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Abstract

Efficient integration of grapheme and phoneme is crucial for reading development
in alphabetic languages, and superior temporal cortex (STC) has been demonstrated
to be the most critical region for this process. To determine whether a similar
neural mechanism underlies such processing in non-alphabetic languages, and to
explore its relationship with reading, we conducted a functional magnetic resonance
imaging study in typically developing Chinese children. Highly frequent
pictographic characters and pinyin, a transparent alphabetic coding system that
assists individuals to learn the pronunciation of new characters were investigated.
In support of the orthographic depth hypothesis developed in alphabetic languages,
reverse congruency effect (i.e., higher activation in incongruent condition compared
to congruent condition) was identified in the left inferior frontal gyrus (IFG) and
bilateral STC for character (deep orthography) conditions. Furthermore, correlation
analysis revealed that the congruency contrast in the left IFG was associated with
proficiency in reading comprehension and morphological awareness, suggesting
reading-related semantic access during the implicit integration of multisensory
information regarding characters. For pinyin (shallow orthography) conditions,
while no regions showed a significant congruency effect at the group level in either
direction, the congruency contrast in the left superior temporal gyrus was positively
correlated with oral reading performance. This observation is consistent with
findings in transparent scripts on reading disorders. Taken together, these results

support and generalize the orthographic depth hypothesis to a logographic
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language, highlight the role of the left IFG in character-syllable integration, and
underscore the role pinyin could play in developing fluent reading in Chinese

children.

Keywords

Audiovisual integration, character, fMRI, pinyin, Chinese reading development

Highlights

The left IFG and bilateral STC are involved in audiovisual integration of

characters.

e The congruency contrast in the left IFG in response to characters corresponds to
semantic access.

e The congruency contrast in the left STG in response to pinyin is correlated with
print-to-sound mapping.

e These findings support the orthographic depth hypothesis in a nonalphabetic

language.

e The results imply a close link between pinyin and Chinese reading acquisition.
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1. Introduction

Audiovisual integration of print and speech sound is a prerequisite for successful
reading acquisition (Blomert & Froyen, 2010; Richlan, 2019). Behavioral and
neurofunctional evidence has revealed that the lack of automatic print-to-sound
integration uniquely accounts for the reading failure in shallow orthographies
beyond commonly reported reading-related cognitive-linguistic skills, such as
phonological awareness (PA) (Bakos, Landerl, Bartling, Schulte-Kérne, & Moll,

2017; Blau et al., 2010; Leo Blomert & Willems, 2010).

Better knowledge of the neural basis underlying audiovisual integration can
further our understanding of how this process contributes to (a)typical reading
development and provide objective training targets and evaluation indices for
children with reading disorders (RD). To achieve this goal, neuroimaging
techniques, especially functional magnetic resonance imaging (fMRI), have been
widely applied in the past two decades. Across these studies, distinguishable brain
responses to congruent versus incongruent audiovisual stimulus pairs have been
demonstrated to be the most reliable measure of multisensory integration and have
been named the ‘congruency effect’ (Blau et al., 2010; Blau, van Atteveldt, Ekkebus,
Goebel, & Blomert, 2009; Holloway, van Atteveldt, Blomert, & Ansari, 2015; van
Atteveldt, Formisano, Goebel, & Blomert, 2004; van Atteveldt, Formisano, Goebel,
& Blomert, 2007). For example, in a pioneering study by van Atteveldt et al. (2004),

superior temporal cortex (STC) showed a stronger activation in congruent than in
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89 incongruent conditions. Furthermore, while the involvement of STC in the

90 audiovisual integration of print and speech sound has been replicated regardless of
91 the level of processing (e.g., phoneme, syllable, or whole word) (Kast, Bezzola,

92 Jancke, & Meyer, 2011; Mcnorgan, Randazzo-Wagner, & Booth, 2013), researchers
93 also found that the direction of the effect and the area displaying such effect are

94 influenced by multiple factors, where orthographic depth was an important one

95 (Holloway et al., 2015; Xu, Kolozsvari, Monto, & Hamélainen, 2018).

96 Orthographic depth refers to the consistency of mapping between visual and
97  phonological forms in a writing system (e.g., grapheme-phoneme correspondence in
98 alphabetic languages, GPC hereafter). The orthographic depth hypothesis would
99  suggest that the congruency effect during audiovisual integration is in a direction
100 that is associated with the consistency of GPC. In support of this, researchers have
101 found that native speakers of English (deep orthography) showed a reverse
102  congruency effect (aka incongruency effect, higher activation for incongruent
103  condition), whereas there is a congruency effect (higher activation for congruent
104  condition) observed in Dutch (shallow orthography) (Holloway et al., 2015). More
105 1importantly, when the same English-speaking participants processed digits, where
106 there is one-to-one mapping, the effect became positive. Although the conclusion is
107  clear, these findings are restricted to alphabetic languages. In order to broaden the

108 applicability of this hypothesis, research in non-alphabetic languages is necessary.

109 Chinese is particularly suited to for answer this question, given its

110 logographic nature and extremely deep orthography. In general, character is the
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basic graphic unit. While different characters may share the same pronunciation
(i.e., homophones), a single character can also have multiple sounds (i.e.,
polyphone). Therefore, the link between print (character) and speech sound
(syllable) is quite opaque. According to the orthographic depth hypothesis, a reverse
congruency effect should be observed. Moreover, since grapho-semantic
correspondence is more systematic in Chinese and plays a role equal to or even
more important than phonological processing in Chinese reading acquisition (Liu et
al., 2017; Ruan, Georgiou, Song, Li, & Shu, 2018; Yang, Shu, McCandliss, & Zevin,
2012), additional regions such as the inferior and middle frontal cortex known to be
involved in semantic processing may be recruited (Wu, Ho, & Chen, 2012; Zhao et
al., 2014). Recently, Xu et al., (2019) conducted a magnetoencephalography (MEG)
study with an one-back task in Chinese adults and identified a reverse congruency
effect across the left frontal cortex and STC. However, some limitations need to be
considered, including small sample size (n = 12), using flat tone speech sounds that
do not exactly correspond to any character, and source reconstruction accuracy of
MEG. Moreover, in experienced readers, audiovisual integration of characters and
corresponding sound is fully automated. Thus, in addition to address these issues,
an important follow-up question should be neurofunctional features of this process
in developing populations. Against this background, the first aim of the current
study is to determine whether there is a cross-modal process supported by STC as
well as other brain areas associated with integrating characters and speech sounds

in typically developing Chinese children.
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Of note, learning to read in Chinese is a longer process than learning most
alphabetic languages (Shu, Chen, Anderson, Wu, & Xuan, 2003). At the very
beginning stage, a small set of pictographic characters that are used as radicals in
composite characters are taught first, since more than 80% of Chinese characters
are phonograms that comprise semantic and phonetic radicals (Chan & Siegel,
2001). Given its important role, in this study, we specifically focused on these early-
acquired single-element characters. Importantly, because pictographic characters do
not contain radicals as phonological/semantic cues, the mapping between visual and
sound/meaning is direct and completely arbitrary. Moreover, Chinese offers a
valuable opportunity to examine the orthographic depth hypothesis using two
different scripts in the same brain. Pinyin is a Roman alphabetic system used to
represent the sound of characters in Mainland China and Singapore. A child will
learn pinyin first and then use it to assist in conquering the pronunciation of new
characters (Guan, Liu, Chan, Ye, & Perfetti, 2011; Yan, Miller, Li, & Shu, 2008). In
other words, it is more like a scaffold during reading acquisition. Since pinyin
borrows letters from English and has one-to-one mappings with speech sounds
(phonemes), it is reasonable to predict a similar activation pattern in response to
audiovisual stimulus pairs in pinyin and in transparent orthographies. Therefore,
we included pinyin in this study additionally to further examine the orthographic

depth hypothesis.

Finally, in addition to examining the congruency effect at the group level,

understanding multisensory integration in relation to individual heterogeneity in
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reading is important. However, until now, the majority of research has been done by
comparing children with RD with their typical peers (e.g., Blau et al., 2010; Blau et
al., 2009; Plewko et al., 2018), leaving the brain-reading relationship in typically
developing children underexplored. Therefore, we additionally adopted an
individual differences approach to evaluate reading abilities and cognitive-linguistic
skills in an effect to shed light on whether and how neural circuitries link

multisensory integration of character/pinyin with typical reading acquisition.

2. Materials and Methods

2.1. Participants

Thirty children (20 girls; age 111 ~ 140 months, M = 127) were included in this
study. They were selected from the initial sample of 55 typical children according to
the following inclusion criteria: (a) native speaker of Chinese, (b) right-handed
(Oldfield, 1971), (c) normal audition and normal or corrected-to-normal vision, (d)
full-scale intelligence quotient (IQ) > 85, (e) no history of neurological or psychiatric
disorders, (f) typical reading (no less than 1 SD below the norm average in the
reading screening task Character Recognition) (Xue, Shu, Li, Li, & Tian, 2013), (g)
completed all four task scans, (h) accurate response rate (ACC) for each run > 75%,
(1) no more than 17 (25%) ‘bad’ volumes in each run (see fMRI preprocessing). These
children learned pinyin formally in the first half of the semester in the 1st grade,
before learning characters. All the children and their parents/guardians were

informed about the aim and content of the study and signed written consent before
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the experiment was conducted. All the behavioral and neuroimaging data were
collected in 2018. This study received ethical approval from the Institutional Review
Board of State Key Laboratory of Cognitive Neuroscience and Learning at Beijing

Normal University.

2.2. Behavior measures

Each child received testing individually in a silent booth. IQ was measured by the
abbreviated version of the Chinese Wechsler Intelligence Scale for Children (WISC-
CR) (Wechsler, 1974): Information, Similarities, and Digit Span subtests were used
to estimate verbal 1Q and Picture Completion, Block Design, and Coding subtests

were used to evaluate performance 1Q.

A set of neuropsychological tasks was used to measure children’s reading and
reading-related cognitive-linguistic skills. In brief, as Character Recognition has
been used in previous studies for identifying Chinese dyslexic children (Cui, Xia, Su,
Shu, & Gong, 2016; Xia, Hoeft, Zhang, & Shu, 2016), we used it here for the
screening aim. Word List Reading and Silent Reading Comprehension were used to
measure oral reading fluency and reading comprehension proficiency, respectively.
The former task relies more on grapho-to-phonological access, while the latter relies
more on grapho-to-semantic processing (Xia et al., 2018). Lastly, tasks Phoneme
Deletion, Digit RAN, and Morphological Production tasks were used to measure PA,
RAN, and morphological awareness (MA), which are the most important cognitive-

linguistic skills for reading development in Chinese (Lei et al., 2011).
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197 Character Recognition is a standardized test for estimating the number of
198 characters that the child has learned. It consists of 150 characters selected from
199 textbooks for grades 1-6 (Xue et al., 2013). The characters are arranged in the order
200 according to the grade on 10 sheets of A4 paper. During the task, the participant is
201 asked to name the characters in sequence until they fail in all 15 items on one page.
202  Each correct answer is worth 1 point, and the full mark is 150. No time limit was

203 applied.

204 Word List Reading consists of 180 high-frequency two-character words

205 (Zhang et al., 2012). These words are arranged in a 9-column by 20-row matrix in a
206  sheet of A4 paper. The participant is required to read words aloud in a left-to-right,
207  up-to-down order as accurately and quickly as possible. The time used to complete
208 the task is recorded, and an index referring to the number of words the participant

209 read correctly per minute is calculated as the final score.

210 Silent Reading Comprehension includes 100 sentences/paragraphs (Lei et al.,
211  2011). The items are arranged in order based on length. The participant is

212  requested to read each sentence/paragraph silently and decide the correctness of the
213 meaning with mark of v or X as fast as possible within 3 minutes. The sum of the
214  characters in sentences with correct responses is calculated. The final score

215 indicates the number of characters the participant read in one minute.

216 Phoneme Deletion is used to assess PA (Li, Shu, McBride-Chang, Liu, &

217 Peng, 2012). This task includes three sections, and the participant is asked to delete
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218 the initial, middle, or final sound from orally presented syllables. Each section
219  consists of 3 practice trials and 8-10 testing items. In particular, the participant is
220 asked to pronounce what is left when a phoneme (consonant/vowel) is deleted from a

221  given syllable. One correct response is worth 1 point, and the total possible score is

222 28

223 Digit RAN requires the participant to name 50 one-digit numbers on a card
224  as accurately and rapidly as possible (Liu et al., 2017). Numbers 1, 2, 3, 5, and 8
225  repeat five times and arrange randomly in a 5-column by 10-row matrix. The task is
226 administrated twice, and the average time the participant completes the task is

227  used as the final score.

228 Morphological Production is used to measure MA at the character level (Shu,
229  McBride-Chang, Wu, & Liu, 2006). In each trial, a character is orally presented in a
230  word to the participant. The participant has to respond with two new words. In one
231  word the given character retains the same meaning as that in the original case,

232  while in the other word the meaning of the character should be different. This task

233  contains 15 characters, with a full mark of 30.

234  2.3. Stimuli and experimental design

235 In this study, we investigated neurofunctional correlates underlying audiovisual
236  integration in both characters and pinyin. In the character conditions, the stimuli
237  were visually presented characters and their speech sounds (Figure 1A). Fifty-six

238  highly frequent pictographic characters were selected (Chinese Single-Character
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Word Database; https://blclab.org/pyscholinguistic-norms-database/). All the
characters are simple and taught early. In the experiment, visual stimuli were
white characters displayed in ‘KaiT?i’ font and 96 pt at the center of a black
background. The speech sounds were recorded from a native Chinese male with a
sampling rate of 44.1 kHz and 16-bit quantization. The audio files were normalized
to 85 dB and then edited with a bandpass (100-4000 Hz) filter with Audacity
(https://'www.audacityteam.org/). The average duration of all sounds is 476.3 (+87.5)
ms, without pre- or post-silence. All the speech sounds can be correctly recognized
easily. For the pinyin conditions, the visual stimuli were the pinyin spelling of the
characters (in white, ‘Century Schoolbook’ font, and 90 pt), while the auditory

stimuli were the same as character conditions (Figure 1B).

The fMRI procedure was adapted from Blau et al. (2010) (Figure 1C). A
block design was used with four conditions in each type of material: auditory-only
(Aud), visual-only (Vis), audiovisual congruent (avC) and audiovisual incongruent
(avl). The visual and auditory stimuli were presented simultaneously in the
bimodal conditions. The entire experiment contained 4 functional runs, while the
character and pinyin stimuli were presented in separate ones. To prevent character
stimuli driving lexical access in pinyin processing, pinyin experiment was always
conducted first. Each run included 8 experimental blocks (duration 20.8 s) with each
condition replicated twice and interleaved with 9 rest blocks (duration 20.8 s). In
each experimental block, there were 4 miniblocks. Each miniblock consisted of a

1.5-s brain volume acquisition and a 3.7-s silence (i.e., delay, see image acquisition
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part) during which 4 trials of stimuli were presented. The order of the stimuli and
conditions were pseudorandomized. Considering the age of participants, an
irrelevant perceptual cover task was used to have children maintaining their
attention on stimuli during scanning. Compared to the active matching task, a
simple task unrelated to the process of interest will not change the automatic
response pattern during the audiovisual integration (Blau et al., 2010; van
Atteveldt et al., 2007). The participant was asked to press the button with the index
finger of right hand accurately and quickly whenever the auditory (440 Hz pure
tone) and/or visual (an unpronounceable symbol) targets appeared (Figure 1D).
Only the one with an accurate rate equal to or above 75% in each run was included
in the present study. To ensure that the child understood the task correctly, two
practice sessions were administered, one outside the scanner and the other just

before the first fMRI session inside the scanner.

2.4. Image acquisition

A 3-Tesla Siemens MAGNETOM Trio Tim scanner in Imaging Center for Brain
Research at Beijing Normal University was used to collect all the images with a 12-
channel head coil. In each child, 4 T2" sensitive gradient echo planar imaging
sequences were collected with the following parameters: repetition time (TR) = 5200
ms, echo time = 32 ms, delay in TR = 3700 ms, flip angle = 90 degrees, slice
thickness = 4.5 mm, voxel size = 3.0 X 3.0 X 4.5 mm?3, interscan gap = 0.675 mm,
number of slices = 24, number of volumes = 68, and time of acquisition = 5 minutes

and 54 s. Of note, this sparse sampling method provides a 3.7-s period of silence for
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stimuli presentation. Such a design is recommended for fMRI experiments on the
auditory cortex (Shah et al., 2000). In addition, a high-resolution whole-brain T1-
weighted structural image (magnetization-prepared rapid acquisition with gradient
echo, TR = 2530 ms, echo time = 3.39 ms, inversion time = 1100 ms, flip angle =7
degrees, slice thickness = 1.33 mm, voxel size = 1.33 X 1.0 X 1.33 mm3, number of
axial slices = 144, and time of acquisition = 8 minutes and 7 s) was collected. Prior
to the formal scan, children were informed about the experimental procedure,
familiarized with the noise of MRI sequences, and trained to hold still. Foam pads
were used to help reduce head motion during scanning. A radiologist blind to the

details of the study reviewed all the images to ascertain any pathological deviations.

2.5. fMRI preprocessing

Preprocessing of images was conducted with SPM12 (Wellcome Department of
Cognitive Neurology, London, UK, http://www.fil.ion.ucl), including: (a) discarding
the first 4 volumes to avoid T1 equilibration effect, (b) head motion correction
(realign), (c) slice-time correction, (d) ART-based outlier detection (a ‘bad’ brain
volume was defined as intensity > 9 SD or frame-to-frame head motion > 2 mm;
https://www.nitrc.org/projects/artifact_detect), (e) T1 image segmentation, (f)
normalization to the standard template in MNI (Montreal Neurological Institute)
space, and (g) smoothing with an 8-mm full-width at half-maximum Gaussian
kernel. In the subject level, each condition was modeled with a generalized linear

model. Parameters referring to ‘bad’ volumes and head motion were included in the
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model to remove the effect of nuisance covariates. Then, we calculated brain map of

the congruency contrast (avC-avl), which was used in the subsequent analyses.

2.6. Statistical analyses

Descriptive statistics of demographic and behavioral measures were conducted first,
followed by correlations between reading and cognitive-linguistic skills. Then, we
evaluated in-scanner task performance. In this study, we defined an accurate
response as a button press to the target(s) with a reaction time (RT) between 200
and 2000 ms. The average reaction time was calculated for correct responses. ACC

and RT were compared across runs.

In the brain analysis, to identify regions showing congruency effect in
character processing, one sample ¢-tests were conducted with individual contrast
maps of congruency (i.e., congruent minus incongruent conditions). To avoid results
produced by differences in de-activation, the neurobiological basis of which remains
unknown, we focused on brain areas showing activation in at least one multisensory
condition (p-voxel < 0.001, uncorrected). A threshold of p-voxel < 0.001, FWE
corrected p-cluster < 0.05 was used to identify significant clusters. These areas were
then used as regions-of-interest (ROIs) to explore the relationship between the
multisensory integration of characters with children’s oral reading fluency and
reading comprehension proficiency. Nuisance variables of age, sex and performance
I1Q were controlled statistically. Bonferroni corrected p < 0.05 was used to address

multiple comparison errors. For regions showing a significant relationship with
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reading, we additionally investigated whether congruent or incongruent condition
significantly contributed to the correlation, as well as calculated the correlation
between the congruency contrast with PA, RAN and MA, to reveal the cognitive-
linguistic component that was most likely involved in the integration. Finally, we
conducted voxel-wise whole-brain correlation as the complementary approach. All

the analysis steps were replicated for pinyin conditions.

Brain results were presented over a surface template (smoothed ICBM152)
with BrainNet Viewer (Xia, Wang, & He, 2013). Significant clusters were reported
in MNI coordinates, and corresponding brain regions were localized and reported
with the AAL atlas implemented in DPABI (http://rfmri.org/dpabi). Behavioral
analysis and ROI analysis were performed with SPSS Statistics version 24 (SPSS

Inc., Chicago, IL, USA).

3. Results

3.1. Behavioral and in-scanner performance

Descriptive statistics of demographics, cognitive-linguistic and reading skills, and
in-scanner task performances are presented in Table 1. Positive correlations were
observed between all reading measures (p’s < 0.05). Regarding the relation with
cognitive-linguistic skills, Word List Reading was associated with Digit RAN (r = -
0.425, p = 0.019), but not with Phoneme Deletion (r = 0.182, p = 0.336) or
Morphological Production (r = 0.341, p = 0.065). In contrast, Silent Reading

Comprehension was correlated with morphological production (r = 0.542, p = 0.002),
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but not with Phoneme Deletion (r = -0.060, p = 0.754) or Digit RAN (r =-0.077, p =
0.686). This pattern indicates that in typically developing Chinese children who
have received formal reading instruction for approximately 4 years, fluent oral
reading necessitates print-to-sound mapping, while proficient reading

comprehension relies more heavily on semantic processing.

Regarding the in-scanner cover task, all children performed well (ACC: M
[SD] = 96.7% [2.8], RT: M [SD] = 505 [68] ms). There were no significant differences
mn ACC (F=0.29, p=0.836) or RT (F = 2.59, p = 0.058) across runs, indicating that
participants focused their attention on incoming stimuli during the entire scan

session.

3.2. Brain results: character

In the voxel-wise whole-brain analysis, a significantly reverse congruency effect
(avC < avl) was found in left IFG (peak MNI -48 16 18) and bilateral STC (peak
MNI, left: -54 32 0, right: 58 -20 0; Figure 2A and B, Table 2) at a FWE corrected
threshold of p-cluster < 0.05. We defined these clusters as ROIs to further explore
their relationship with reading and found that the congruency contrast in the left
IFG was positively associated with reading comprehension proficiency (Bonferroni
corrected p < 0.05; Figure 2C and D), i.e., the greater the avC > avl, the better the
reading comprehension. The same positive correlation was also found between
congruency contrast and MA (Bonferroni corrected p < 0.05; Figure 2E), i.e., the

greater the avC > avl, the better the MA. Interestingly, while the congruency-
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comprehension correlation was driven by individual differences in activation in the
incongruent condition (avC: r = 0.164, p = 0.413; avl: r = -0.547, p = 0.003), no
significant correlation was found between MA and activation in either avC (r =
0.326, p = 0.097) or avl condition (r = -0.210, p = 0.292). Finally, complementary
voxel-wise whole-brain correlation analysis revealed that reading comprehension
positively correlated with congruency contrast in the left IFG and inferior parietal
lobule (IPL) at a FWE corrected threshold of p-cluster < 0.05 (Figure 3, Table 2).
In line with the above analyses, such relationships were driven by the negative
correlation between reading and activation in the incongruent condition. Moreover,
congruency-MA correlations in both regions were significant (left IFG: r = 0.593, p =
0.001; left IPL: r = 0.573, p = 0.002). No additional regions were identified in whole-

brain regression for oral reading fluency.

3.3. Brain results: pinyin

Unexpectedly, no regions showed a significant congruency effect when the whole
brain analysis was performed across the entire group. However, voxel-wise
correlation analysis revealed that oral reading fluency positively correlated with the
congruency contrasts (avC-avl) in left STG (peak MNI -56 -36 14) (FWE corrected p-
cluster < 0.05; Figure 4A and B, Table 2). ROI analysis revealed that this
relationship was driven more by the avC condition (r = 0.399, p = 0.039), but not the
avl condition (r = -0.277, p = 0.162). No significant correlations were found between
congruency contrasts and cognitive-linguistic skills. Finally, complementary

analyses was performed by dividing participants into three groups based on their
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oral word fluency (good [n = 8]: standardized score > 1, average [n = 10]: 0 <
standardized score < 1, and poor [n = 12]: standardized score < 0). Positive
congruency (avC > avl) were found in all eight children in the good group (¢t = 5.753,
p <0.001; Figure 4C, Table S1), while negative patterns (avC < avl) were
observed in 10/12 children with poor reading fluency (¢ = -3.635, p = 0.004). No

significant effect existed in the average group (¢t = 0.345, p = 0.738).

4. Discussion

Establishing efficient print-to-sound mapping is essential for successful reading
acquisition (Blomert, 2011; Richlan, 2019). In alphabetic languages, the congruency
effect during audiovisual integration has repeatedly been observed in STC, while
the direction of effect is influenced by orthographic depth. Against the background
that the vast majority of research is restricted to alphabetic scripts, the present
study investigated the neurofunctional basis underlying audiovisual integration of
characters (deep orthography) and pinyin (transparent alphabetic coding system) in
typically developing Chinese children for the first time. The results in both scripts
are in line with predictions according to the orthographic depth hypothesis,
supporting a universal principle underlying the neural mechanism of audiovisual
integration of print and speech sound across languages. Moreover, we ascertained
that left IFG links multisensory integration of characters and reading

comprehension proficiency through automatic semantic access, while left STG links
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409 multisensory integration of pinyin and oral reading fluency possibly through a

410 shared common mechanism of grapho-phonological mapping.

411  4.1. Left IFG and bilateral STC are involved in implicit integration of

412 multisensory information about Chinese characters

413 To date, various neuroimaging tools have been used to explore neural mechanisms
414  underlying audiovisual integration of print and speech sound. Techniques such as
415  electroencephalogram (EEG) and MEG have been used to focus on the temporal
416  dimension (Froyen, van Atteveldt, & Blomert, 2010; Froyen, Van Atteveldt, Bonte,
417 & Blomert, 2008; Froyen, Bonte, van Atteveldt, & Blomert, 2009; Raij, Uutela, &
418 Hari, 2000; Xu et al., 2019). These studies demonstrated that such integration is
419 preconscious in expert reading, which is reflected in a component of mismatch

420 negativity/response. On the other hand, fMRI research provides greater information
421  about spatial localization. These studies repeatedly observed difference in brain
422  responses to audiovisual congruent versus incongruent stimulus pairs in STC that
423  mainly consists of superior temporal gyrus and sulcus (van Atteveldt et al., 2004;
424  van Atteveldt, Formisano, Blomert, & Goebel, 2007). Importantly, such a

425  congruency effect has been confirmed in passive and irrelevant paradigms,

426  pinpointing the automatic nature of this effect (Blau et al., 2010; van Atteveldt et
427  al., 2007). Furthermore, this effect is modulated by linguistic features (Holloway et
428 al., 2015), and is associated with individual characteristics such as reading (Blau et

429 al., 2010; Blau et al., 2009; Karipidis et al., 2018).
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430 Consistency of mapping between grapheme and phoneme is an important
431 feature in alphabetic languages. Differences in the directionality of the effect and
432  Dbrain regions that show this effect have been found between languages with varying
433  orthographic depth (Blomert & Froyen, 2010; Holloway et al., 2015). In particular,
434  greater activation in congruent condition compared with incongruent condition is
435 more consistently reported in transparent scripts, while the opposite pattern is
436  observed in opaque scripts. Chinese is a logographic language with an extremely
437  deep orthography. Therefore, a reverse congruency effect can be expected based on
438 the orthographic depth hypothesis. In support of this idea, the present study

439 revealed three regions that showed a significantly reverse congruency effect,

440 including STC in both hemispheres, which have been repeatedly reported in

441  previous audiovisual integration studies. Moreover, deep orthography is not the
442  only linguistic feature that matters. Chinese is a morpheme-based language in
443  which semantic information is deeply involved, even at the basic character level.
444  That is, in addition to grapho-phonological mapping, semantic access is an equally
445 1important aspect of reading (Bi, Han, Weekes, & Shu, 2007; Dang, Zhang, Wang, &
446  Yang, 2018; Liu et al., 2017; Ruan et al., 2018; Yang et al., 2012). In the current
447  study, the left IFG displayed a significantly incongruency effect, suggesting that
448  this region is associated with multisensory integration. More importantly, such an
449  effect is strongly associated with reading comprehension proficiency as well as

450  morphological processing. In previous research, frontal region has also been

451 reported, but along with a broad bilateral fronto-parietal network. Its functional
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452  role was proposed as task related top-down modulation (van Atteveldt et al., 2007)
453  or implicit domain-general conflict detection and resolution (Holloway et al., 2015).
454  Recently, a reverse congruency effect was observed in frontal cortex in experienced
455 readers in Chinese, a non-alphabetic language, with MEG (Xu et al., 2019). Here,
456  we not only replicate such finding in a developmental population in Chinese with
457  fMRI, but further demonstrates the role of left IFG in the implicit audiovisual

458 integration of character is domain-specific and the information automatically

459  processed in this region corresponds to semantics.

460 In addition to left IFG, one more region displayed significant correlation

461 Dbetween congruency contrast and reading skills. In particular, congruency contrasts
462 in the left IPL were positively associated with reading comprehension proficiency
463 and morphological processing but not with oral reading fluency, phonological

464  processing or naming speed. This finding is in line with the role of this region in
465 semantic processing (Binder & Desai, 2011; Wang, Zhao, Zevin, & Yang, 2016). The
466 left IPL has not been identified to be associated with audiovisual integration

467  previously, however a recent training study revealed that this region was involved
468 in the acquisition of novel grapho-phonological mapping (Xu, Kolozsvari,

469 Oostenveld, & Hamalainen, 2020). Based on our and previous findings, it is

470 reasonable to suggest that the functional role of a region in audiovisual integration

471  1is influenced by the linguistic features in the given language.

472 Taken together, these findings indicate that typically developing children in

473 upper elementary grades integrate high frequency characters and corresponding
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speech sounds implicitly. Moreover, the linguistic features of Chinese writing
system drive the precise neural manifestation of the congruency effect, in line with
previous literature, supporting the notion that while the general neural circuit for
reading is universal, linguistic features in a given language introduce different
demands for specific cognitive components (Bolger, Perfetti, & Schneider, 2005;

Rueckl et al., 2015).

4.2, Left STG links implicit print-to-sound integration of pinyin with fluent

oral reading

Well-established print-to-sound mapping is essential for learning to read (Blomert,
2011; Richlan, 2019). While letter knowledge is one of the most important
prerequisites in alphabetic languages, pinyin — a transparent phonological coding
system plays a scaffolding role at the initial stage in Chinese reading acquisition.
Therefore, the present study, on the one hand utilizes a unique opportunity to
examine the orthographic depth hypothesis with both deep and shallow
orthographies in one language. On the other hand, it provides information that

helps illustrate the role of pinyin in developing fluent reading ability.

First, as proposed by the orthographic depth hypothesis, scripts with
transparent GPC should show a stronger brain activation in congruent condition
compared to incongruent condition in STC. At first glance, no significant
congruency effect was observed across the entire group. However, by grouping the

participants based on oral reading abilities, a clear pattern appeared in the left
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495  STG. In particular, all the children in the better fluency group showed higher

496 activation in congruent versus incongruent conditions, similar to that observed in
497  shallow orthographies (van Atteveldt et al., 2004). Moreover, average readers

498 showed less congruency, while almost all below-average readers displayed a

499 negative pattern. This is in line with studies in individuals with RD in these

500 languages, where a less congruency effect was found (Blau et al., 2010; Blau et al.,
501  2009). In terms of the brain region, the left STG is the central area that represents
502  phonological information (Boets et al., 2013; Glezer et al., 2016). Its activation and
503 connection patterns are known to change when learning visual-sound mappings
504 (Dehaene et al., 2010; Li, Xu, Luo, Zeng, & Han, 2020; Thiebaut de Schotten, Cohen,
505 Amemiya, Braga, & Dehaene, 2014), which can further scaffold later reading

506 development (Wang, Joanisse, & Booth, 2019). It should be noted that the current
507  conclusion can only be made for typical readers since these below-average children
508 performed less well in the oral word reading task but were not classified as having

509 RD.

510 In addition to supporting the orthographic depth hypothesis, the significant
511  correlation between congruency contrasts in the left STG to audiovisual stimulus
512  pairs of pinyin with oral reading fluency may imply that learning pinyin help

513  typical children develop fluent oral reading ability (though causal claims cannot be
514 made from this study). In comparison to other cognitive-linguistic skills, such as PA
515 and RAN, less attention has been paid to the role of pinyin processing in Chinese

516 reading development, probably because it is a scaffold in reading acquisition but not
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517  considered reading itself. However, although the number of studies is limited, the
518 pinyin-reading relationship has been demonstrated at the behavioral level (Lin et
519 al,, 2010; Pan et al., 2011; Siok & Fletcher, 2001). In a longitudinal study, Pan et al.
520 demonstrated that invented pinyin spelling at age 6 independently predicted later
521 reading performance at ages 8 and 10 (Pan et al., 2011). Several explanations are
522  proposed based on behavioral evidences. One possibility is that pinyin can help to
523  establish better phonological representations (McBride, Wang, & Cheang, 2018).
524  Alternatively, training on pinyin can uniquely improve character-to-syllable

525 mapping, revealed in research focusing on second language learner of Chinese

526  (Guan et al., 2011). In this study, the congruency contrasts in the left STG to pinyin
527  were positively correlated with oral reading fluency, while a similar region also

528 showed multisensory integration of audiovisual pairs of characters. While

529  conclusion cannot be drawn from lack of evidence, our results that brain measures
530  were not correlated with auditory phonological processing (i.e., PA), may support
531 the second hypothesis that learning pinyin shapes the neural circuit that will later

532  be recruited in learning characters.

533 Overall, this study further supports the orthographic depth hypothesis by
534 extending it to pinyin, an alphabetic coding system used for representing

535  pronunciations of characters in Chinese. It also suggests that even though Chinese
536  1is a logographic writing system, print-speech sound integration still plays a critical

537 role in reading development, in which the underlying grapho-phonological route
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538 may be shaped by learning through pinyin prior to formal character reading

539 1nstruction.

540 4.3. Caveats and future directions

541  While the current findings are appealing, several caveats should be noted. First, in
542  this study, we investigated the neurofunctional basis underlying audiovisual

543 integration of pinyin for the first time. However, we did not observe a significant
544  congruency effect at the group level, as proposed by the orthographic depth

545  hypothesis. This may be because while all the participants had typical reading

546  skills, there were still individual differences in pinyin reading that we did not

547 assess directly. Nevertheless, a congruency effect was found in the fluent readers,
548 while a reverse pattern was observed in slow readers. Moreover, previous

549 longitudinal studies have revealed a significant role of pinyin processing in reading
550 acquisition (Lin et al., 2010; Pan et al., 2011; Siok & Fletcher, 2001). Taken

551  together, the results of this study propose the left STG as the possible neural basis
552  underlying such linkage, which should be examined in future studies. Second, since
553  the participants recruited in this study were in grades 3-5, pinyin may play a

554  different role in these individuals than it does in earlier stages of reading

555  development. In this case, it is important to conduct a study following preliterate
556  children until they achieve fluent reading in future. Finally, since we have

557  uncovered brain responses to audiovisual information and their relationship with

558 reading performance in typically developing children, such findings can be used as
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559  the baseline for investigating whether neural processes are altered in children with

560 RD.

561 5. Conclusion

562 In the current study, we demonstrate a reverse congruency effect for the

563 audiovisual integration of characters and a congruency effect for pinyin in typically
564  developing Chinese children with fluent reading ability. This striking finding

565  supports and extends the orthographic depth hypothesis. Furthermore, we found
566  that the left IFG is strongly involved in the multisensory integration of characters
567 and is correlated with reading comprehension and morphological awareness,

568  suggesting that semantic representations were more automatically accessed in

569 readers with higher comprehension proficiency. Finally, this study revealed that
570 integrating multisensory information of pinyin in the left STG is correlated with
571 oral reading fluency, implying that the grapho-phonological mapping introduced by

572  pinyin learning may help children develop better reading skills.
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Table 1 Demographics and behavior measures of the participants

Measures Mean SD Range
Age (month) 127 7 111 ~ 140
Sex (female/male) 20/10
Verbal 1Q (standard score) 110 13 85 ~ 145
Performance 1Q (standard score) 116 13 82 ~137
Full scale IQ (standard score) 114 12 93 ~ 143
Character Recognition (item) 121 11 100 ~ 146
Standard score 0.62 0.74 -0.86 ~ 2.20
Word List Reading (word / minute) 95 17 71 ~ 140
Standard score 0.49 1.14 -0.91 ~ 3.53
Reading Fluency (character / minute) 359 107 176 ~ 565
Standard score 0.93 1.08 -0.57 ~ 3.08
Phoneme Deletion (item) 21 4 7~24
Rapid Naming (second) 17 2 11~ 23
Morphological Production (item) 24 4 13~ 30
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Table 2 Significant clusters identified in brain analyses
Material and contrast Label Brain area (AAL) PrwEg-corrected Size Peak T X Y Z
Character
Left middle temporal gyrus,
Congruency (avC vs avl) LMTG 0.009 450 -5.04 54 -32 O
superior temporal gyrus
Left inferior frontal gyrus,
LIFG triangular part and pars orbitalis, 0.022 303 -409 -48 16 18
precentral gyrus
Right superior temporal gyrus,
RSTG 0.043 218 -5.98 58 -20 O
middle temporal gyrus
Left, precentral gyrus, inferior
Congruency (avC-avl) correlated
LPrCG  frontal gyrus, triangular part and 0.008 471 5.44 32 2 36
with reading comprehension
pars orbitalis, middle frontal gyrus
Left inferior parietal gyrus,
LIPL superior parietal gyrus, middle 0.030 307 6.53 -32 -68 46
occipital gyrus, angular gyrus
Pinyin
Congruency (avC-avl) correlated Left superior temporal gyrus,
LSTG 0.008 397 4.88 -56 -36 14

with oral reading

middle temporal gyrus
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Note: The significant clusters were identified with an FWE corrected threshold of p-cluster < 0.05 (p-voxel < 0.001). Brain area labeling is

based on the AAL atlas. Cluster size refers to the number of voxels. avC = audiovisual congruent, avl = audiovisual incongruent.

7677


https://doi.org/10.1101/2020.05.31.126128
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.31.126128; this version posted June 1, 2020. The copyright holder for this preprint (which

768

769

770

771

772

773

774

775

776

7

778

779

780

781

782

783

784

785

786

787

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Brain basis of audiovisual integration 41

Figure Legends

Figure 1 Materials and experimental design. Example stimuli in pinyin (A) and
character (B) conditions. (C) Schematic illustration of the fMRI procedure. (D)

Auditory and visual targets in the cover task.

Figure 2 Results of brain analysis comparing between character conditions. (A)
Areas showing a significant congruency effect (avC vs. avl). Threshold: p-voxel <
0.001, p-cluster < 0.05, Family-Wise Error (FWE) correction. (B) Bar plots showing
activation for each condition. (C) Regions showing significant correlations with
reading and related cognitive skills. (D) Scatter plot presenting a positive
correlation between the congruency effect in left IFG and reading comprehension
efficiency (Bonferroni corrected p < 0.05). (E) Scatter plot representing the positive
correlation between the congruency effect in the left IFG and morphological
awareness (Bonferroni corrected p < 0.05). Aud = auditory-only, Vis = visual-only,
avC = audiovisual congruent, avl = audiovisual incongruent, L. = left, IFG = inferior

frontal gyrus, STC = superior temporal cortex, STG = superior temporal gyrus.

Figure 3 (A) Clusters displaying a significant correlation between the congruency
contrast and reading comprehension proficiency across the brain. Threshold: p-voxel
< 0.001, p-cluster < 0.05, Family-Wise Error (FWE) correction. Scatter plots
displaying the correlations in left IFG (B) and the left IPL (C). IFG = inferior frontal

gyrus, IPL = inferior parietal lobular.
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788 Figure 4 (A) Clusters displaying a significant correlation between the congruency
789  effect in pinyin and oral reading efficiency across the brain. Threshold: p-voxel <
790  0.001, p-cluster < 0.05, Family-Wise Error (FWE) correction. (B) Scatter plot

791  displaying the correlation. (C) Bar plots showing the activation in each condition in

792 individuals with different levels of oral reading fluency.

793 Figure S1 Brain activations for each condition in (A) pinyin and (B) character

794  tasks. A threshold of uncorrected p-voxel < 0.001 1is used for presentation purposes.
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Figure 1 Materials and experimental design. Example stimuli in pinyin (A) and

character (B) conditions. (C) Schematic illustration of the fMRI procedure. (D)

Auditory and visual targets in the cover task
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Figure 2 Results of brain analysis comparing between character conditions. (A)
Areas showing a significant congruency effect (avC vs. avl). Threshold: p-voxel <
0.001, p-cluster < 0.05, Family-Wise Error (FWE) correction. (B) Bar plots showing
the activation in each condition. (C) Regions showing significant correlations with
reading and related cognitive skills. (D) Scatter plot presenting a positive correlation
between the congruency effect in left IFG and reading comprehension efficiency
(Bonferroni corrected p < 0.05). (E) Scatter plot representing the positive correlation
between the congruency effect in the left IFG and morphological awareness
(Bonferroni corrected p < 0.05). Aud = auditory-only, Vis = visual-only, avC =
audiovisual congruent, avl = audiovisual incongruent, L = left, IFG = inferior frontal

gyrus, STC = superior temporal cortex, STG = superior temporal gyrus.
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812 Figure 3 (A) Clusters displaying a significant correlation between the congruency
813 contrast and reading comprehension proficiency across the brain. Threshold: p-voxel
814 < 0.001, p-cluster < 0.05, Family-Wise Error (FWE) correction. Scatter plots
815  displaying the correlations in the left IFG (B) and left IPL (C). IFG = inferior frontal

816  gyrus, IPL = inferior parietal lobular.
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818 Figure 4 (A) Clusters displaying a significant correlation between the congruency
819 effect in pinyin and oral reading efficiency across the brain. Threshold: p-voxel <
820 0.001, p-cluster < 0.05, Family-Wise Error (FWE) correction. (B) Scatter plot
821  displaying the correlation. (C) Bar plots showing the activation in each condition in

822  individuals with different levels of oral reading fluency.
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