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a b s t r a c t

The Chinese character is composed of a finite set of strokes whose order in writing follows consensual
principles and is learnt through school education. Using functional magnetic resonance imaging (fMRI),
this study investigates the neural activity associated with the perception of writing sequences by asking
participants to observe stroke-by-stroke display of characters. Violations were introduced by reversing
the writing order of two or three successive strokes. Compared with the correct sequences, both types
of violation engendered more activation in the left dorsolateral prefrontal cortex (DLPFC) while the
two-stroke reversal elicited additional activation in the supplementary motor area and the three-stroke
reversal elicited additional activation in the left fusiform area and the right inferior temporal gyrus. Com-
pared with either type of incorrect sequences, the correct sequences elicited activation in the bilateral
dorsal premotor areas and left superior parietal lobule. These findings suggest that a domain-general
sequence processing network is implicated in the perception of Chinese character writing and that the
left fusiform encodes not only the visual configuration but also the dynamic aspect of the writing script.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Different languages use different visual configurations in writ-
ing to convey lexical information. While the basic writing units
in alphabetic systems (i.e., letters) are usually arranged in linear
strings, the basic writing units in Chinese (i.e., strokes) are orga-
nized in a 2D configuration, in which a finite set of basic strokes
(e.g., horizontal, vertical, left-falling, dot, and turning strokes) are
structured to form characters according to recognized principles
(e.g., left before right, horizontal before vertical, center vertical be-
fore bilateral wings). The writing order is explicitly taught in pri-
mary schools according to a national standard (State Language
Commission, 2000) when children learn and memorize the charac-
ters. This may provide clues to the tight coupling between the per-
ception of characters and the action sequence producing them.

Although character writing is an indispensable part of language
competence, studies focusing on its neural mechanism are rela-
tively rare, as compared with studies focusing on other aspects of
language processing. The few previous neuroimaging studies used
either an explicit writing task, in which hand movements were en-
gaged, or imagined writing, in which participants were visually
ll rights reserved.

sychology, Peking University,
presented with the configuration or phonogram (e.g., kana in Japa-
nese) of a character and were asked to imagine the writing process
of the character. For example, Katanoda, Yoshikawa, and Sugishita
(2001) conducted an fMRI study in which pictures of common ob-
jects, such as animals, plants and buildings were presented to their
participants. In the writing condition, the participants were asked
to write with their finger the phonograms (kana) of the object
names; in the naming condition, the participants were asked to si-
lently name the objects. In the motor control condition, the partic-
ipants tapped their finger according to a visual cue. They found
that the anterior part of the left superior parietal lobule, superior
frontal gyrus, and the posterior part of the left middle frontal gyrus
(or premotor area) were engaged in the process of writing as com-
pared to naming and finger tapping. The authors concluded that
the activation of parietal lobule reflects the recruitment of a gra-
phic image of character and activation of the premotor area reflects
the recruitment of a motor scheme, which guides hand movement
in writing. As the authors acknowledged, however, the writing task
required more complex temporal and spatial control of finger
movements than tapping. The residual activation of the premotor
area in the writing condition after subtraction might be due to spe-
cific motoric components of writing, rather than due to sequence
processing in writing in general.

Using a different paradigm, Nakamura et al. (2002; see also
Nakamural et al., 2000) revealed another aspect of neural
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processing of character writing. They presented their participants
with phonograms (kana) of Japanese kanji (i.e., characters similar
to the Chinese ones) and asked them to perform four tasks in the
MRI scanner. In the transcription task, the participants were re-
quired to write with their finger the corresponding kanji of the dis-
played kana; in the orthographic judgment task, they were
instructed to decide whether or not the corresponding kanji con-
tained two horizontally juxtaposed parts. The other two conditions
involved phonological and semantic aspects of character process-
ing, respectively. The authors found common activation in left pos-
terior inferior temporal cortex in the first two tasks in which the
retrieval of orthographic configuration was necessary, but such
activation was absent in the last two tasks in which orthographic
information was task-irrelevant. In the transcription task, in which
not only the static configuration of the character but also the mo-
toric sequence of writing was involved, additional activation was
found in the left premotor area.

These studies suggest that character writing may involve two
crucial cognitive components, i.e., a graphic or static representa-
tion corresponding to the structure of character and a motoric or
dynamic representation corresponding to the motor sequence by
which the character is normally written (Katanoda et al., 2001).
By ‘‘dynamic’’ we mean that the representation of stroke sequence
unfolds in time. This sequence information concerning how strokes
are scheduled over time could be represented in specific brain re-
gions and recruited during both writing and perceiving characters.
These two types of representation may have separate neural sub-
strates, as suggested by the studies on Japanese kana or kanji writ-
ing: the left posterior inferior temporal cortex or fusiform is
recruited when the static configuration of character is needed;
the left premotor–parietal network is activated when the dynamic
writing sequence is additionally required.

However, the question remains as to what exactly is repre-
sented in the two systems. One possibility is that the posterior
inferior temporal cortex stores the static configuration of the char-
acter. This notion is supported by neuroimaging studies on ortho-
graphic processing, which found consistent activation around the
middle portion of the left fusiform, the so called VWFA (visual
word form area; Cohen et al., 2000, 2002), when character or word
form is being retrieved. The peak of this region lies at about Talai-
rach coordinates [�42 �57 �12], but it extends in the anteropos-
terior direction across at least 2 cm (Vinckier et al., 2007). VWFA
is activated for different writing systems, including Chinese (Chan
et al., 2009; Fu, Chen, Smith, Iversen, & Matthews, 2002; Kuo et al.,
2004; Liu et al., 2008; but see Xue, Chen, Jin, & Dong, 2006; Xue &
Poldrack, 2007 which found that different aspects of the language
experience, such as visual familiarity, phonology and semantics,
actually all have important but different impacts on the neural
activation in VWFA during language learning). It is not clear from
these studies, however, whether the dynamic information associ-
ated with Chinese characters, such as the writing sequence, is en-
coded in VWFA, as the stimuli used were all static configurations of
characters. Positive but indirect evidence comes from an ERP study
(Qiu & Zhou, 2010) which, using a design similar to the present
experiment, showed that the stroke reversal could elicit an N170
effect, peaking around 170 ms post-onset of the reversal, over the
left posterior scalp regions. As the N170 has been shown to be sen-
sitive to orthographic processing and has been linked to activity in
left fusiform (Bentin, Mouchetant-Rostaing, Giard, Echallier, &
Pernier, 1999; Maurer, Zevin, & McCandliss, 2008), it is possible
that the left fusiform encodes dynamic sequence information in
Chinese character writing.

As for the role of premotor–parietal network in character
writing, previous studies could not provide a conclusive answer
due to their lack of proper motor control conditions. The activation
of premotor area may simply reflect motor preparation in writing.
Alternatively, it may correspond to a domain-general computa-
tional process, in which information concerning the writing se-
quence of character is encoded. By domain-general we mean that
such neural structure is not specific to any particular cognitive
task, but to certain cognitive components or computations shared
by various tasks. This latter hypothesis is in line with theories de-
rived from studies on perceptual sequence processing. Based on a
large number of neuroimaging studies (e.g., Bubic, von Cramon,
Jacobsen, Schröger, & Schubotz, 2008; Schubotz & von Cramon,
2002a, 2002b, 2002c, 2003, 2004; Wolfensteller, Schubotz, & von
Cramon, 2007) using the serial prediction task (SPT) or motor
learning tasks, Shubotz proposed the Habitual Pragmatic Event
Map (HAPEM) framework (Schubotz & von Cramon, 2003; Schu-
botz, 2007), which states that the human cognitive system adopts
a sequential program mechanism, which utilizes information ex-
tracted from external stimuli or retrieved from long-term memory
to form prediction about future events, which, in turn, will facili-
tate both perception and motor planning. Anatomically, predic-
tions of abstract events engage the motor system, particularly
the premotor area and its parietal projection area (Fiebach & Schu-
botz, 2006; Schubotz, 2007). Detection of sequential deviance acti-
vates pre-supplementary motor area (pre-SMA) and middle frontal
gyrus (MFG) as compared with detection of non-sequential devi-
ance, such as color deviance (Bubic et al., 2008). It is conceivable
that this domain-general mechanism may also be recruited in per-
ceiving Chinese character writing, which involves sequence
representation.

However, studies have also demonstrated that the static and
dynamic systems may interact with each other and are integrated
into a network in response to the complex sensorimotor tasks in
real life, such as writing and learning novel scripts (James &
Atwood, 2009; Longcamp et al., 2008; also see Longcamp, Anton,
Roth, & Velay, 2003, 2005). For example, James and Atwood
(2009) investigated how motor and visual trainings shape the neu-
ral circuit underlying sensorimotor representation of pseudo let-
ters. Three groups of participants were scanned while they were
presented with Roman letters, pseudo letters and geometric
shapes. They were then trained over a subset of the pseudo-letters.
One group underwent a motor training task, in which they were re-
quired to copy the pseudo letters by writing them down; the sec-
ond group was required to type the pseudo letters with a
keyboard; the third group was required to passively view the pseu-
do letters on a computer screen. After two training sessions, these
participants underwent a post-training fMRI scan. Results showed
that only in the writing group did the left posterior fusiform gyrus
and the left dorsal precentral gyrus respond differentially to the
trained and untrained pseudo letters, suggesting that experience
in writing may shape the functional specialization for letter
perception.

Then how might the neural structures implicated in perceptual
sequence processing interact? Parkinson and colleagues (2010)
visually presented computer-generated letters against a blank
screen as a temporally unfolding additive sequence of letter
strokes. The last stroke could be presented at its appropriate posi-
tion, resulting in a real letter, or could be presented somewhere
else, resulting in a non-letter. Participants’ task was to judge
whether the presented stimulus is a letter or not. In one condition,
the stroke presentation order was consistent with the order by
which people normally write that letter; in another condition,
the presentation was inconsistent with the correct writing order.
It was found that the ‘‘yes’’ response was speeded up when the
letter was written in correct order. This facilitatory effect
corresponded to a latency shift of the N1 component in event-
related potentials. As N1 has been implicated in early visual recog-
nition of letters (Di Russo, Martı́nez, Sereno, Pitzalis, & Hillyard,
2002), the authors argued that the facilitatory effect was due to



Table 1
MNI coordinates of the activation foci revealed by four contrasts. DLPFC = dorsolateral
prefrontal cortex, VLPFC = ventrolateral prefrontal cortex, SMA = supplementary
motor area, SPL = superior parietal lobule, ITG = inferior temporal gyrus, FG = fusiform
gyrus, CU = cuneus, PCU = precuneus, MOG = middle occipital gyrus, PMd = dorsal
premotor area, BG = basal ganglia.

Brain region (BA) Hemisphere MNI coordinates Max z-value Voxel size

x y z

2R > C
DLPFC (46) L �28 58 22 4.21 86
VLPFC (47) L �36 46 �4 3.68 101
pre-SMA (6/32) L �2 28 40 4.39 281

3R > C
SFG (46) L �28 58 22 3.88 88
Postcentral (5) R 10 �36 72 4.18 210
ITG (20) R 60 �46 �10 4.09 66
FG (37) L �34 �62 �10 4.74 216
PCU R 4 �74 54 3.50 54
CU L/R 0 �94 28 3.64 79
MOG (17) L �18 �100 4 3.97 99

C > 2R
Superior Medial (10) R 10 58 4 3.66 405
PMd (6) L �50 �8 46 5.75 4391
PMd (6) R 40 �12 60 5.02 1996
BG R 30 �12 �2 4.44 345
Thalamus R 14 �18 2 4.08 166
Supramarginal (48) R 58 �20 26 4.39 318
SPL (7) L �22 �46 60 4.73 1496

C > 3R
Thalamus L �8 �6 8 4.06 406
PMd (6) L �42 �8 58 4.83 1993
PMd (6) R 42 �10 62 4.43 528
Postcentral (48) L �58 �18 30 4.66 495
SPL L �14 �58 60 4.33 581
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perceptual prediction of the upcoming stroke, based on informa-
tion derived from the previous action-consistent stroke sequence.
The authors speculated that such prediction is generated in motor
and premotor areas and it modulates activation in posterior part of
brain in a top-down manner (see also Wilson & Knoblich, 2005).

In this study, we aim to investigate firstly whether the premo-
tor–parietal network is activated when participants view the writ-
ing of Chinese characters, rather than write the characters
themselves. Bubic et al. (2008) observed that the activation of
the left dorsal premotor area (PMd) and superior parietal lobule
(SPL) was greater when participants were presented with ordered
perceptual sequences as compared with non-sequential stimulus
trains. Similarly, Schubotz and von Cramon (2002a) found that pre-
motor activation increases with the sequential complexity of the
attended stimulus sequence. The authors suggested that PMd and
SPL are responsible for maintaining dynamic prediction of future
events according to certain rules. Once the violation of these rules
is detected, the activity of these areas would reduce. Accordingly, if
the perception of Chinese character writing sequences involves a
domain-general sequence processing, then we should observe
stronger activation of this network for correct sequences as com-
pared with sequences with stroke reversals.

The second aim of this study is to investigate whether left fusi-
form, more specifically, the VWFA represents the dynamic aspect
of character writing. As we reviewed above, part of the left fusi-
form (VWFA) is sensitive to the processing of orthographic struc-
ture. The ERP study on the perception of stroke reversal (Qiu &
Zhou, 2010) suggested that this area may encode dynamic se-
quence information in Chinese character writing as well. The train-
ing studies by James and Atwood (2009) and by Longcamp et al.
(2008) also suggested that the functional specialization of the left
posterior fusiform gyrus is sensitive to writing experience. If the
left posterior fusiform encodes the sequence information concern-
ing how the strokes are scheduled over time, we may observe dif-
ferential activity of this area for the correct sequences and
sequences with stroke reversals.

To achieve these aims, we adopted a perceptual task in which
participants were asked to observe the stroke-by-stroke display
of Chinese characters and to judge the correctness of the writing
sequences. Violations were introduced by reversing the writing or-
der of two or three successive strokes. Given the explicit sequence
correctness judgment task, the occurrence of stroke sequence
reversal may have two consequences: (1) it triggers processes re-
lated to stroke deviance detection and sequence restructuring, in
which case we expect to see higher activation of VWFA in the
reversal conditions as compared with the correct condition, for
cortical foci falling within the relevant processing stream respond
Fig. 1. Experimental design and sample stimuli. The first frame
more robustly when there is a mismatch between the observed
sensory signal and the expected perceptual template (Summerfield
& Koechlin, 2008; see also Friston, 2005); (2) it may terminate the
normal sequential anticipation processes in such trials and conse-
quently brain structures subserving these processes, i.e., the pre-
motor–parietal network as we hypothesized, may exhibit a
decrease in activity, as compared with the correct condition. Since
the participants need not perform the writing themselves, any acti-
vation of the premotor–parietal network cannot be attributed to
motor preparation for writing but to a domain-general mechanism
underlying sequence processing. Moreover, by introducing differ-
ent levels of reversal (two-stroke reversal, 2R and three-stroke
reversal, 3R; see Fig. 1), we are able to test whether the activity
s of the boxed sequences were the critical stroke displays.
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of brain areas which we hypothesized to house the representation
of stroke sequence covaries with the degree of sequence violation.

2. Methods

2.1. Participants

Nineteen undergraduate and graduate students (11 male, mean
age 22.6) at Peking University participated in the experiment. They
were native speakers of Chinese and were right-handed as assessed
by the Chinese Handedness Questionnaire (Li, 1983). They had nor-
mal or corrected-to-normal vision, and none of them reported to
have a history of neurological or psychiatric disorder. Informed
written consents were obtained from all participants prior to scan-
ning and the study was approved by the Institutional Review Board
of Beijing Normal University for Brain Research.

2.2. Stimuli and procedures

A total 147 left–right structured Chinese characters were used
for the correct, baseline condition. Each character consisted of a
semantic radical on the left and a phonetic radical on the right
(Zhou & Marslen-Wilson, 1999a, 1999b). The number of strokes
per character varied from 8 to 10, with a mean of 9.13
(SD = 0.78). Sequences with 2-stroke reversal (2R) or 3-stroke
reversal (3R) were constructed on the basis of these characters
(Fig. 1). If we refer to the critical stroke as 1, the subsequent stroke
in correct sequence order as 2 and the next as 3, then in the correct
condition (C) the stroke presentation order is naturally 1–2–3; in
Fig. 2. The activated brain areas in different contrasts. (A) Significant clusters as revea
‘‘3R > C’’ (red) and ‘‘C > 3R’’ (green); (C) Significant clusters as revealed by ‘‘(2R + 3R) > C’’
figure legend, the reader is referred to the web version of this article.)
2R condition, the order is 2–1–3; in 3R condition, the order is 3–
2–1. Thus the violation in 2R condition is more subtle and perhaps
calls for more effortful sequence monitoring than the violation in
3R condition. The critical stroke was located anywhere from the
second to the antepenultimate position in the sequence. All the
reversals took place within either the left semantic radical or the
right phonetic radical (i.e., no cross-boundary reversal).

These stimuli were assigned into three test versions, using a La-
tin square design, with each version having 49 sequences from
each condition. Each participant received one version, in which
characters from different conditions were presented in a pseudo-
random order, with the restriction that no more than four consec-
utive trials were from the same condition. The participant was re-
quired to observe the stroke-by-stroke display carefully and judge,
by pressing a response button, the correctness of the presented
writing order after the sequence. He was not required to distin-
guish between 2-stroke reversal and 3-stroke reversal.

For a trial, a fixation cross was displayed first for 600 ms, fol-
lowed by a 600 ms blank screen. Then the entire character in blue,
subtending a visual angle of about 2� horizontally and 2� vertically,
was displayed against a black background, allowing the participant
to recognize the character before the display of strokes. After
400 ms, the strokes of the displayed character began to turn into
white incrementally, stroke-by-stroke, until the character was
completely filled with white strokes. The interval between strokes
was 300 ms (see Fig. 1). This procedure allowed the system to acti-
vate semantic and phonological information associated with the
character and its components throughout the trial. The stroke
reversal introduced later on thus should not influence or be
led by ‘‘2R > C’’ (red) and ‘‘C > 2R’’ (green); (B) Significant clusters as revealed by
(red) and ‘‘C > (2R + 3R)’’ (green). (For interpretation of the references to color in this
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influenced by the neural activity associated with semantic and
phonological processing. The character disappeared after the last
stroke and participants were to judge the correctness of the se-
quence during a 1500 ms period. Note that, since the static config-
uration of the character was present throughout a trial,
phonological, semantic and orthographical information associated
with the character had been activated before the stroke reversal
was introduced and the stroke reversal should have no impact
upon the activation state of this information. For half the partici-
pants, the ‘‘yes’’ button was pressed by the right index finger and
the ‘‘no’’ button by the right middle finger; for the other half, the
mappings between fingers and buttons were reversed. The inter-
trial interval was jittered between 2000 and 6000 ms (step size:
500 ms), during which a fixation cross was displayed (but with a
200 ms blank screen at the end of the interval).

There were two functional scanning sessions, the first of which
consisted of 74 trials and the second 73. Each session lasted about
13 min. A fixation was displayed at the beginning of each session
for 10 s (5 volumes) to allow the scanner to reach stability. Before
entering the scanner, all the participants completed a practice ses-
sion consisting of 21 characters.
Fig. 3. Five regions of interest (left column) and their percentage signal changes (right co
(B) PMd and SPL as revealed by ‘‘C > (2R + 3R)’’; (C) SMA as revealed by ‘‘2R > C’’. Also plo
bar indicates standard error. DLPFC = dorsal lateral premotor cortex, PMd = dorsal prem
2.3. fMRI data acquisition and analysis

Functional images were acquired on a 3T Siemens Trio system
at the Key Laboratory of Cognitive Neuroscience and Learning, Bei-
jing Normal University, using a T2�-weighted echo planar imaging
(EPI) sequence, with 2 s repetition time, 30 ms echo time, and 90�
flip angle. Each image consisted of 28 axial slices covering the
whole brain. Slice thickness was 4 mm and inter-slice distance
was 1 mm, with a 20 mm field of view, 64 � 64 matrix, and
3 � 3 � 4 mm voxel size.

Data were pre-processed with Statistical Parametric Mapping
software SPM5 (Wellcome Department of Imaging Neuroscience,
London, http://www.fil.ion.ucl.ac.uk). The first five volumes of each
session were discarded to allow stabilization of magnetization.
Images were realigned to the sixth volume of the first session for
head movement. For each participant, the extent of head move-
ments did not exceed one voxel size (2 mm � 2 mm � 2 mm). A
temporal high-pass filter with a cutoff frequency of 1/128 Hz was
used to remove low-frequency drifts in an fMRI time series. Images
were segmented into different tissue classes and normalized to the
MNI space (resampled to 2 � 2 � 2 mm3 voxel) by matching grey
lumn). (A) DLPFC and left fusiform gyrus as revealed by the contrast ‘‘(2R + 3R) > C’’;
tted in the last chart is the averaged error rate of three conditions (right axis). Error
otor area, SPL = superior parietal lobule, SMA = supplementary motor area.

http://www.fil.ion.ucl.ac.uk
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matter (Ashburner & Friston, 2005), and smoothed with a Gaussian
kernel of 8 mm full-width half-maximum (FWHM).

Statistical analysis was based on the general linear model
(GLM). The hemodynamic response to each event was modeled
with a canonical hemodynamic response function (HRF) with its
temporal derivative. We defined five regressors for each session:
three corresponded to the correctly judged trials in the three con-
ditions (interested regressors), one corresponded to button press
and one corresponded to the incorrectly judged trials (nuisance
regressors). The six rigid body parameters were also included to
correct for the head motion artifact. The onset of the critical regres-
sors was set to the appearance of the critical stroke.

To pinpoint regions significantly activated in the reversal condi-
tions as compared with the correct condition, we first calculated
the simple main effects for each of the three conditions for each
participant. The three first-level individual contrast images were
then fed to a flexible factorial test across participants in the sec-
ond-level design matrix. We defined altogether eight contrasts:
four for contrasts between conditions: ‘‘2R > C’’, ‘‘3R > C’’, ‘‘C > 2R’’
and ‘‘C > 3R’’; four for the combined effects: ‘‘2R > C’’\‘‘3R > C’’,
‘‘C > 2R’’\‘‘C > 3R’’, ‘‘(2R + 3R)>C’’, and ‘‘C>(2R + 3R)’’.
3. Result

3.1. Behavioral results

One participant was excluded due to her chance-level accuracy
in judging the sequence correctness. For the remaining 18 partici-
pants, the mean accuracy of judgment was 90.7% (SD = 7.1%) for
the correct condition, 87.8% (SD = 9.5%) for the 2R condition, and
96.1% (SD = 4.7%) for the 3R condition. A repeated-measures ANO-
VA revealed a significant main effect of condition, F(2, 34) = 5.98,
p < 0.01, with the accuracy rate in the 3R condition significantly
higher than those in the other two conditions (p < 0.05 or
p < 0.005). Thus the 2-stroke reversal condition is the most difficult
one (see Fig. 3C).
3.2. fMRI results

Table 1 and Fig. 2A and B present the significant activation foci
revealed by ‘‘2R > C’’ and ‘‘3R > C’’, and the two reversed contrasts.
These activation foci survived the threshold of p < 0.001 uncor-
rected at voxel level and contained more than 50 contiguous vox-
els. The contrast ‘‘2R > C’’ revealed activation in left dorsal lateral
prefrontal cortex (DLPFC, or anterior superior frontal gyrus),
ventrolateral prefrontal cortex (VLPFC) and pre-SMA. The contrast
‘‘3R > C’’ revealed activation in left DLPFC as well as in posterior
areas, including left fusiform, postcentral gyrus and middle
Table 2
MNI coordinates of activation foci revealed by the contrasts between the collapsed rever
parietal lobule, DLPFC = dorsal lateral prefrontal cortex, FG = fusiform gyrus, PCU = precun

Brain region (BA) Hemisphere MNI coordinates

x y

C > (2R + 3R)
PMd (6) L �50
Postcentral (48) L �58 �
SPL L �12 �
PMd (6) R 42 �
Thalamus R 12 �
Postcentral (3) R 40 �

(2R + 3R) > C
DLPFC (6) L �28
FG (37) L �32 �
PCU (7) L 2 �
occipital gyrus (MOG). The two reversed contrasts showed very
similar patterns to each other, with the most significant activations
in bilateral dorsal premotor areas and left superior parietal lobule
(SPL).

Since we were interested in the differential activations across
experimental conditions, we adopted two independent approaches
to explore the detailed activation patterns. One approach was to
conduct two conjunction analyses, i.e., ‘‘2R > C’’\‘‘3R > C’’ and
‘‘C > 2R’’\‘‘C > 3R’’. The other approach was to collapse the two
reversal conditions and to contrast it with the correct condition.
We first adopted the statistical standard we described above. Un-
der this relatively strict standard, the conjunction analysis
‘‘2R > C’’\‘‘3R > C’’ yielded only one activation focus, which is in
the DLPFC. Other commonalities between ‘‘2R > C’’ and ‘‘3R > C’’,
such as the left fusiform activation we find in both contrasts, is lost.
However, the collapsed analysis (2R + 3R) > C retained more infor-
mation concerning common activation under the same standard.
Therefore, we report the activation information from the collapsed
approach in Table 2 and Fig. 2C.

To show more detailed information concerning the activity in
regions of interest (ROIs), we computed percentage signal changes
of the peak voxels in five regions and conducted ANOVA for each of
them. The ROI is defined as a sphere with a radius of 3 mm, cen-
tered at the maximum coordinates of a cluster we are interested
in. Fig. 3 plots the percent signal changes in these ROIs. Note that
it is a common fallacy in neuroimaging study that the selection cri-
terion (e.g., ROI selection) and the selective analysis (e.g., ROI anal-
ysis) are based on non-independent data set. This so-called
‘‘double dipping’’ strategy is prone to be a circular analysis and re-
sult in misleading conclusions (Kriegeskorte, Simmons, Bellgowan,
& Baker, 2009; Vul, Harris, Winkielman, & Pashler, 2009). However,
we do not intend to make more inferences based on ROI analysis
than what we have found in the whole brain analysis. What the
ROI analysis shows here is what has already been found in the
whole brain analysis, but in a clearer manner. This avoids the cir-
cularity fallacy.

All the statistical tests showed significant main effects for the
different ROIs: the smallest F value was in the test for SPL, with
F(2, 34) = 4.51, p < 0.05. Pairwise comparisons showed two pat-
terns for different ROIs. On the one hand, activation in left dorsal
premotor (PMd), left SPL and left DLPFC distinguished only be-
tween the reversal and the correct conditions, not between the
two reversal conditions (ps > 0.1). On the other hand, activation
in left fusiform showed a significant difference between the three
conditions, F(2, 34) = 5.44, p < 0.01. Further tests showed that the
percentage signal change in the 2R condition was larger than that
in the correct condition (p < 0.07) and smaller than that in the 3R
condition (p < 0.08). This pattern was confirmed when we used
beta values for statistical purposes: the differences between the
sal conditions and the correct condition. PMd = dorsal premotor area, SPL = superior
eus.

Max z-value Voxel size

z

�8 46 5.50 2274
18 28 5.12 1375
58 62 4.67 1206
10 62 4.94 783
14 2 4.06 199
30 52 3.72 124

58 22 4.36 143
62 �12 3.92 50
70 50 4.36 57
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2R condition and the other two conditions became even more sig-
nificant (ps < 0.05).
4. Discussion

Compared with the correct sequence, both two types of se-
quence reversal activated left DLPFC, left fusiform gyrus and precu-
neus. Compared with either type of the reversal sequences, the
correct sequences activated bilateral premotor areas and left
DLPFC. Moreover, left fusiform showed a linear increase in signal
over the correct, 2R and 3R conditions. In the following paragraphs,
we explore the roles of these brain regions in the perception of se-
quence information in Chinese character writing in relation to the
two questions we raised in Section 1.

We asked whether activation of the premotor–parietal network
in previous studies on character or kanji writing (Katanoda et al.,
2001) is specifically related to motoric components of writing or
to a domain-general system for sequence processing. Given that
the task used in this study was perceptual in nature, the activation
of the premotor–parietal network must be related to motor control
at a more abstract level. In fact we would like to suggest that the
premotor–parietal network recruited in the perception of character
writing is the same one recruited in general perceptual sequence
processing and motor learning (Bubic et al., 2008; Schubotz &
von Cramon, 2002a, 2002b, 2002c, 2003, 2004). Note that, sequen-
tial predictability of stimuli is not a necessary condition of the
recruitment of the aforementioned neural circuitry underlying
sequential processing. Rather, it is the subjective attempt to make
serial prediction induced by task demand that drives the activity of
the premotor area (Schubotz, 2004; Schubotz & von Cramon,
2002b). Nonetheless, the nature of our stimuli and the task
requirement should induce the cognitive processes of serial predic-
tion and the associated neural activity. Therefore, the findings of
this study extend the generality of the ‘‘HAPEM framework’’ of
sequence processing (Schubotz, 2007; Schubotz & von Cramon,
2003) to such situations in which the serial prediction is based
on well-learned rules and sensorimotor skills, rather than newly-
acquired perceptual regularity, as in the classic SPT paradigm
(Bubic et al., 2008; Schubotz & von Cramon, 2002a, 2002b,
2002c, 2003, 2004). Information concerning various aspects of
the external visual stimuli, including the configuration of the
character and the identity of the current stroke, converges in the
parietal cortex (Bubic et al., 2008).

As hypothesized, the left fusiform VWFA responded differen-
tially to different levels of sequence reversal, indicating that it en-
codes dynamic information associated with Chinese character
writing. The present study provided supporting evidence, perhaps
for the first time, for this dynamic encoding in VWFA. In addition to
orthographic processing in character recognition (Chan et al., 2009;
Fu et al., 2002; Kuo et al., 2004; Liu et al., 2008), activation of VWFA
has been observed in kanji writing (Nakamural et al., 2000; Nakam-
ura et al., 2002). The latter finding was interpreted as indicating the
retrieval of the representation of orthographic information stored
in VWFA during writing. The current study went further to suggest
that VWFA itself encodes the dynamic, sequence information asso-
ciated with character writing. Here the participants saw the whole
characters beforehand and needed not to write characters, but sim-
ply observed the sequential display of strokes. It is possible that a
stroke reversal would negate the sequential information stored in
VWFA, leading directly to the higher activation of VWFA in the
reversal conditions; the more severe the reversal, the higher the
activation. The finding of the early N170 effect (Qiu & Zhou,
2010) for stroke reversal can be taken to support this argument.

However, before we accept the above argument, we need to rule
out an alternative interpretation suggesting that the activation
pattern in VWFA is due to top-down modulation from motor and
premotor areas (Kherif, Josse, & Price, 2011). Although it is not
clear how the activity in PMd would modulate the activity in
VWFA, we nevertheless conducted dynamic causality modeling
(Friston, Harrison, & Penny, 2003) to examine the direction of the
effective connectivity between VWFA and left PMd. Specifically,
we tested whether the normal perceptual sequence processing
could be better explained by a feedforward or a feedback model.
In the feedforward model, the correct condition was assigned to
enhance the effective connectivity from VWFA to PMd; in the feed-
back model, the correct condition was assigned to enhance the
effective connectivity from PMd to VWFA. Bayesian model selec-
tion (Penny, Stephan, Mechelli, & Friston, 2004; Stephan, Penny,
Daunizeau, Moran, & Friston, 2009) favored the feedforward
model, with the exceedance probability for feedforward model
being 85.1%, and a = 12.27. The parameter for modulation of the
connection from VWFA to PMd by correct writing order was posi-
tive and significant (p < 0.05, Bonferoni-corrected for multiple
comparisons), indicating that it was more likely that the activity
in VWFA affected the activity in PMd, rather than the other way
around. Thus the differential activity in VWFA in response to differ-
ent levels of reversal cannot be due to the top-down modulation
from the activity in PMd.

We propose a scheme for the perception of Chinese character
writing: the premotor area extracts the correct sequence informa-
tion from VWFA and the current state of writing from parietal cor-
tex to form anticipation concerning future stimulus input, i.e., the
next stroke. When the next stroke is actually presented, it is com-
pared with the anticipated one: if they match, the anticipation pro-
cess continues; if they do not, anticipation is temporarily
interrupted and executive control process intervenes. The DLPFC,
a structure central to executive control, may act to reconstruct
the correct sequence.

As can be seen from Fig. 2A, apart from the common activation
of DLPFC and VWFA (Fig. 2C), the contrast ‘‘2R > C’’ additionally
activated pre-SMA while the contrast ‘‘3R > C’’ additionally acti-
vated cuneus and middle occipital gyrus (MOG). The pre-SMA acti-
vation was in line with Bubic et al. (2008), which also observed this
activation for sequential violations involving two adjacent items.
The stroke reversal in the 2R condition was more subtle and diffi-
cult to detect than the stroke reversal in the 3R condition, as indi-
cated by the lower accuracy in behavioral judgment. It is possible
that the early visual processing system in the posterior part of the
brain has to pass information concerning stroke reversal to the
anterior part of the brain, where the violation is finally checked
by pre-SMA (and possibly other frontal regions, see Bubic et al.
(2008)). It has been found that pre-SMA is tuned to complex as-
pects of hierarchical processing, including sequence updating and
switching (Bapi, Miyapuram, Graydon, & Doya, 2006). The
activation of pre-SMA in the 2R condition may reflect the more
effort devoted to detect the stroke reversal (Fig. 3C). In contrast,
the 3-stroke reversal was more brutal and could be easily detected
and determined by the posterior visual processing system. Attempt
to construct correct representation could be carried out together
with DLPFC and VWFA.

To conclude, by asking participants to observe stroke-by-stroke
display of Chinese characters and by introducing different levels of
stroke reversal, we found graded activation of left fusiform
(VWFA), suggesting that it encodes dynamic sequence information
associated with Chinese character writing. We also found activa-
tion of the premotor–parietal network when correct sequences
were compared to stroke reversals, indicating a domain-general
role of this network in sequence processing. These findings should
be able to deepen our understanding of the mechanisms underly-
ing Chinese character processing specifically and sequence pro-
cessing in general.
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