Right Inferior Frontal Cortex 54 6 12 44 88 5.83

Right Postcentral Gyrus, Right Supramarginal Gyrus 63 -15 24 3/4 74 6.12

Right Inferior Parietal Lobule, Right Supramarginal
Gyrus

54 -39 36 40 182 6.07

Right Middle Temporal Gyrus 63 -15 -6 21 124 4.92

Right Middle Occipital Gyrus 33 -75 21 19 76 6.66

Right Parahippocampal Gyrus 21 -27 -18 35 45 7.56

Notes: The cluster of the left and right SMA also included the left and right pre-SMA/dACC, the right
superior frontal gyrus, the right middle frontal gyrus, and the right middle cingulum.
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Figure 1

Exemplars for single-component, left-right and top-down constructions of Chinese characters
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Figure 2

The procedure used in the present study. A) Timing parameters of the Chinese character writing sequence
judgment task. B) A sample stimulus, “ ”, shows how the writing sequence was violated in the
experiment. In the scrambled writing sequence, the order of each stroke was rearranged except the �rst
and the last stroke, deliberately breaking its original integral writing rules (left before right, top before
bottom, middle before surrounding, etc.)
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Figure 3

A. Brain regions with a decoding accuracy signi�cantly higher than 50% in the MVPA results (FWE
corrected p<0.05); B. The radar image of Pearson correlation coe�cients in the functional decoding meta-
analysis (FDR corrected p < 0.01).

Figure 4
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A. The effective connectivity map. B. The Pearson correlation between local e�ciency of right postcentral
gyrus and the switching cost in the task-switching task.
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