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Abstract

Learning to read is thought to involve the recruitment of left hemisphere ventral occipitotemporal
cortex (OTC) by a process of “neuronal recycling”, whereby object processing mechanisms are co-
opted for reading. Under the same theoretical framework, it has been proposed that the visual word
form area (VWFA) within the OTC processes orthographic stimuli independent of culture and
writing systems, suggesting that it is universally involved in written language. However, this
“script invariance” has yet to be demonstrated in monolingual readers of two different writing
systems studied under the same experimental conditions. Here, using functional magnetic
resonance imaging (fMRI), we examined activity in response to English Words and Chinese
Characters in 15t graders in the United States and China, respectively. We examined each group
separately and found the readers of English as well as the readers of Chinese to activate the left
ventral OTC for their respective native writing systems (using both a whole-brain and a bilateral
OTC-restricted analysis). Critically, a conjunction analysis of the two groups revealed significant
overlap between them for native writing system processing, located in the VWFA and therefore
supporting the hypothesis of script invariance. In the second part of the study, we further examined
the left OTC region responsive to each group’s native writing system and found it responded
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equally to Object stimuli (line drawings) in the Chinese-reading children. In English-reading
children, the OTC responded much more to Objects than to English Words. Together, these results
support the script invariant role of the VWFA and also support the idea that the areas recruited for
character or word processing are rooted in object processing mechanisms of the left OTC.
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Reading; Visual Word Form Area; fMRI; Orthography

Introduction

Learning to read requires mapping of the written, visual form of a language to its spoken,
auditory form. Brain models of reading describe a largely left lateralized network including
inferior frontal, temporoparietal, and occipitotemporal cortex (OTC; Dehaene, 2009. Martin
etal., 2015, Pugh etal., 2000 2001y The contribution of each these regions to the sub-
processes of reading has been established, yet the details are continuously being refined. A
specific region of left ventral OTC in the mid-fusiform gyrus termed the “visual word form
area,” or VWFA (Cohen etal., 2002 2000. McCandliss et al., 2003), has been of particular
interest because of its role in processing written words. It has been shown that the VWFA
responds to words more than to other visual stimuli, such as checkerboards (Cohen etal.,
2002y scrambled visual stimuli (S2wed etal., 2011y anq jine drawings of objects (Baker et
al., 2007, Szwed etal., 2011y s, it responds to written words invariantly in regards to
size, position, case, or font (Dehaene etal., 2004 2001y some investigators also refer to the
“visual word form system” (VWEFS), recognizing that regions immediately posterior and
anterior to the VVWFA proper also show some sensitivity to words (Brem etal., 2010, 2009.
Olulade et al., 2013a; van der Mark et al., 2009). However, there is an ongoing debate about
the characteristics of the VWFA, most notably questioning the specificity of the VWFA to
print. Some have argued that this region responds just as much to pictures of objects (Kherif
etal., 2011; Mano et al., 2013; Price and Devlin, 2003; Vogel et al., 2012)_ Independently of
this debate on the specificity of the VWFA, it is largely accepted that the VWFA is one of
several regions reliably identified during brain imaging studies of reading, in children and
adults, as illustrated by a recent meta-analysis (Martin etal., 2015) nterestingly, the
posterior portion of the left OTC is engaged more in adults than children (Martin etal.,
2015), suggesting an experience/age-dependent increase in the VWFS, consistent with the
developmental model of reading advanced by Pugh and colleagues (Pugh etal., 2001 2000y
In adults, training with a novel set of words is associated with increased activity in (Moore et
al., 2014y anq greater tuning of (Glezer etal., 2015y the \/\WFA. Further, the left OTC is
underactivated in children and adults with the reading disability dyslexia, as demonstrated

by several studies and best captured by meta-analyses (Maisog et al., 2008. Richlan et al.,
2011).

Of note is that while most studies have been conducted in alphabetic languages, the VWFA
is also found to be activated during reading in Chinese, a morphosyllabic (often called
“logographic™) writing system. This suggests that despite the difference in visual appearance
and in the mapping between written units and language units (mapping principles), the brain
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utilizes a similar region in the left OTC for reading in Chinese (Nakamura et al., 2012
Perfetti and Tan, 2013y gimilar to the work examining the brain bases of alphabetic writing
systems described above, real Chinese characters elicit a greater response in the VWFA than
do artificial characters (11U et al., 2008y anq scrambled characters (SZwed et al., 2014y
Together these findings suggest a consistent and universal role of the VWEFA in processing
written language.

Dehaene and colleagues explain this consistency across visually dissimilar scripts via the
“neuronal recycling hypothesis” (Dehaene and Cohen, 2007; Dehaene et al., 2005). This
theory posits that written language, being a recent cultural invention, has not exerted
evolutionary pressure on the brain, unlike spoken language, which has had a much longer
time to evolve. Accordingly, when learning to read, the brain must recruit regions previously
evolved for another purpose. In the case of ventral visual cortex, word reading adopts cortex
previously used for processing other categories of visual stimuli such as faces and/or objects
(Dehaene and Cohen, 2007; Dehaene et al., 2005)_ Strong evidence for this hypothesis
comes from a study of ex-illiterates (illiterates who learned to read as adults), who showed
greater activation to orthographic stimuli in left ventral temporal cortex compared with
illiterates. The illiterates, on the other hand, showed greater activation for objects and faces

in this region, suggesting that words take precedence over objects once literacy has been
acquired (Dehaene etal.,, 2010)_

Consistency of the VWFA across writing systems plays a significant role in the neuronal
recycling hypothesis of the VWFA. Evidence for “script invariance” comes from three
sources. The first are meta-analyses of adult studies (Bolger etal., 2005. Tan et al., 2005a)
For example, Bolger and colleagues drew on publications that independently studied reading
in an alphabetic or logographic writing system and grouped these by writing system to
generate activation likelihood maps (Bolger etal., 2005) They found that both writing
systems activated left OTC (and Chinese also activated right OTC). However, the overlap in

the VWEFA across both activation likelihood maps was not statistically tested (this is also
true for Tanetal., 2005a)'

A second source of evidence comes from studies performed in Chinese L1 speakers who
were bilingual in English (Chee etal., 1999. Nelson et al., 2009. Wong et al., 2009). All of
these studies showed left OTC activation for English and Chinese. Chee etal. (1999) 5,4
Nelson et al. (2009) 150 showed right hemisphere OTC activation for Chinese characters.
Although participants spoke Chinese as their first language, the possibility of bilingual
effects on L1 late in life cannot be ruled out. In any case, it is important to have observations
of monolingual L1 speakers. In studies designed to assess cross-language bilingual effects,
Baker et al. (2007) examined adult English readers with and without experience with written
Hebrew. In the group with experience with both scripts, they found greater activation in the
VWFA for both Hebrew and English orthographies compared with other visual categories,
including Chinese characters (Baker etal., 2007) 1 the same vein, a study of Japanese
Kana, a syllabic system, and Kanji, borrowed from Chinese and thus morphosyllabic,
showed overlap in the left VWFA (Nakamura et al., 2005
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The third category of evidence would be studies directly examining native monolingual
individuals of logographic and alphabetic writing systems under similar experimental
conditions. A recent study (S2Wed et al., 2014y of native readers of Chinese and French
came close to this, finding that adults demonstrated engagement of the VWEFA for both
orthographies, despite orthography-specific differences in early visual cortex. However, the
Chinese speakers in this study were living in France at the time (for a period of two years or
less) and would have been exposed to both spoken and written French, making it more
similar to previous studies such as Nelson etal. (2009) jmportantly, orthography invariance
in VWFA activation has not actually been validated via an empirical study of monolingual
beginning readers, which is the ideal situation by which to address this question.

The study of beginning readers affords an opportunity at the early stages of reading
acquisition to test for script invariance. Our participants consisted of one group of
monolingual (and monoliterate) children in the United States (English Readers) and another
group of monolingual (and monoliterate) children in China (Chinese Readers). Both groups
performed the same implicit single word reading task for their native writing system in the
scanner (using the same model of scanner in each location) under the same experimental
conditions and using the same data acquisition and analysis parameters. Both groups also
viewed line drawings of objects as well as words in the other (foreign) writing system. We
tested for script invariance by searching for spatial overlap of activity during word or
character processing, respectively, amongst the English and Chinese Readers (i.e. their
native language), quantified by a conjunction analysis conducted (a) at the level of the whole
brain and (b) specifically within the OTC. Based on the work conducted in adults and in
keeping with the neuronal recycling hypothesis, we expected to find overlap between the
two beginning reading groups’ brain activity in the OTC, specifically in the VWFA, during
the processing of their respective native orthographies.

Next, we characterized each group separately in terms of the functional specialization of the
left occipitotemporal pathway for object, word, and character processing. There are reasons
to suspect that the invasion or co-opting of object recognition regions in the OTC may be
especially noticeable in Chinese: There is a greater reliance on orthographic awareness when
learning to read Chinese characters (12N €tal., 2005by anq with this one might expect
engagement of the left OTC in Chinese character processing at the expense of regions
subserving object processing. Further, since the response of the VWFA is one that is thought
to come about by experience, one would not expect to see VWFA activity during the
processing of a writing system with which the participant is not familiar (Baker etal., 2007.
Szwed etal., 2011y Ag such, we examined the activity in response to the other, foreign
script (that is, English Words in the Chinese children and vice versa), with the expectation
that it will not elicit as much of a response as the native orthography.

The study allowed us to address the following two questions: (1) Is there spatial convergence
of the brain regions activated during single word or character processing by English and
Chinese Readers respectively, and does this convergence fall specifically within the VWFA
in support of the neuronal recycling hypothesis? (2) In each group, English and Chinese
Readers separately, how does signal change in the left OTC during word processing in the
native writing system compare with signal change during other types of object processing?
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We expected to find that left OTC regions dedicated to the native writing system would also
respond to objects, thus showing signs of object processing cortex being co-opted by print,
but to find little response in the left OTC to the non-native writing system.

Methods

Subjects and Behavioral Profile

Twenty-six monolingual English Readers (mean age 7 years, 3 months) from the greater
Washington, D.C., area in the United States and twenty-three Mandarin-speaking,
monolingual Chinese Readers (mean age 7 years, 1 month) from Beijing, China, completed
the behavioral and imaging protocol for this study. After removing subjects for excessive in-
scanner motion (see below), seventeen subjects (7 boys, 10 girls) were included in the
English-reading group and seventeen subjects (6 boys, 11 girls) were included in the
Chinese-reading group. To be eligible for the study, English-reading children needed to
score 85 or above on the Matrix Reasoning portion of the Wechsler Abbreviated Scale of
Intelligence (WASI; Wechsler, 1999y chinese Readers needed to score 85 or above on the
Chinese version of Raven’s Standard Progressive Matrices (£hang and Wang, 1985) Tpjg
non-verbal 1Q measure was used both as a selection criterion and to ensure matching of the
two groups. For study participation, subjects from both groups also needed to score within
the normal range for reading. For the English-reading children, single real word reading was
measured using the Woodcock Reading Mastery Test—Revised Word Identification subtest
(Woodcock, 1987 since standardized reading measures are not available in China, for the
Chinese-reading group, the Beijing Graded Reading Test was used to determine that reading
was in the normal range. This test was developed for the purpose of this study and is based
on the reading distribution of 313 Chinese children in a public school in Beijing. It includes
200 characters taught during 15 through 3 grade in Beijing, which children are asked to
read aloud. This process of determining normal reading is similar to that previously
employed to capture reading ability in Chinese readers (HU etal., 2010. Tan et al., 2005by
Children from both groups had to score within or above the normal range (the normal range
being one standard deviation from the norm on their respective reading tests). Additionally,
all children were determined to be free of developmental disabilities, congenital or acquired
neurological and psychological disorders, and any major medical conditions. There was no
known history of birth complications, and all subjects were free of metallic implants and
severe claustrophobia. Demographic information for both groups can be found in Table 1.

fMRI Acquisition and In-Scanner Task

fMRI data acquisition was performed at the Center for Functional and Molecular Imaging
(CFMI) at Georgetown University and the Beijing MRI Center for Brain Research on
identical 3 Tesla Siemens Trio whole-body MRI systems. Functional scans were acquired
using the following parameters: 134 images consisting of 30 slices obtained in interleaved
descending order, 3.3 x 3.3 x 4.0mm3 voxels, 210mm field of view, TR = 2s, TE = 30ms,
flip angle = 90°.

In the scanner, all subjects in both countries viewed English Words, Chinese Characters, and
line drawings of Objects in separate block-design runs. Each run consisted of blocks of
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whole stimuli alternating with blocks of scrambled stimuli (visual control condition),
separated by blocks of fixation (Figure 1). Two blocks of each stimulus type were presented
in each run, with ten stimuli presented per block. Two runs of each stimulus type (for a total
of six runs) were obtained, and the order of presentation (whole stimuli first or scrambled
stimuli first) was counterbalanced.

Twenty one-syllable English Words and twenty one- or two-character Chinese Character
stimuli were selected for early age of acquisition. English Words ranged from three to four
letters and Chinese Characters used between three and twelve strokes. Objects were selected
from a set of simple line drawings that were all one syllable, and also shown to have an early
age of acquisition (Snodgrass and Vanderwart, 1980) \\ords, characters, and objects were
chosen to be simple and easy for the children to read. Post-scanner recognition tests showed
that children were easily able to recognize all of the stimuli observed in the scanner,
validating this point (see Results section). Scrambled stimuli were generated by scrambling
the real images within the same visual space using in-house software.

For the blocks of real and scrambled stimuli, each trial began with a fixation cross in the
center of the screen. The fixation cross then disappeared and the stimulus appeared with the
inside edge on or just adjacent to where the fixation cross was located. Subjects responded
via button press to indicate which side the stimulus was located (relative to the previously
presented fixation cross). This decision on horizontal placement of the stimuli was chosen
because the response was easy for children to map onto their left and right hands touching
the button box. The stimuli were presented sufficiently close to the center of the screen to
avoid hemifield bias during processing of the stimuli. Similarly to other tasks (Turkeltaub et
al., 2004, 2003), this implicit processing paradigm allows for subjects to visually process the
stimuli without explicitly naming the word, character, or object. Each block contained ten
trials followed by an 18-second fixation period. Each stimulus was presented for 1200ms
followed by a 3000-ms response period, totaling 4200 ms per trial and 42 seconds per
stimulus block. Two blocks of each stimulus type (real and scrambled) plus the four fixation
periods equals 240 seconds. With additional fixation added to the beginning (to account for
saturation effects) and end of the run, each run lasted 268 seconds and resulted in 134
acquisitions. Stimuli were presented using Presentation software (www.neurobs.com) and
back-projected onto a screen mounted behind the scanner. All participants performed a
practice session outside the scanner to ensure they understood the task.

Pencil-and-paper post-tests were administered following the fMRI protocol, outside of the
scanner, to gauge if the children had been paying attention to the stimuli. Each test consisted
of a list of forty stimuli (one test for each type of run: Objects, Words, or Characters), half of
which had been presented during the scan and the other half of which had not. Subjects

indicated using a checkmark whether they believed they had seen the stimulus in the scanner
or not (Turkeltaub et al., 2003

fMRI Preprocessing and Single-Subject Analysis

All analyses were carried out in SPM8 (Wellcome Trust Centre for Neuroimaging, UCL).
All runs for each subject were pre-processed together. Prior to pre-processing, the first eight
scans of each run were removed to account for T1 saturation effects. Preprocessing was then
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performed: motion correction by realigning to the mean functional image, normalization to
the standard Montreal Neurological Institute (MNI) EPI template, and smoothing using an
8mm3 Gaussian kernel. While there have been some concerns for normalization of pediatric
data to adult templates (Wilke etal., 2003 2002 thjs has primarily been for T1-weighted
images used for tissue classification. Our current study’s use of normalization to the MNI
EPI template for fMRI data was consistent with our prior pediatric studies (Evans etal.,
2014 Olulade et al., 2015 2013a 2013by paseq on the feasibility of transforming pediatric
brains into adult stereotactic space (Burgund etal., 2002. Kang et al., 2003y Tg data was
examined for excessive head motion, and subjects were excluded based on inter-scan
movement and total movement during a run. Subjects who moved over a threshold of
0.75mm/scan in more than 30% of the scans of any run, or who moved more than 1cm from
the origin (X, y, or z direction) during the course of any run were excluded from further
analysis. Following this quality-control procedure, seventeen subjects from each group
remained in the study and were submitted to the following analyses.

Head motion parameters in all six dimensions and global mean signal were entered as
regressors of no interest for the generation of all individual subject maps (i.e. English Words,
Chinese Characters, and Objects vs. Fixation or vs. scrambled stimuli, as described below).
Stimulus onsets were modeled using the canonical hemodynamic response function and
high-pass filtered at 128s. Both runs were included in the analyses for all subjects for all
stimulus types.

fMRI Group Analyses

1. (a) Script Invariance: Whole-Brain Analysis—First we conducted whole-brain
analyses for each group, contrasting English Words versus Fixation (English Readers), and
Chinese Character versus Fixation (Chinese Readers), and used these maps in a conjunction
null test to identify common regions of activity between the two groups. This analysis in
SPM returns all voxels where both conditions have met the statistical height threshold
indicated. The purpose here was to determine the locations where both groups were
displaying activation during reading of their native script. A whole-brain approach allowed
us to observe the specificity of any overlap in the context of any other overlap in the brain.

1. (b) Script Invariance: OTC Analysis—Because we expected to observe significant
conjunction results in the left OTC, we next tested this a priori hypothesis by restricting the
analysis to a spatially constrained region, including only the bilateral inferior temporal and
fusiform gyri using the Wake Forest University Pick Atlas (Maldjian et al., 2004 2003y Tpe
analysis examined ventral OTC activation in each group separately (English Readers and
Chinese Readers). Again, English Readers’ Words vs. Fixation contrast maps, and Chinese
Readers’ Characters vs. Fixation contrast maps (we later refer to this area as the “native
script reading cluster” for each group) were generated. We then statistically tested for spatial
overlap between the two groups using the conjunction null analysis, thereby providing
another opportunity to examine spatial overlap indicative of script-invariance, this time,
however, constrained to the ventral OTC.
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2. Activity for Word or Character Stimuli in Relationship to other Object
Classes—We extracted fMRI signal from the native script reading clusters generated in
each group (used for the conjunction analysis above, that is, one left ventral OTC cluster per
group, found to be responsive to native script reading) using the MarsBaR toolbox (Brett et
al., 2002). This was conducted separately in each group (English Readers and Chinese
Readers) in order to calculate the modulation of the signal (percent change) in response to
each stimulus type (English Words, Chinese Characters, and Objects) in comparison to the
respective scrambled control conditions. Specifically, one-way repeated measures ANOVAS
were run on Stimuli vs. Scrambled Stimuli signal for each stimulus type in each group. This
allowed us to compare the signal increases for the native writing system OTC region with
signal increases observed for objects as well as the writing system with which the group had
no familiarity. Since the objective was to focus on the stimulus type within each group, no
between-group comparisons were made; therefore, it did not matter that the regions over
which percent signal change (PSC) was calculated were not of the same size in the English
and Chinese Readers. It should be noted that the PSC analysis was on the subtler
comparison of whole versus scrambled stimuli, and different from the word/character versus
fixation contrast applied at the voxel-wise level to generate the native script reading cluster
in the ventral OTC.

Behavioral Data: In-Scanner Performance

The task in this study was implicit: Children were not asked to explicitly read the words or
characters, or name the objects; rather, they pressed buttons in their left and right hands in
response to the relative horizontal position of the stimuli on the screen. As expected based
on the nature of the tasks, in-scanner performance accuracy was high for both groups on all
stimulus types, all averaging above 93% accuracy. Details for average accuracy (% correct
for answered trials) and reaction times (RT) for each group for each stimulus type can be
found in Table 2. Statistical comparisons were made for accuracy and RT in ways to parallel
the neuroimaging analysis. Specifically, the first analysis, the conjunction map (examining
script invariance), did not involve a comparison between any two conditions and hence did
not motivate analysis of the corresponding behavioral data. The second analysis warranted
analyses of the in-scanner data to parallel the fMRI analysis addressing object and non-
native script processing. One-way repeated measures ANOVAs were performed on the
accuracy and RT data while viewing whole stimuli and scrambled stimuli. As with the fMRI
data, these were carried out for each stimulus type (English Words, Chinese Characters, and
Objects) in each group (English Readers and Chinese Readers). In the English Readers there
was an effect for RT for whole stimuli (F=7.753, p=0.002), and post-hoc paired t-tests
revealed these to be between English Words and Chinese Characters (t=3.929, p=0.001), as
well as between English Words and Objects (t=2.691, p=0.016). For Chinese Readers, there
was a significant effect of accuracy for whole stimuli (F=5.068, p=0.012), with post-hoc
paired t-tests revealing differences between English Words and Objects (t=2.777, p=0.013)
as well as between Chinese Characters and Objects (t=2.406, p=0.029). For RT in the
Chinese Readers, there was a significant effect for the scrambled stimuli (F=9.100,
p=0.001): post-hoc paired t-tests identified differences between the scrambled stimuli
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generated from English Words and from Objects (t=3.600, p=0.002) as well as between
scrambled stimuli generated from Chinese Characters and Objects (t=3.683, p=0.002). No
other comparisons were significant.

Behavioral Data: Post-Scan Stimuli Recognition Tests

Paper-and-pencil tests were given to the children after exiting the scanner to gauge if they
had attended to the stimuli during the scan. For each stimulus type (English Words, Chinese
Characters, and Objects) the tests included 20 items the child saw in the scanner intermixed
with another 20 items they did not see in the scanner. Children responded by checking a box
yesor no as to whether they thought they had seen the item in the scanner. English Readers
averaged (SD) 69.1% (£ 16.8%) correct for English Words, 84.6% (+11.9%) correct for
Obijects, and 53.6% (+ 7.9%) correct for Chinese Characters. Chinese Readers averaged
73.4% (£ 9.1%) correct for Chinese Characters, 73.5% (+ 10.5%) correct for Objects, and
55.3% (x 8.3%) correct for English Words. This demonstrates that the children were
attending to the stimuli in the scanner, yet, as expected, both groups were much closer to
chance for their non-native writing systems.

fMRI Data 1(a): Script Invariance: Whole-Brain Analysis with Conjunction

fMRI Data 1.

In order to identify brain regions showing overlap for reading in the two different native
languages used by each group, we conducted an SPM analysis at the level of the whole
brain, followed by a conjunction analysis. Maps of English Words vs. Fixation were
generated for the English Readers and Chinese Characters vs. Fixation for the Chinese
Readers (p<0.001 uncorrected height threshold, p<0.05 cluster threshold FWE corrected).
English Readers showed four left hemisphere clusters including inferior occipital gyrus
(extending into fusiform gyrus), middle frontal gyrus (extending into precentral gyrus),
insula (extending into inferior frontal gyrus), and superior frontal gyrus (extending into right
cingulate gyrus) (Table 3). Chinese Readers showed two left hemisphere clusters: one with
peak location in the cuneus (extending into the inferior and middle occipital gyri), and one
in the supramarginal gyrus. They also had one right hemisphere cluster in the cuneus
(extending into inferior occipital gyrus and cerebellum) (Table 3). We then used the
conjunction null test in SPM to return all voxels surviving the height threshold of p<0.001.
Five clusters were identified with at least 10 contiguous voxels. In the left hemisphere:
lingual gyrus (extending into cuneus), inferior occipital gyrus (extending into fusiform
gyrus), middle frontal gyrus, and medial frontal gyrus. There was also one right hemisphere
cluster located in inferior posterior fusiform gyrus (Table 3, Figure 2).

(b): Script Invariance: OTC Analysis with Conjunction

Similarly to the whole-brain analysis described above, we first computed separate within-
group maps for the English Readers and the Chinese Readers using the word/character
processing condition from each group’s respective native script (i.e. English Words, Chinese
Characters, each compared with Fixation in a single SPM model; height threshold p<0.001
uncorrected, FWE cluster-corrected p<0.05). However, this time the analyses were restricted
to the bilateral fusiform and inferior temporal gyri as noted in the Methods section. For
English Word processing, the English Readers had one cluster in the left hemisphere, as did
the Chinese Readers for Chinese Character processing (Figure 3, Table 4). We refer to these
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areas as the each group’s respective “native script reading cluster” (see later analyses
below).

Next, we once again statistically tested for spatial overlap between these two separate sets of
group data by using a conjunction analysis (p<0.001 uncorrected in both groups; k > 10
voxels). This revealed a left hemisphere cluster located at MNI coordinates —-42, =52, =14
(Talairach coordinates —42, =51, —-9; Table 5, Figure 4) very close to the reported average
location of the VWFA at Talairach (Talairach and Tournoux, 1988y coordinates —42, -54,
~12 (45) (Cohen etal., 2002. Kronbichler et al., 2004. McCandliss et al., 2003)_ This region
was located within the left inferior occipital gyrus cluster reported in the whole group
analysis, above. This result demonstrates that the location of the VWFA is indeed the same
for the alphabetic (English) and logographic (Chinese) orthographies studied here, lending
direct support for script-invariant engagement of this region and the neuronal recycling
hypothesis.

For visualization purposes only, the PSC for each condition in each group was extracted
from the conjunction analysis cluster and displayed in the right panel of Figure 4. It reveals
that both groups show low signal change in response to the scrambled control stimuli and a
strong signal change in response to their native script (Chinese Readers to Chinese
characters, English Readers to English Words). The only difference in response profile is
that while Chinese Readers showed little signal change in response to English Words,
English Readers showed a strong signal increase in response to Chinese Characters.

fMRI Data: (2) Activity Underlying Word or Character Stimuli in Relationship to other
Object Classes

Lastly, we addressed how areas involved in reading (identified above) behave in response to
other visual stimulus classes. To this end, PSC was extracted from the native script reading
clusters identified separately in the readers of English and readers of Chinese (as described
above). PSC for English Words, Chinese Characters, and Objects versus their respective
scrambled conditions (Stimuli-Scrambled Stimuli PSC) were submitted to 3x1 repeated
measures ANOVAs (One ANOVA per group). We found that in the readers of English, there
was a main effect of Stimulus Type (F=4.548, p=0.018). Post hoc t-tests showed that the
response to English Words was dwarfed by the activity elicited by Objects (p=0.039, see
Figure 5). Likewise, the response to Objects was greater than that to Chinese Characters
(p=0.007). There was no difference in the response to English Words and Chinese
Characters. For the Chinese Readers there was a main effect of Stimulus Type (F=3.561,
p=0.04, see Figure 3B). Post hoc t-tests revealed that Chinese Characters elicited a stronger
response than did English Words (p=0.015). There was no difference in the signal for
Chinese Characters and Objects (p=0.766).

For visualization of the data, Figure 5 depicts the PSC values plotted for all three types of
whole and scrambled stimuli versus Fixation.

In summary, our whole-brain conjunction analysis and the conjunction analysis constrained
to the ventral OTC revealed overlap in activity between the two groups of children in the
VWEFA, providing evidence of script invariance in further support the neuronal recycling
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hypothesis. Secondly, we also found that when examining signal change in ventral OTC, for
English Readers the Objects were still the dominant stimulus category at this point in
development, even though the region itself was identified based on a response to words.
Surprisingly, English Readers did not show a stronger response to English Words compared
with Chinese Characters. On the other hand, Chinese Readers’ response to their native
writing system reflects the nature of the orthography, in that the response was similar to that
shown for objects, and at the same time, significantly higher than that for the non-native
English Words.

Discussion

Left mid-fusiform gyrus has been shown to consistently respond to word reading across
cultures, orthographies, and writing systems (Baker et al., 2007. Bolger et al., 2005,
Nakamura et al., 2005, Szwed et al., 2014y g gqesting a consistent recruitment of ventral
visual cortex when learning to read (Pehaene and Cohen, 2007) ‘yowever, this consistency
has yet to be shown within the context of a single study of typically developing, monolingual
readers of different writing systems. In this study, we investigated English word and Chinese
character processing in 15t grade children monolingual and monoliterate in English or
Chinese, respectively, who were scanned on identical scanners in the United States and
China. First, our main goal was to test the neuronal recycling hypothesis (Pehaene and
Cohen, 2007) by investigating whether children from both groups activated the same region
of ventral OTC during word processing in their respective native scripts. Our conjunction
analysis results from both a whole-brain analysis as well as one that was restricted to the
OTC demonstrated that both groups recruited an overlapping region of left OTC located in
the classical VWFA, as previously described in adults (Cohen etal., 2002. Kronbichler et
al., 2004. McCandliss et al., 2003y nroviding the first evidence for script invariance in
monolingual children and further support for the neuronal recycling hypothesis. Secondly,
within each group, as we anticipated, activation to native script encroached on object
processing regions (both groups’ native reading clusters showed strong signal increase to
objects). We also expected to find in each group relatively little signal increase during the
processing of the other, non-native writing system. This was confirmed for the Chinese-
reading but not the English-reading children. Together, our results show for the first time in
purely monolingual (and monoliterate) subjects under the same experimental conditions that
there is overlap between English and Chinese reading activation in the VWFA. Furthermore,
Chinese Readers showed equal activation between their native writing system and Objects,
while English Readers showed less activation for their native writing system compared with
Objects. This is likely to reflect differences in the nature of the individual script and in how
these writing systems are learned.

A recent study of adult French and Chinese readers provides an interesting comparison with
the current study, since it also focused on the issue of script invariance (S2Wed etal., 2014y
While not a purely monolingual study, both groups were presented with their native writing
system and non-native writing system. The task was similar to the current study in that it did
not explicitly involve reading, but it involved an oddball detection task during rapid
presentation of Chinese characters, French words and nonwords, objects, and scrambled
stimuli. Overlap of reading in the two writing systems was not directly tested; however, both
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groups recruited clusters with similar locations in the fusiform gyrus in the left hemisphere
for their native writing systems. Our results clearly demonstrate spatial co-localization of
word processing in two distinct writing systems in beginning monolingual readers, this time
using a statistical approach. Surprisingly, both groups in the Szwed et al. study also showed
activation in left OTC for the non-native writing system, something we observed in the
second analysis of our study, but only in our readers of English. Specifically, the French
participants’ activation to Chinese characters in the Szwed study was much more “object”-
like than the Chinese participants’ activation to Chinese characters in that they recruited
more of the lateral occipital area (S2Wed et al., 2014y

In addition to showing script invariance in the VWFA, our whole-brain conjunction analysis
yielded some results suggesting other common areas of reading between the two groups.
First, there is a portion of the right hemisphere posterior fusiform gyrus that showed
activation in both groups for reading, though it is more posterior and inferior than would be
expected for a right hemisphere VWFA homologue. Chinese has been found to elicit right
hemisphere activation in some cases, and it has been argued that there is greater recruitment
of the right hemisphere OTC when reading Chinese due to its visuospatial nature (Bolger et
al., 2005; Perfetti et al., 2007; Szwed et al., 2014). It has been suggested that both left and
right OTC are needed to perform unique roles in the processing of logographic characters as
opposed to alphabetic words, which utilize only the left hemisphere (Bolger etal., 2005, Liu
and Perfetti, 2003 Liu and Perfetti (2003) foung that right hemisphere activation occurred
approximately 50ms after left hemisphere activation, suggesting that the left hemisphere
may be the processing center for written words, and the right hemisphere may play a
supportive role. The vast majority of the region identified here (which is large in the Chinese
Readers) falls outside of the fusiform and inferior temporal gyrus region, which is why it
was not observed in the ventral OTC analysis. It is possible that with more experience and/or
age (as in the meta-analyses above and individual studies such as FU etal., 2002 4 Liu et
al., 2008), the right hemisphere VWFA homologue could become more engaged as the
children become older and more experienced. It is also possible that with age and reading
experience in Chinese, the spatial demands and complexity of the characters necessitates the
use of the right hemisphere. As such, one could say that the left hemisphere activation
occurs via neuronal recycling and the right hemisphere may be induced by script
characteristics such as spatial layout. The characters used here are simple characters, and as
such, we cannot address how complexity of characters may influence the localization of
activation. Longitudinal data will be crucial in answering this question.

The conjunction analysis based on whole-brain data also revealed an overlap in left
hemisphere lingual gyrus and cuneus, which could reflect the use of Stimuli vs. Fixation as
the contrast or early visual information for the individual scripts below the whole-word (or
character) level. Lastly, two frontal regions that were identified in the whole-brain
conjunction analysis were middle and medial frontal gyri. Converting to Talairach
coordinates, the medial frontal gyrus cluster (x=—6, y=6, z=49) is close to that identified as
overlapping between alphabetic script and Chinese in the meta-analysis from Bolger etal.
(2005; x=0, y=2 z=54). Though both are located in BA 6, the middle frontal gyrus region is
medial and superior to the region from Bolger etal. (2005) jnterestingly, the English
Readers showed inferior frontal activation but not temporoparietal activation for the English
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Words task. The Chinese Readers showed the opposite activation pattern for Chinese
Characters. Future studies using a phonologically based task would be better suited to
identify common activation for Chinese and English Readers in the parietal and frontal
regions.

Turning to our second question regarding how the native reading clusters respond to
different categories of visual stimuli, it has been suggested that the use of the VWFA is due
to extensive training. Our investigation was focused on novice readers, yet it has to be
recognized that our observations would likely be different if we were to study these children
again once they are more proficient readers. Baker and colleagues examined adult
experienced readers, specifically monoliterate readers of English and biliterate readers of
Hebrew and English (Baker etal., 2007y ‘Both groups showed VWFA activation for words
and consonant strings, but only the group with Hebrew experience showed greater activation
for Hebrew compared with other visual categories, including Chinese characters. The
importance of experience is also highlighted by a twin study that found stronger
contributions of unique environment for words and pseudowords as opposed to consonant
strings and false font in the VWFA (Park etal., 2012y ', contrast, a series of training studies
from Xue and colleagues argues greater activation for an untrained artificial logographic
orthography prior to training, and following training expertise is indicated by decreases in
right hemisphere fusiform and left posterior occipitotemporal activation, suggesting less
activation with more experience (Xue and Poldrack, 2007. Xue et al., 20062 2006b). The
discrepancy between this and other findings highlights the need for longitudinal imaging
studies of reading acquisition in both writing systems.

An important aspect of cross-cultural studies such as this one is that there are differences in
teaching methods, and in the case of Chinese, learning to read usually involves Pinyin
(phonetic transcription of Chinese characters using Latin script). The question arises
whether the children in our study, through their experience with Pinyin achieved some Latin
script familiarity. For them, schooling began with a dedicated period of Pinyin instruction of
about six weeks, preceding the introduction of characters. Pinyin learning bootstraps
Chinese character reading. A period of mixed presentation of characters and letters (used for
the first appearance of a character) occurred throughout first grade. It is important to note
that the learning of Pinyin occurred in the context of a dedicated connection between Pinyin
and Chinese characters; it is not connected to English, which has much more complex
grapheme-phoneme connections. In fact, the children in our study were not speakers of
English (deliberately chosen to be monolingual), and therefore their learning of Pinyin was
strictly and uniquely tied to Chinese character learning and was never put into the context of
English. In some other schools where Chinese children learn to speak English, Pinyin
learning is delayed until the second semester, or even later, because the learning of Pinyin
and English at the same time interfere with each other, as some letters are pronounced
differently in Pinyin and English. Specifically, while most Pinyin combinations probably
also occur in English (with exceptions such as g), the reverse is not true: English has many
combinations, consonant clusters in particular, that do not occur in Chinese. It is also worth
mentioning that Pinyin is 100% transparent; in contrast, English is not.
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So while our Chinese children will have had a level of familiarity with the Latin script that is
higher than the familiarity of American children with Chinese characters, we do not think
this would affect the results or interpretation of our second question examining the left OTC
regions dedicated to the native writing system vis-a-vis processing of objects and the non-
native writing system. Our examination of the activity in OTC revealed that Chinese
Characters elicited a stronger response than did English Words in the Chinese Readers,
indicative of experience-dependent tuning to their own writing system compared with the
foreign alphabetic stimuli. This goes hand in hand with the recognition test that was taken by
the children following the scan. It revealed that in the Chinese Reader’s recognition of the
English Words was 55.3% correct (while it was 73.4% for their native Chinese characters).
Importantly, this represents the same degree of accuracy as the analogous response for the
English Readers in response to the list of Chinese Characters, for which this group achieved
53.6% accuracy. As such there is no indication that there was more familiarity exhibited by
the Chinese Readers towards English words relative to the familiarity (or lack of) exhibited
by the American English Readers towards Chinese characters. The explanation for why
Pinyin learning does not increase familiarity to Latin script is probably twofold in that (1)
prior exposure to letters of the Latin script did not occur in the context of English, and
generalization to English carries with it some complexity, as discussed above; and (2) our
study involved whole words, and recognizing whole words depends on significant exposure
to these words. This last point is especially relevant to our imaging data, where it needs to be
considered that while the Chinese children will have had exposure to /etfers from the Latin
alphabet, they would not have had exposure to the words presented during the scan. The
premise of the VWFA is that it responds to words or pseudowords, or as some have argued,

only to real words that are maintained in the VWFA much like a dictionary (Glezer etal.,
2009)

There are of course several differences between English and Chinese that are relevant to the
teaching of reading in these two different writing systems, and to the interpretation of our
results as a whole: first, the difference in visual appearance (script), and second, the
difference in the mapping system (whether the system uses phonemes like in English or
morpheme syllables like in Chinese). Aside from the difference in appearance between
characters and words, successful acquisition of each language relies differently on reading-
related skills. While reading ability in both languages is predicted by phonological skills,
Chinese reading ability is also strongly predicted by orthographic skill as measured by
character writing (72" €t al., 2005by Aso, in a group of Chinese-English bilingual children,
Chinese orthographic choice scores predicted Chinese character reading (Wang etal., 2005y
again providing evidence for the importance of orthographic skill in learning to read
Chinese. The difference in phonological and orthographic awareness between these writing
systems is also highlighted in a study of English- and Chinese-reading monolingual children
and adults focused on oral language processing (Brennan etal., 2013y \yhere they found a
reorganization of the phonological awareness system (superior temporal gyrus, inferior
parietal lobule, and inferior frontal gyrus) only in the English readers during a rhyming task.
If writing Chinese characters is part of learning to read Chinese (as noted above), this kind
of training could help tune the VWEFS more than the phonological skills trained in learning
to read English do. For example, English cursive handwriting (which may better

Neuroimage. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krafnick et al.

Page 15

approximate the visual complexity of characters seen in Chinese writing; for discussion see
Nakamura et al., 2012; Perfetti and Tan, 2013) is often taught after learning to read and may

represent a difference in “training” between the two cultures.

Models of reading acquisition are also in line with this idea. Frith (1986, 1985) gescribed the
acquisition of reading as beginning with a logographic strategy (recognizing known words
much like one would recognize known objects), followed by the emergence of alphabetic
and orthographic strategies. While the alphabetic-reading children will also begin using the
former strategy, the nature of Chinese as a logographic script may facilitate earlier
recognition of characters. Another model of reading acquisition from Ehri (1999) begins
with a pre-alphabetic phase prior to children having strong phonological awareness skills, so
they use visual features as cues. They then build alphabetic skills before reaching a level
where familiarity with orthographic strings (such as whole words) becomes automatic. The
importance of orthographic skill in learning Chinese and the logographic nature of the script
as opposed to English could explain why the VWFA appears more mature in the Chinese
children than in the English-reading children.

In conclusion, this study addressed key questions regarding the neuronal recycling
hypothesis by studying reading using the same task in separate groups of monolingual
English- and Chinese-reading children. Our main analysis showed that after only the first
year of formal reading instruction, these two groups show statistically significant overlap of
reading activation in the VWFA, confirming inference based on overlap from meta-analyses
and providing direct evidence for script invariance. Individual analyses in each group
showed that both demonstrate activation for reading in a region of cortex that also shows
strong activation for objects, in line with the idea of recruitment from the neuronal recycling
hypothesis (Pehaene and Cohen, 2007) '\ also found that English Readers showed greater
activation for Objects compared with Words, and Chinese Readers showed equivalent
activation for Objects and Characters. These profiles of activation for the visual stimuli in
the two groups might be related to the difference in the nature of the written language in
these two writing systems and in how these writing systems are taught. Longitudinal studies
will be necessary to determine how ventral visual processing of orthographic stimuli
develops during reading acquisition beyond the first year of formal reading instruction. How
these different writing systems recruit ventral visual cortex differently may also inform our
understanding of acquired as well as developmental reading disorders in both cultures.
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References

Baker Cl, Liu J, Wald LL, Kwong KK, Benner T, Kanwisher N. Visual word processing and
experiential origins of functional selectivity in human extrastriate cortex. PNAS. 2007; 104:9087—
92. DOI: 10.1073/pnas.0703300104 [PubMed: 17502592]

Bolger DJ, Perfetti CA, Schneider W. Cross-cultural effect on the brain revisited: universal structures
plus writing system variation. Human Brain Mapping. 2005; 25:92-104. DOI: 10.1002/hbm.20124
[PubMed: 15846818]

Brem S, Bach S, Kucian K, Guttorm TK, Martin E, Lyytinen H, Brandeis D, Richardson U. Brain
sensitivity to print emerges when children learn letter-speech sound correspondences. PNAS. 2010;
107:7939-44. DOI: 10.1073/pnas.0904402107 [PubMed: 20395549]

Brem S, Halder P, Bucher K, Summers P, Martin E, Brandeis D. Tuning of the visual word processing
system: distinct developmental ERP and fMRI effects. Human Brain Mapping. 2009; 30:1833-44.
DOI: 10.1002/hbm.20751 [PubMed: 19288464]

Brennan C, Cao F, Pedroarena-Leal N, Mcnorgan C, Booth JR. Reading acquisition reorganizes the
phonological awareness network only in alphabetic writing systems. Human Brain Mapping. 2013;
34:3354-3368. DOI: 10.1002/hbm.22147 [PubMed: 22815229]

Brett, M.; Valabregue, R.; Poline, J. Region of interest analysis using an SPM toolbox. 8th
International Conference on Functional Mapping of the Human Brain; 2002.

Burgund ED, Kang HC, Kelly JE, Buckner RL, Snyder AZ, Petersen SE, Schlaggar BL. The
Feasibility of a Common Stereotactic Space for Children and Adults in fMRI Studies of
Development. Neurolmage. 2002; 17:184-200. DOI: 10.1006/nimg.2002.1174 [PubMed:
12482076]

Chee MW, Tan EW, Thiel T. Mandarin and English single word processing studied with functional
magnetic resonance imaging. The Journal of Neuroscience. 1999; 19:3050-6. [PubMed: 10191322]

Cohen L, Dehaene S, Naccache L, Lehéricy S, Dehaene-Lambertz G, Hénaff MA, Michel F. The
visual word form area: spatial and temporal characterization of an initial stage of reading in normal
subjects and posterior split-brain patients. Brain. 2000; 123:291-307. [PubMed: 10648437]

Cohen L, Lehéricy S, Chochon F, Lemer C, Rivaud S, Dehaene S. Language-specific tuning of visual
cortex? Functional properties of the Visual Word Form Area. Brain. 2002; 125:1054-69. [PubMed:
11960895]

Dehaene, S. Reading in the Brain. Viking Adult; New York, NY: 2009.

Dehaene S, Cohen L. Cultural recycling of cortical maps. Neuron. 2007; 56:384-98. DOI: 10.1016/
j.neuron.2007.10.004 [PubMed: 17964253]

Dehaene S, Cohen L, Sigman M, Vinckier F. The neural code for written words: a proposal. Trends in
Cognitive Sciences. 2005; 9:335-41. DOI: 10.1016/j.tics.2005.05.004 [PubMed: 15951224]

Dehaene S, Jobert A, Naccache L, Ciuciu P, Poline JB, Le Bihan D, Cohen L. Letter binding and
invariant recognition of masked words: behavioral and neuroimaging evidence. Psychological
Science. 2004; 15:307-13. DOI: 10.1111/j.0956-7976.2004.00674.x [PubMed: 15102139]

Dehaene S, Naccache L, Cohen L, Bihan DL, Mangin JF, Poline JB, Riviére D. Cerebral mechanisms
of word masking and unconscious repetition priming. Nature Neuroscience. 2001; 4:752-8. DOI:
10.1038/89551 [PubMed: 11426233]

Dehaene S, Pegado F, Braga LW, Ventura P, Nunes Filho G, Jobert A, Dehaene-Lambertz G, Kolinsky
R, Morais J, Cohen L. How learning to read changes the cortical networks for vision and language.
Science. 2010; 330:1359-64. DOI: 10.1126/science.1194140 [PubMed: 21071632]

Ehri, LC. Phases of development in learning to read words. In: Oakhill, J.; Beard, R., editors. Reading
Development and the Teaching of Reading: A Psychological Perspective. Blackwell Science;
Oxford, England: 1999. p. 79-108.

Neuroimage. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krafnick et al.

Page 17

Evans TM, Flowers DL, Napoliello EM, Eden GF. Sex-specific gray matter volume differences in
females with developmental dyslexia. Brain Structure and Function. 2014; 219:1041-1054. DOI:
10.1007/s00429-013-0552-4 [PubMed: 23625146]

Frith, U. Beneath the surface of developmental dyslexia. In: Patterson, KE.; Marshall, JC.; Coltheart,
M., editors. Surface Dyslexia. Erlbaum; Hillsdale, NJ: 1985. p. 301-330.

Frith U. A developmental framework for developmental dyslexia. Annals of Dyslexia. 1986; 36:67-81.
DOI: 10.1007/BF02648022 [PubMed: 24243452]

Fu S, Chen Y, Smith S, Iversen S, Matthews PM. Effects of word form on brain processing of written
Chinese. Neurolmage. 2002; 17:1538-1548. DOI: 10.1006/nimg.2002.1155 [PubMed: 12414292]

Glezer LS, Jiang X, Riesenhuber M. Evidence for highly selective neuronal tuning to whole words in
the “visual word form area”. Neuron. 2009; 62:199-204. DOI: 10.1016/j.neuron.2009.03.017
[PubMed: 19409265]

Glezer LS, Kim J, Rule J, Jiang X, Riesenhuber M. Adding Words to the Brain’s Visual Dictionary:
Novel Word Learning Selectively Sharpens Orthographic Representations in the VWFA. Journal of
Neuroscience. 2015; 35:4965-4972. DOI: 10.1523/JNEUROSCI.4031-14.2015 [PubMed:
25810526]

Hu W, Lee HL, Zhang Q, Liu T, Geng LB, Seghier ML, Shakeshaft C, Twomey T, Green DW, Yang
YM, Price CJ. Developmental dyslexia in Chinese and English populations: dissociating the effect
of dyslexia from language differences. Brain. 2010; 133:1694-706. DOI: 10.1093/brain/awq106
[PubMed: 20488886]

Kang HC, Burgund ED, Lugar HM, Petersen SE, Schlaggar BL. Comparison of functional activation
foci in children and adults using a common stereotactic space. Neurolmage. 2003; 19:16-28. DOI:
10.1016/S1053-8119(03)00038-7 [PubMed: 12781724]

Kherif F, Josse G, Price CJ. Automatic top-down processing explains common left occipito-temporal
responses to visual words and objects. Cerebral Cortex. 2011; 21:103-14. DOI: 10.1093/cercor/
bhq063 [PubMed: 20413450]

Kronbichler M, Hutzler F, Wimmer H, Mair A, Staffen W, Ladurner G. The visual word form area and
the frequency with which words are encountered: evidence from a parametric fMRI study.
Neurolmage. 2004; 21:946-53. DOI: 10.1016/j.neurcimage.2003.10.021 [PubMed: 15006661]

Liu C, Zhang WT, Tang Y, Mai XQ, Chen HC, Tardif T, Luo YJ. The Visual Word Form Area:
evidence from an fMRI study of implicit processing of Chinese characters. Neurolmage. 2008;
40:1350-61. DOI: 10.1016/j.neuroimage.2007.10.014 [PubMed: 18272399]

Liu Y, Perfetti CA. The time course of brain activity in reading English and Chinese: an ERP study of
Chinese bilinguals. Human brain mapping. 2003; 18:167-75. DOI: 10.1002/hbm.10090 [PubMed:
12599274]

Maisog JM, Einbinder ER, Flowers DL, Turkeltaub PE, Eden GF. A meta-analysis of functional
neuroimaging studies of dyslexia. Annals of the New York Academy of Sciences. 2008; 1145:237—
59. DOI: 10.1196/annals.1416.024 [PubMed: 19076401]

Maldjian JA, Laurienti PJ, Burdette JH. Precentral gyrus discrepancy in electronic versions of the
Talairach atlas. Neurolmage. 2004; 21:450-455. DOI: 10.1016/j.neuroimage.2003.09.032
[PubMed: 14741682]

Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for neuroanatomic and
cytoarchitectonic atlas-based interrogation of fMRI data sets. Neurolmage. 2003; 19:1233-1239.
DOI: 10.1016/S1053-8119(03)00169-1 [PubMed: 12880848]

Mano QR, Humphries C, Desai RH, Seidenberg MS, Osmon DC, Stengel BC, Binder JR. The Role of
Left Occipitotemporal Cortex in Reading: Reconciling Stimulus, Task, and Lexicality Effects.
Cerebral Cortex. 2013; 23:988-1001. DOI: 10.1093/cercor/bhs093 [PubMed: 22505661]

Martin A, Schurz M, Kronbichler M, Richlan F. Reading in the Brain of Children and Adults: A Meta-
Analysis of 40 Functional Magnetic Resonance Imaging Studies. Human Brain Mapping. 2015;
36:1963-1981. DOI: 10.1002/hbm.22749 [PubMed: 25628041]

McCandliss BD, Cohen L, Dehaene S. The visual word form area: expertise for reading in the fusiform
gyrus. Trends in Cognitive Sciences. 2003; 7:293-299. DOI: 10.1016/S1364-6613(03)00134-7
[PubMed: 12860187]

Neuroimage. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krafnick et al.

Page 18

Moore MW, Durisko C, Perfetti CA, Fiez JA. Learning to read an alphabet of human faces produces
left-lateralized training effects in the fusiform gyrus. Journal of Cognitive Neuroscience. 2014;
26:896-913. DOI: 10.1162/jocn [PubMed: 24168219]

Nakamura K, Dehaene S, Jobert A, Le Bihan D, Kouider S. Subliminal convergence of Kanji and Kana
words: further evidence for functional parcellation of the posterior temporal cortex in visual word
perception. Journal of Cognitive Neuroscience. 2005; 17:954-68. DOI:
10.1162/0898929054021166 [PubMed: 15969912]

Nakamura K, Kuo W, Pegado F, Cohen L, Tzeng OJL. Universal brain systems for recognizing word
shapes and handwriting gestures during reading. PNAS. 2012; 109:20762-7. DOI: 10.1073/pnas.
1217749109 [PubMed: 23184998]

Nelson JR, Liu Y, Fiez J, Perfetti CA. Assimilation and accommodation patterns in ventral
occipitotemporal cortex in learning a second writing system. Human Brain Mapping. 2009;
30:810-20. DOI: 10.1002/hbm.20551 [PubMed: 18381767]

Olulade OA, Flowers DL, Napoliello EM, Eden GF. Developmental differences for word processing in
the ventral stream. Brain and Language. 2013a; 125:134-145. DOI: 10.1016/j.bandl.2012.04.003
[PubMed: 22564748]

Olulade OA, Flowers DL, Napoliello EM, Eden GF. Dyslexic children lack word selectivity gradients
in occipito-temporal and inferior frontal cortex. Neurolmage Clinical. 2015; 7:742-54. DOI:
10.1016/j.nicl.2015.02.013 [PubMed: 25844326]

Olulade OA, Napoliello EM, Eden GF. Abnormal Visual Motion Processing Is Not a Cause of
Dyslexia. Neuron. 2013b; 79:180-190. DOI: 10.1016/j.neuron.2013.05.002 [PubMed: 23746630]

Park J, Park DC, Polk TA. Investigating unique environmental contributions to the neural
representation of written words: A monozygotic twin study. PLoS ONE. 2012; 7:e31512.doi:
10.1371/journal.pone.0031512 [PubMed: 22347490]

Perfetti CA, Liu Y, Fiez J, Nelson J, Bolger DJ, Tan LH. Reading in two writing systems:
Accommodation and assimilation of the brain’s reading network. Bilingualism: Language and
Cognition. 2007; 10:131.doi: 10.1017/S1366728907002891

Perfetti CA, Tan LH. Write to read: the brain’s universal reading and writing network. Trends in
Cognitive Sciences. 2013; 17:56—7. DOI: 10.1016/j.tics.2012.12.008 [PubMed: 23357712]

Price CJ, Devlin JT. The myth of the visual word form area. Neurolmage. 2003; 19:473-481. DOI:
10.1016/S1053-8119(03)00084-3 [PubMed: 12880781]

Pugh KR, Mencl WE, Jenner AR, Katz L, Frost SJ, Lee JR, Shaywitz SE, Shaywitz BA. Functional
neuroimaging studies of reading and reading disability(developmental dyslexia). Mental
Retardation and Developmental Disabilities Research Reviews. 2000; 213:207-213. [PubMed:
10982498]

Pugh KR, Mencl WE, Jenner AR, Katz L, Frost SJ, Lee JR, Shaywitz SE, Shaywitz BA.
Neurobiological studies of reading and reading disability. Journal of Communication Disorders.
2001; 34:479-92. [PubMed: 11725860]

Richlan F, Kronbichler M, Wimmer H. Meta-analyzing brain dysfunctions in dyslexic children and
adults. Neurolmage. 2011; 56:1735-42. DOI: 10.1016/j.neuroimage.2011.02.040 [PubMed:
21338695]

Snodgrass JG, Vanderwart M. A standardized set of 260 pictures: norms for name agreement, image
agreement, familiarity, and visual complexity. Journal of Experimental Psychology: Human
Learning and Memory. 1980; 6:174-215. [PubMed: 7373248]

Szwed M, Dehaene S, Kleinschmidt A, Eger E, Valabrégue R, Amadon A, Cohen L. Specialization for
written words over objects in the visual cortex. Neurolmage. 2011; 56:330-44. DOI: 10.1016/
j.neuroimage.2011.01.073 [PubMed: 21296170]

Szwed M, Qiao E, Jobert A, Dehaene S, Cohen L. Effects of Literacy in Early Visual and
Occipitotemporal Areas of Chinese and French Readers. Journal of Cognitive Neuroscience. 2014,
26:459-475. DOI: 10.1162/jocn [PubMed: 24116838]

Talairach, J.; Tournoux, P. Co-planar Stereotaxic Atlas of the Human Brain: 3-Dimensional
Proportional System - an Approach to Cerebral Imaging. Thieme Medical Publishers; New York:
1988.

Neuroimage. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krafnick et al.

Page 19

Tan LH, Laird AR, Li K, Fox PT. Neuroanatomical correlates of phonological processing of Chinese
characters and alphabetic words: A meta-analysis. Human Brain Mapping. 2005a; 25:83-91. DOI:
10.1002/hbm.20134 [PubMed: 15846817]

Tan LH, Spinks JA, Eden GF, Perfetti CA, Siok WT. Reading depends on writing, in Chinese. PNAS.
2005b; 102:8781-5. DOI: 10.1073/pnas.0503523102 [PubMed: 15939871]

Turkeltaub PE, Flowers DL, Verbalis A, Miranda M, Gareau L, Eden GF. The neural basis of
hyperlexic reading: An fMRI case study. Neuron. 2004; 41:11-25. [PubMed: 14715131]

Turkeltaub PE, Gareau L, Flowers DL, Zeffiro TA, Eden GF. Development of neural mechanisms for
reading. Nature Neuroscience. 2003; 6:767—73. DOI: 10.1038/nn1065 [PubMed: 12754516]

van der Mark S, Bucher K, Maurer U, Schulz E, Brem S, Buckelmiiller J, Kronbichler M, Loenneker
T, Klaver P, Martin E, Brandeis D. Children with dyslexia lack multiple specializations along the
visual word-form (VWF) system. Neurolmage. 2009; 47:1940-9. DOI: 10.1016/j.neuroimage.
2009.05.021 [PubMed: 19446640]

Vogel AC, Petersen SE, Schlaggar BL. The Left Occipitotemporal Cortex Does Not Show Preferential
Activity for Words. Cerebral Cortex. 2012; 22:2715-1732. DOI: 10.1093/cercor/bhr295 [PubMed:
22235035]

Wang M, Perfetti CA, Liu Y. Chinese-English biliteracy acquisition: cross-language and writing
system transfer. Cognition. 2005; 97:67-88. DOI: 10.1016/j.cognition.2004.10.001 [PubMed:
16139587]

Wechsler, D. Wechsler Abbreviated Scale of Intelligence. Psychological Corporation; San Antonio:
1999.

Wilke M, Schmithorst VVJ, Holland SK. Assessment of spatial normalization of whole-brain magnetic
resonance images in children. Human Brain Mapping. 2002; 17:48- 60. DOI: 10.1002/hbm.10053
[PubMed: 12203688]

Wilke M, Schmithorst VVJ, Holland SK. Normative pediatric brain data for spatial normalization and
segmentation differs from standard adult data. Magnetic Resonance in Medicine. 2003; 50:749-
757. DOI: 10.1002/mrm.10606 [PubMed: 14523961]

Wong ACN, Jobard G, James KH, James TW, Gauthier |. Expertise with characters in alphabetic and
nonalphabetic writing systems engage overlapping occipito-temporal areas. Cognitive
Neuropsychology. 2009; 26:111-27. DOI: 10.1080/02643290802340972 [PubMed: 18759193]

Woodcock, RW. Woodcock Reading Mastery Tests-Revised. American Guidance Service; Circle Pines,
MN: 1987.

Xue G, Chen C, Jin Z, Dong Q. Cerebral asymmetry in the fusiform areas predicted the efficiency of
learning a new writing system. Journal of Cognitive Neuroscience. 2006a; 18:923-931. DOI:
10.1162/jocn.2006.18.6.923 [PubMed: 16839300]

Xue G, Chen C, Jin Z, Dong Q. Language experience shapes fusiform activation when processing a
logographic artificial language: An fMRI training study. Neurolmage. 2006b; 31:1315-1326. DOI:
10.1016/j.neuroimage.2005.11.055 [PubMed: 16644241]

Xue G, Poldrack RA. The neural substrates of visual perceptual learning of words: implications for the
visual word form area hypothesis. Journal of Cognitive Neuroscience. 2007; 19:1643-1655. DOI:
10.1162/jocn.2007.19.10.1643 [PubMed: 18271738]

Zhang HC, Wang XP. The Chinese version of the Raven’s Standard Progressive Matrices. 1985

Neuroimage. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Krafnick et al.

Page 20

Highlights
English and Chinese readers activate left OTC while reading their native script

Overlap of activation for English Words and Chinese Characters occurs in left
VWFA

Chinese readers show similar activation for characters and objects in left OTC

English readers show less activity to words than objects in left OTC
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Characters

/ Scrambled

L ,Characters

Character Run

Object Run Word Run

Figure 1. fMRI Paradigm and Stimuli
Schematic of example Object, Word, and Character stimuli from each type of run. Size and

proportions of the stimuli are not representative of the actual presentation during the study,
but are enlarged for visualization purposes. Alternating blocks of whole stimuli and
scrambled stimuli (two blocks of each per run) were presented with blocks of fixation in
between. Each subject had two runs of each stimulus type (six total), with one run beginning
with whole stimuli and the other run beginning with scrambled stimuli.
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Figure 2. Script Invariance: Maps for Whole-Brain Analysis in Chinese and English Readers
with Conjunction

Conjunction analysis result (whole brain) for Chinese Character processing in Chinese-
reading children (Chinese Characters vs. Fixation: green) and English Word processing in
English-reading children (English Words vs. Fixation: red). The conjunction of these is in
yellow. Analysis was conducted at the whole-brain level, and axial slices represent the z
coordinate of the peak location of the conjunction clusters (See Table 3).
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Figure 3. Native Script Reading Clusters (OTC Analysis)
Response to the native writing system in English-reading (A, red) and Chinese-reading

children (B, green) in the analysis restricted to OTC. Each panel shows axial slices from left
to right: z = -23, z= -18, z= -13, z= -8. Color bars represent the t statistic. Height threshold
p<0.001 for A and B. FWE cluster correction p<0.05 for A and B. English Word and
Chinese Character stimuli were contrasted with Fixation.
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English Words

English Readers

Chinese Readers

Figure 4. Script Invariance: Map for OTC Analysis with Conjunction
The conjunction null cluster generated in SPM for the analysis restricted to OTC showing

overlap (yellow) of the native script reading clusters identified in Figure 3 A and B. The
conjunction null test is an F test; the voxel threshold was set at 10 to identify only
substantial clusters.

Right Panel: For visualization purposes only, the PSC was extracted from the conjunction
cluster for English Words and Chinese Characters as well as their scrambled counterparts
(vs. Fixation). English Readers are in red, Chinese Readers are in green. Whole stimuli are
solid lines, and scrambled stimuli are dotted lines. Error bars represent standard error.

Neuroimage. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Krafnick et al.

0.35
0.3
0.25
0.2

0.05

% Signal Change vs. Fixation

-0.05
-0.1

English Readers: Native Cluster

Page 25

Chinese Readers: Native Cluster

0.15
0.1

0.35
e 03
L
) T 025
X
w
: ¢ 0.2 1 T
g 0.15
c
s 01
2 005 ---__;[.-——"'
3 0
* 005
-0.1
English Words Chinese Characters Objects English Words Chinese Characters Objects

e \\\hOle ~@= @= o Scrambled

e \\hOle = @= ¢ Scrambled

Figure 5. Percent Signal Change in Native Script Reading Clusters for all Stimuli Relative to
Fixation

For visualization purposes, PSC is shown for the three stimuli (English Words, Chinese
Characters, and Objects- solid lines) and their scrambled counterparts (dotted lines) relative
to Fixation. The signal change was extracted for each group of children from their respective
native script reading clusters. English Readers are in red, Chinese Readers are in green.
Error bars represent standard error.
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Table 1

Subject Demographics

English Readers (n=17) Chinese Readers (n=17) P value

Male/Female 7:10 6:11 0.734
Age in Years (s.d.) 7.3(0.3) 7.1(0.4) 0.063
Single Word Reading (s.d) 119 (6.5)

Character Reading (max = 200; s.d.) 108 (23.4) e
Matrix Reasoning (s.d.) 115 (11.9) 116 (7.4) 0.796

Measures of Single Word Reading and Matrix Reasoning are standard scores, meaning the average score is 100 with a standard deviation of 15.
Single Word Reading was assessed in the English-reading children using the Woodcock Reading Mastery Test-Revised Word Identification subtest.

Character Reading is based on aloud reading of the Beijing Graded Reading Test which includes 200 characters taught during 15t through 3rd grade
in Beijing. For Matrix Reasoning, the English-reading children’s scores are from the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999),
and the Chinese-reading children’s scores are from Raven’s Standard Progressive Matrices (£hang and Wang, 1985
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In-Scanner Behavior

Table 2

Accuracy: % Correct (s.d.)

English Readers

Chinese Readers

Words

Scrambled Words
Characters
Scrambled Characters
Objects

Scrambled Objects
All Stimuli

Reaction Time: ms (s.d.)

Words

Scrambled Words
Characters
Scrambled Characters
Objects

Scrambled Objects
All Stimuli

98.4 (1.8)
98.4 (2.0)
96.0 (4.4)
97.0 (2.4)
96.3 (3.0)
97.6 (2.6)
97.3 (2.5)

613.49 (125.19)
620.22 (110.15)
659.92 (120.64)
625.63 (115.10)
658.09 (116.43)
645.03 (128.02)
638.03 (121.40)

97.3(3.8)
97.2 (5.6)
96.9 (3.6)
96.8 (3.7)
934 (5.2)
94.6 (5.8)
96.0 (4.5)

851.53 (141.06)
829.67 (112.45)
855.91 (128.86)
841.74 (101.55)
924.79 (119.91)
937.22 (101.09)
873.38 (140.08)
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