
RESEARCH ARTICLE

Different relationship of magnocellular-dorsal

function and reading-related skills between

Chinese developing and skilled readers

Jing Zhao1,2, Hong-Yan Bi1,2*, Max Coltheart3

1 Center for Brain Science and Learning Difficulties, Key Laboratory of Behavioral Science, Institute of

Psychology, Chinese Academy of Sciences, Beijing, China, 2 Department of Psychology, University of

Chinese Academy of Sciences, Beijing, China, 3 Centre for Cognition and its Disorders, Macquarie

University, Sydney, Australia

* bihy@psych.ac.cn

Abstract

Previous studies have indicated that the relationship between magnocellular-dorsal (M-D)

function and reading-related skills may vary with reading development in readers of alpha-

betic languages. Since this relationship could be affected by the orthographic depth of writ-

ing systems, the present study explored the relationship between M-D function and reading-

related skills in Chinese, a writing system with a deeper orthography than alphabetic lan-

guages. Thirty-seven primary school students and fifty-one undergraduate students partici-

pated. Orthographic and phonological awareness tests were adopted as reading-related

skill measurements. A steady-pedestal paradigm was used to assess the low-spatial-fre-

quency contrast thresholds of M-D function. Results showed that M-D function was only cor-

related with orthographic awareness for adults, revealing an enhancement with reading

development; while being related to phonological awareness only for children revealing a

developmental decrement. It suggested that the mechanism responsible for the relationship

between M-D activity and reading-related skills was affected by the characteristics of literacy

development in Chinese.

Introduction

Reading begins with basic visual processing. In the primate visual system, there are mainly two

parallel processing streams, that is, the magnocellular-dorsal (M-D) pathway and the parvocel-

lular-ventral (P-V) pathway. The M-D pathway passes from the retina through the M layers of

the lateral geniculate nucleus to primary visual cortex, further projecting preferentially to the

dorsal stream of visual cortical areas, including visual motion areas (V5/MT), posterior parietal

cortex (PPC), and orbitofrontal cortex [1, 2]. The M-D pathway responds preferentially to

visual stimuli with low spatial frequency or high temporal frequency, such as stimuli with

blurred contours or fast movement [1]. It has been reported that visual M-D functions are

closely associated with reading processes [3, 4]. Various studies have shown that individuals

with developmental dyslexia (DD) exhibit M-D deficits [5–9], and M-D function training for
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dyslexics can improve their reading-related skills [10–13]. Recent research, including a study

with reading level controls, a longitudinal study and training studies on both adults and chil-

dren with dyslexia, has consistently suggested a causal link between an M-D deficit and devel-

opmental dyslexia [14].

Great efforts have been made to explore the underlying mechanism of the relationship

between M-D function and reading [4, 15]. Some researchers have argued that M-D function

might play a role in global orthographic recognition [15–17]. Relevant studies from different

language systems [1, 16, 17] reported that the M-D pathway was responsible for quickly

generating a first-pass global image of the word (character), which would facilitate the global

recognition of this word (character) and further affected its visual-orthographic processing.

Moreover, the M-D pathway has been suggested to be involved in the top-down manipulation

to the brain areas over the P-V stream functioning in visual word form processing (e.g. inferior

temporal cortex) [18–20], which may also underlie the relationship between M-D function

and orthographic processing. Other researchers have pointed out that M-D function may play

a role in phonological processing [8, 21]. The studies from alphabetic languages [8, 22–25] and

Chinese [21] found that the M-D function engaged in letter (radical) position decoding

because it controls visual guidance of attention, which would mediate the ability to rapidly

identify letters (radicals) and their order in words (characters) [8]. And this would affect the

phonological processing and in turn exerts an influence on the overall reading [21–25].

Since orthographic and phonological skills play important and special roles at different

stages of literacy development [26, 27], it has been suggested that the relationship between

M-D function and these reading-related skills may vary with stage of reading development

[28]. In the context of alphabetic languages, both behavioral [29–32] and neurophysiological

[5, 33, 34] studies have shown that M-D function is mainly related to orthographic skills in

developing readers while being related to sublexical phonological processing in skilled readers.

Orthographic processing plays a key role in the initial phase of learning to read [35]. For alpha-

betically-written languages, phonological coding gradually replaces orthographic processing as

grapheme-to-phoneme correspondence (GPC) rules are acquired during the course of learn-

ing to read [36, 37].

A difference in orthographic depth between writing systems might also exert an influence

on the relationship between M-D function and reading-related skills. It has been reported that

M-D function is related to orthographic skills in English children aged from 7 to 12 years [38,

39]. In contrast, a relationship between M-D function and phonological processing was found

in German developing readers aged from 8 to 11 years [40]. The main difference between

English and German is orthographic depth: English is considered to have a deeper orthogra-

phy than German [41]. Previous studies have suggested that beginning readers prefer to use

logographic processing before they acquire GPC rules [36, 37]. If the transition point from

depending on logographic processing to relying on GPC route is later for deep orthographies

such as English, developing readers in English would show a relationship between M-D func-

tion and orthographic skills for a longer time. In contrast, if acquisition of GPC rules is earlier

in languages with shallow orthography (e.g. German), M-D function would be related to sub-

lexical phonological skills at an earlier stage of development.

In contrast to alphabetic languages, Chinese does not have GPC rules because it does not

have graphemes; it has instead a logographic writing system (i.e. a particularly deep orthogra-

phy). So it is particularly interesting to explore whether there is a developmental transition

concerning the relationship between M-D function and reading-related skills in Chinese, in

order to understand the role of writing systems in this relation. Relevant research has indicated

that performance in a coherent motion detection task is related to Chinese orthographic ability

for both children [6, 42] and adults [18]. However, there is other research in which M-D

M-D function and reading development
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function was measured by a temporal order judgement task [21] which has shown that Chinese

children’s M-D function is related to phonological awareness. The different findings might be

due to the different visual tasks: it has been demonstrated that visual sensitivity in the coherent

motion detection task might be important for global processing in orthographic processing

[39]; while visual serial processing in the temporal order judgement task might be implicated

in the mapping between graphemes and phonemes in phonological awareness [21].

Most of the relevant research has used the coherent motion detection and temporal order

judgement tasks as specific measurements of M-D function. However, the validity of these

visual tasks has been questioned. The coherent motion detection and temporal order judge-

ment tasks would mainly induce cortical activity in the M-D pathway, such as activation in

MT areas and PPC where the M-D input might interact with visual inputs through parvocellu-

lar-ventral pathway, so these two tasks may not be pure measurements of M-D function [38].

It has been suggested that visual processing is highly segregated throughout the subcortical

portion of M-D pathway [43], so that measurement focusing on subcortical processing could

better separate the M-D pathway from other visual pathways [44]. Previous studies have usu-

ally employed simple visual stimuli such as sinusoidal gratings with low spatial frequency to

induce subcortical activity in the M-D pathway [2, 43]. Based on the specificity in the spatial

frequency and contrast gain properties of the M-D pathway, Pokorny and Smith [45] designed

the steady-pedestal paradigm to specifically assess the function of M-D pathway, and this para-

digm is now regarded as the preferred method for assessing visual M-D function [46, 47]. The

steady-pedestal task measures luminance contrast threshold for detecting a grating of low spa-

tial frequency, which is presented in a brief pulse on a steady luminance pedestal [45]. There-

fore, the present study explores the relationship between M-D function and reading-related

skills in Chinese by using the steady-pedestal paradigm to specifically assess visual M-D func-

tion. Both primary school students and undergraduate students were recruited in order to

examine any difference in this relationship between developing and skilled readers.

Materials and methods

Participants

Thirty-seven children from the 3rd to 5th grades (fifteen males) and fifty-one undergraduate

students (twenty-three males) participated in the present study. All participants were right-

handed Mandarin speakers with normal or corrected-to-normal vision. For the children, writ-

ten consent was obtained from parents or teachers; as to the adults, written consent was

obtained from each participant prior to the experiment. The study was approved by the ethics

committee of the Institute of Psychology, Chinese Academy of Sciences, China.

Psychometric tasks

Reading-related tests. Orthographic and phonological awareness tests were adopted as

the reading-related skill assessments. The order of these tests was randomized across partici-

pants. Details of each test were as below.

(a) Orthographic awareness (OA) test. The OA test was the same as that used in the study

of Qian et al. [18]. This test consisted of 40 real characters, 20 pseudo-characters, and 20 non-

characters. The real characters in the OA test were all semantic-phonetic compounds, in

which the phonetic and semantic radicals followed the orthographic rules with locating in cor-

rect positions. Some semantic radicals (e.g. “忄”, “氵”, “犭”, “扌”) are always in the left part of

the character; while some other semantic radicals mostly locate in the right part of the charac-

ter, such as “攵”, “刂”, “彡”. Similarly, some phonetic radicals such as “夆”, “莫”, “聿”, “青”

always locate in the right, while some phonetic radicals (e.g. “害”, “乘”, “壴”) are always in the

M-D function and reading development
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left of the character (for details of the Chinese orthography, see [6]). For example, the real

character “情”(with the pronunciation /qing2/, and the number represents its tone; the charac-

ter’s meaning is feeling) has the semantic radical “忄” in the left side and the phonetic radical

“青” (/qing1/) in the right side. As to the pseudo-characters in the present test, their visual con-

figuration followed the orthographic rules regarding radical position. For example, the

pseudo-character[Fig 1], with the semantic radical “忄” in the left and the phonetic radical

“夆” in the right. However, the visual configuration of the non-characters did not follow the

orthographic rules of Chinese characters, such as a non-character [Fig 2] with misplacing radi-

cals in which the semantic radical “氵” was erroneously placed in the right side and the pho-

netic radical “聿” was erroneously put in the left side of the item. The task was computerized,

and each item was presented in isolation in the center of the computer screen. Participants

were required to judge whether a presented item was a real character or not as accurately and

quickly as possible, and the total accuracy was recorded which was regarded as the final score.

The internal consistency reliabilities were 0.72 for child participants and 0.76 for adults, which

were computed by Kuder-Richardson Formula 20.

(b) Phonological awareness (PA) test. An odd-one-out paradigm [13, 18] was adopted for

this test. It measured sensitivity to the onsets, rimes and tones of spoken Chinese monosyllabic

words, which belongs to the “broad” definition of phonological awareness as stated by Castles

and Coltheart [48]. Similarly with English, Chinese pinyin also includes 26 letters. Some of

these letters (or letter combinations) are always used as the initial consonant of a Chinese sylla-

ble (i.e. onset), such as “t”, “b”, “p”, “w”, “sh”, “ch”, and so on; while some of these letters (or

letter combinations) are regarded as the final sound (i.e. rimes), such as “o”, “u”, “an”, “in”,

Fig 1. A sample of pseudocharacter.

https://doi.org/10.1371/journal.pone.0179712.g001
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“ian”. An onset and a rime make up of a Chinese syllable which may be pronounced in up to

four different tones (the 1st tone: high level tone, the 2nd tone: rising tone, the 3rd tone: fall-

ing-rising tone, the 4th tone: falling tone). Different tones can give the same syllable different

lexical status, and thus both the correct syllable and the correct tone for that syllable needs to

be retrieved in language processing [49]. For example, a monosyllable “nian2”, its onset is “n”

at the beginning, and its rime is “ian”, and it sounds with rising tone (i.e. the 2nd tone). There

were 30 trials in the present test. Within each trial, three monosyllabic words (including conso-

nant, rhyme, tone in each syllable) were presented auditorily for about 2500 ms, and then a

fixed response window was following which lasted for 6000 ms. Participants were required to

select the phonologically odd item from the syllable trio. The auditory stimulus for each mono-

syllable lasted for about 350–500 ms, and the interval between the successive syllables was

about 500 ms. The auditory stimuli were spoken in a female voice which were recorded and

played to the participants by Microsoft PowerPoint 2017. There were three types of oddity:

onset, rime, and lexical tone. For example, for the three items of “tan4” (the number refers to

tone; the same below), “tong3”, and “ji1”, the correct answer was “ji1”. Items of “tan4” and

“tong3” had the same onset “t”, which was different from “ji1”. The above three items were

completely different in rime and lexical tone in order to control possible confusion. There

were ten trials for each type of oddity. The accuracy was recorded. If a participant made a cor-

rect response for one trial, then he/she was awarded 1 point. The maximum possible score was

30. By using Kuder-Richardson Formula 20, the internal consistency reliabilities were 0.77 for

children and 0.79 for adults.

M-D function test. The steady-pedestal paradigm designed by Pokorny and Smith [45]

was adopted to assess functioning of the M-D pathway. The experimental set-up and

Fig 2. A sample of non-character.

https://doi.org/10.1371/journal.pone.0179712.g002
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procedures were generally the same as those used in the study of Zhao et al. [17]. Visual stimuli

were horizontal or vertical sinusoidal gratings with a visual angle of 5˚×5˚ which were centrally

displayed on a computer monitor at a distance of 50 cm. The peak spatial frequency of gratings

was 0.5 cycles per degree (cpd) to activate the M-D pathway, and the luminance pedestal

always stayed on the black background. Within each trial, a fixation point was presented in the

center of the screen for 1500 ms, and then a target grating appeared for 500 ms. Participants

were required to press different keys with two hands to judge the target orientation, with “z”

for vertical and “n” for horizontal gratings, and the response window lasted for 3000 ms. A fix-

ation point was displayed in the center of the screen in a random interval (from 1000 ms to

1500 ms) between successive trials. Fig 3 shows the presentation format of each trial.

A two-yes-one-no staircase procedure was applied to estimate the spatial-frequency con-

trast thresholds of vertical gratings. Details of the staircase were similar with that in the previ-

ous study of Zhao et al. [17], with a modification that the average contrast for the last six

reversals was taken to estimate the contrast threshold. The contrast thresholds of the M-D

function are ratios; as in previous research [17], contrast = (Lmax-Lped)/(Lmax+Lped), in which

Lmax is the maximum luminance of the grating and Lped is the pedestal luminance.

There were ten practice trials before the formal experiment. The presenting procedures

were programmed with Eprime 1.1. The display resolution was set at 1024×768 and the refresh

rate was 62.3 Hz.

Statistical analyses

Firstly, participant age, the scores of OA and PA tests, and low-spatial-frequency contrast

thresholds of both children and adults were submitted to independent sample t tests for group

comparison. And then the analysis of partial correlation was conducted within each group to

measure the relationship between OA and PA, as well as to examine the relationship between

M-D function and the two reading-related skills, in which the participant age was controlled.

All statistics were calculated using SPSS 16.0.

Fig 3. The presentation format of each trial in the test of magnocellular-dorsal function. In each trial, a

fixation point was firstly displayed in the center of the screen for 1500 ms, and then a target grating appeared

for 500 ms. The participants were required to press different keys to judge the orientation of the target grating,

with “z” for vertical and “n” for horizontal gratings, and the response window lasted for 3000 ms. After that, a

fixation point was presented in the screen center in a random interval (from 1000 ms to 1500 ms) between

successive trials.

https://doi.org/10.1371/journal.pone.0179712.g003

M-D function and reading development
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Results

The datasets of one Chinese children were discarded because her standardized score in M-D

test was higher than 3 standard deviations. Data from the remaining 36 children (fifteen

males) were put into further analysis.

Descriptive statistics

Means and standard deviations of reading-related and visual M-D measures for each group

are presented in Table 1. Independent sample t tests were conducted to compare the scores of

reading-related and visual M-D tests between children and adults. Results showed that the per-

formance of the adults was better than that of the children in the M-D function, orthographic

awareness and phonological awareness test (Table 1).

Correlation analysis

Firstly, we conducted correlation analysis between OA and PA scores in order to ensure

whether the two reading-related skills are separate from each other, meanwhile the participant

age was regarded as a controlled variable. The results showed no significant correlation was

found for either Chinese children (r = -0.16, p = 0.35) or adults (r = 0.16, p = 0.28).

Secondly, analysis of partial correlation was conducted to measure the relation between

M-D function and reading-related skills when the variable of participant age was controlled

(Fig 4).

For the Chinese children, the spatial-frequency contrast thresholds were negatively corre-

lated with PA scores [r = -0.47, p = 0.004], where lower contrast thresholds corresponded to

higher scores in the PA tests. Whereas, the scores in M-D test was not correlated with the OA

scores [r = 0.25, p = 0.14].

For the Chinese adults, the results of partial correlation analysis showed that the contrast

thresholds of M-D pathway were negatively correlated with OA test scores [r = -0.28,

p = 0.05], where lower contrast thresholds corresponded with the higher OA test scores.

There was no significant correlation with PA scores [r = 0.04, p = 0.78].

Discussion

The difference in the relationship of M-D function and Chinese

orthographic skills between children and adults

The present result showed an association between M-D function and orthographic skill only

in Chinese skilled readers, which is consistent with previous studies in Chinese [17, 50, 51]. It

Table 1. Descriptive statistics of reading-related and visual M-D measures.

Measures Children Adults T values

M (SD) M (SD)

Age (years) 9.91 (0.85) 22.71 (2.57) 33.02***

Reading-related tests

OA 66.47 (4.67) 72.90 (4.19) 6.72***

PA 19.19 (3.40) 25.41 (2.98) 9.03***

M-D function 0.020 (0.012) 0.008 (0.003) 5.94***

Note. OA, orthographic awareness; PA, phonological awareness; M-D, magnocellular-dorsal stream.

***, p<0.001.

https://doi.org/10.1371/journal.pone.0179712.t001

M-D function and reading development
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has been reported that the low-spatial-frequency condition could contribute to the global pro-

cessing of characters’ visual/orthographic structure in Chinese adults [50, 51], revealing the

relationship between M-D function and orthographic skills in Chinese. Moreover, in the pres-

ent study, the correlation was absent in children while significant in adults, seemingly reveal-

ing an enhancement of this relationship with reading development. This developmental

pattern is at odds with that found in alphabetic studies [39, 52, 53]. In alphabetic languages, it

has been argued that there is a developmental decrement in the relationship between M-D

function and orthographic skills [39, 52, 53]. The difference in developmental patterns across

writing systems might be associated with different characteristics of these writing systems.

Fig 4. The scatter plots of the relationship between the magnocellular-dorsal function and reading-related skills. Circles correspond with the

scores of children, and squares correspond with the scores of adults. (a) displays the relationship between M-D function and orthographic awareness in

children, in which there was no significant correlation. (b) displays the relationship between the M-D function of children and their phonological awareness,

in which the M-D function was negatively correlated with phonological awareness. (c) shows the relationship between M-D function and orthographic

awareness in adults, in which a negative correlation was observed. (d) displays the relationship between M-D function of adults and their phonological

awareness without significant correlation.

https://doi.org/10.1371/journal.pone.0179712.g004

M-D function and reading development
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With literacy development in alphabetic languages, the acquisition of GPC rules would reduce

the role of orthographic skills in reading [35]. The visual configuration of a Chinese character

is more complex than that of an alphabetically-written word, and previous studies have sug-

gested that the orthographic processing played an important and sustained role in Chinese

reading acquisition [54–56].

Some neuroimaging findings provided a possible explanation for the closer relationship

between M-D function and Chinese orthographic skills for adults as compared to children in

our study. Some research has indicated that the M-D pathway may be involved in the top-

down amplification of character detectors in brain areas over the P-V stream, such as inferior

temporal cortex [43, 57], which are closely associated with orthographic processing [58]. It has

been reported that the functional connectivity between brain areas over the M-D pathway and

the P-V pathway might be more robust in skilled readers than developing readers in Chinese

reading [59, 60], which might result in a closer association between M-D function and ortho-

graphic processing for skilled readers in Chinese compared to developing readers.

The difference in the relationship of M-D function and Chinese

phonological skills between children and adults

The present findings showed a significant correlation between M-D function and phonologi-

cal awareness in Chinese children but not in adults, which is consistent with previous

research in Chinese [21, 61]. These findings consistently indicate a decrement in the rela-

tionship between M-D function and phonological skills as Chinese reading development

progresses. However, the developmental pattern in this relationship is different from that in

alphabetic languages, in which no developmental decrease was observed [39, 61, 62]. The dif-

ferent patterns in the relationship seemingly depends on differences in the characteristics of

reading development between writing systems. With reading development in alphabetically-

written languages, the preference of readers turned from relying on logographic processing

to dependence on phonological skills [36, 37]. In Chinese, primary school students are

taught Chinese mainly through Pinyin (which expresses spoken Chinese using the Roman

alphabet). Pinyin plays a special role in bridging the gap between speech and the written

form of Chinese characters for beginning readers [26]. With the increase in reading experi-

ence, the direct connections between visual forms and corresponding meanings of Chinese

characters would be well established, and the utilization of pinyin in reading procedure

would be gradually diminished [63], with the decrease in the influence from phonological

skills [26, 63].

The present phonological task may involve conjuring up visual representations of the audi-

torily-presented syllables via a sound-to-spelling conversion process, in which participants

perform the PA tasks by manipulating these pinyin representations. Some researchers have

pointed out that the M-D pathway is essential in creating the visual images of spoken stimuli

[62]. Neuroimaging studies reported that processing linguistic information in the auditory

mode would induce the occipito-temporal activity which was responsible for processing the

visual form of scripts, and it has been found that the activation was stronger in children than

in adults [64, 65]. Their neuroimaging finding revealed the greater activation of relevant

visual/orthographic representations of spoken stimuli in children as compared to adults [64,

65]. Accordingly, it could be proposed that developing readers’ performance in the PA test (i.e.

in auditory mode) might depend on the generation of pinyin representations of auditorily-pre-

sented syllables [24, 66, 67], which might result in a close relationship between their M-D func-

tion and phonological awareness due to the possible role of M-D pathway in creating the

visual images of spoken stimuli [62]. While for the Chinese adults, making a decision in the

M-D function and reading development
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PA test might rely less on the relevant pinyin representations of the syllables, and consequently

their M-D function would be not significantly related with phonological awareness.

Conclusions

The present findings of a close relationship between M-D function and Chinese reading-

related skills contribute to making clear a possible role of the M-D pathway in Chinese reading,

providing further evidence for the M-D deficit theory of developmental dyslexia. In detail, the

present study found that the M-D function of developing readers was related to Chinese pho-

nological skills, while the skilled readers’ M-D function was related to orthographic processing,

suggesting that the relevant mechanism regarding the relationship between M-D activity and

reading depends on characteristics of Chinese literacy development. However, the current

findings reveal only a correlational relationship between M-D function and the reading-related

skills, rather than a causal relationship. To clarify the causal role of M-D function in the read-

ing-related skills, further studies, especially intervention and longitudinal studies, are needed.
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35. Grainger J, Lété B, Bertand D, Dufau S, Ziegler J. Evidence for multiple routes in learning to read. Cog-

nition. 2012; 123: 280–292. https://doi.org/10.1016/j.cognition.2012.01.003 PMID: 22357323

36. Frith U. Beneath the surface of developmental dyslexia. In: Patterson KG, Marshall JC, Coltheart M. edi-

tors. Surface dyslexia: Studies of phonological reading. 1985. pp. 301–330.

37. Snowling M, Hulme C, Nation K. A connectionist perspective on the development of reading skills in chil-

dren. Trends Cogn Sci. 1997; 1: 88–91. https://doi.org/10.1016/S1364-6613(97)89053-5 PMID:

21223870

38. McLean GM, Stuart GW, Coltheart V, Castles A. Visual temporal processing in dyslexia and the magno-

cellular deficit theory: the need for speed? J Exp Psychol Human. 2011; 37: 1957–1975.

39. Pammer K, Kevan A. The contribution of visual sensitivity, phonological processing and non-verbal IQ

to children’s reading. Sci Stud Read. 2007; 11(1): 33–53.

40. Heim S, Grande M, Pape-Neumann J, van Ermingen M, Meffert E, Grabowska A, et al. Interaction of

phonological awareness and ’magnocellular’ processing during normal and dyslexic reading: beha-

vioural and fMRI investigations. Dyslexia. 2010; 16: 258–282. https://doi.org/10.1002/dys.409 PMID:

20680995

41. Seymour PH, Aro M, Erskine JM. Foundation literacy acquisition in European orthographies. Brit J Psy-

chol. 2003; 94:143–174. https://doi.org/10.1348/000712603321661859 PMID: 12803812

42. Meng XZ, Cheng-Lai A, Zeng B, Stein JF, Zhou XL. Dynamic visual perception and reading develop-

ment in Chinese school children. Annu Dyslexia. 2011; 61: 161–176.

M-D function and reading development

PLOS ONE | https://doi.org/10.1371/journal.pone.0179712 July 13, 2017 12 / 14

https://doi.org/10.1016/j.neuropsychologia.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19909762
http://www.ncbi.nlm.nih.gov/pubmed/11699761
https://doi.org/10.1371/journal.pone.0096240
http://www.ncbi.nlm.nih.gov/pubmed/24809477
https://doi.org/10.1016/j.bandl.2007.12.004
http://www.ncbi.nlm.nih.gov/pubmed/18207564
https://doi.org/10.1002/hbm.22098
http://www.ncbi.nlm.nih.gov/pubmed/22736513
https://doi.org/10.1016/j.visres.2010.02.019
http://www.ncbi.nlm.nih.gov/pubmed/20188122
https://doi.org/10.1002/dys.434
http://www.ncbi.nlm.nih.gov/pubmed/21793123
https://doi.org/10.1007/s00429-013-0509-7
http://www.ncbi.nlm.nih.gov/pubmed/23400699
https://doi.org/10.1016/j.cognition.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22357323
https://doi.org/10.1016/S1364-6613(97)89053-5
http://www.ncbi.nlm.nih.gov/pubmed/21223870
https://doi.org/10.1002/dys.409
http://www.ncbi.nlm.nih.gov/pubmed/20680995
https://doi.org/10.1348/000712603321661859
http://www.ncbi.nlm.nih.gov/pubmed/12803812
https://doi.org/10.1371/journal.pone.0179712


43. Butler PD, Martinez A, Foxe JJ, Kim D, Zemon V, Silipo G, et al. Subcortical visual dysfunction in

schizophrenia drives secondary cortical impairments. Brain. 2007; 130: 417–430. https://doi.org/10.

1093/brain/awl233 PMID: 16984902

44. Giraldo-Chica M, Hegarty JP, Schneider KA. Morphological differences in the lateral geniculate nucleus

associated with dyslexia. NeuroImage. 2015; 7: 830–836. https://doi.org/10.1016/j.nicl.2015.03.011

PMID: 26082892

45. Pokorny J, Smith VC. Psychophysical signatures associated with magnocellular and parvocellular path-

way contrast gain. J Opt Soc Am. 1997; 14: 2477–2486.

46. Goodbourn PT, Bosten JM, Hogg RE, Bargary G, Lawrance-Owen AJ, Mollon JD. Do different ’magno-

cellular tasks’ probe the same neural substrates? P Roy Soc B. 2012; 279: 4263–4271.

47. Pokorny J. Review: steady and pulsed pedestals, the how and why of post-receptoral pathway separa-

tion. J Vision. 2011; 11: 1–23.

48. Castles A, Coltheart M. Is there a causal link from phonological awareness to success in learning to

read? Cognition. 2004; 91: 77–111. PMID: 14711492

49. Peng DL, Ding GS, Perry C, Xu D, Jin Z, Luo Q, et al. fMRI evidence for the automatic phonological acti-

vation of briefly presented words. Cognitive Brain Res. 2004; 20: 156–164.

50. Guo XC. Global precedence in the early perception of Chinese character recognition (in Chinese). Psy-

chol Sci (in Chinese). 2000; 23: 576–581.

51. Zhao J, Bi HY, Qian Y. The Influence of visual magnocellular pathway on the recognition of Chinese

character (in Chinese). Prog Biochem Biophys. 2013; 40: 141–146.

52. Boden C, Giaschi D. The role of low-spatial frequencies in lexical decision and masked priming. Brain

Cognition. 2009; 69: 580–591. https://doi.org/10.1016/j.bandc.2008.12.002 PMID: 19168272

53. Kevan A, Pammer K. Making the link between dorsal stream sensitivity and reading. Neuroreport. 2008;

19(4): 467–470. https://doi.org/10.1097/WNR.0b013e3282f5f7ad PMID: 18287948

54. Luo YC, Chen X, Deacon SH, Zhang J, Yin L. The role of visual processing in learning to read Chinese

characters. Sci Stud Read. 2013; 17: 22–40.

55. McBride-Chang C, Lam F, Lam C, Chan B, Fong CYC, Wong TTY, et al. Early predictors of dyslexia in

Chinese children: Familial history of dyslexia, language delay, and cognitive profiles. J Child Psychol

Psyc. 2011; 52: 204–211.

56. Wang ZK, Cheng-Lai A, Song Y, Cutting L, Jiang YZ, Lin O, et al. A perceptual learning deficit in Chi-

nese developmental dyslexia as revealed by visual texture discrimination training. Dyslexia, 2014; 20

(3):280–96. https://doi.org/10.1002/dys.1475 PMID: 24643918

57. Zhou W, Xia Z, Bi Y, Shu H. Altered connectivity of the dorsal and ventral visual regions in dyslexic chil-

dren: a resting-state fMRI study. Frontiers Hum Neurosci. 2015; 9: 495.

58. Dehaene S, Cohen L. The unique role of the visual word form area in reading. Trends Cogn Sci. 2011;

15(6): 254–262. https://doi.org/10.1016/j.tics.2011.04.003 PMID: 21592844

59. Qiu D, Tan LH, Zhou K, Khong PL. Diffusion tensor imaging of normal white matter maturation from late

childhood to young adulthood: voxel-wise evaluation of mean diffusivity, fractional anisotropy, radial

and axial diffusivities, and correlation with reading development. NeuroImage. 2008; 41(2): 223–232.

https://doi.org/10.1016/j.neuroimage.2008.02.023 PMID: 18395471

60. Wang X, Han Z, He Y, Liu L, Bi Y. Resting-state functional connectivity patterns predict Chinese word

reading competency. PLoS One. 2012; 7(9): e44848. https://doi.org/10.1371/journal.pone.0044848

PMID: 23028644

61. Horie S, Yamasaki T, Okamoto T, Kan S, Ogata K, Miyauchi S, et al. Distinct role of spatial frequency in

dissociative reading of ideograms and phonograms: An fMRI study. NeuroImage. 2012; 63(2): 979–

988. https://doi.org/10.1016/j.neuroimage.2012.03.046 PMID: 22480729

62. Ben-Shachar M, Dougherty RF, Deutsch GK, Wandell BA. Contrast responsivity in MT+ correlates with

phonological awareness and reading measures in children. NeuroImage. 2007; 37: 1396–1406. https://

doi.org/10.1016/j.neuroimage.2007.05.060 PMID: 17689981

63. Huang HS, Hanley JR. Phonological awareness and visual skills in learning to read Chinese and

English. Cognition. 1995; 54(1): 73–98. PMID: 7851080

64. Cao F, Khaild K, Lee R, Brennan C, Yang Y, Li K, et al. Development of brain networks involved in spo-

ken word processing of Mandarin Chinese. NeuroImage. 2011; 57(3): 750–759. https://doi.org/10.

1016/j.neuroimage.2010.09.047 PMID: 20884355

65. Church JA, Coalson RS, Lugar HM, Petersen SE, Schlaggar BL. A developmental fMRI study of read-

ing and repetition reveals changes in phonological and visual mechanisms over age. Cereb Cortex.

2008; 18(9): 2054–2065. https://doi.org/10.1093/cercor/bhm228 PMID: 18245043

M-D function and reading development

PLOS ONE | https://doi.org/10.1371/journal.pone.0179712 July 13, 2017 13 / 14

https://doi.org/10.1093/brain/awl233
https://doi.org/10.1093/brain/awl233
http://www.ncbi.nlm.nih.gov/pubmed/16984902
https://doi.org/10.1016/j.nicl.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/26082892
http://www.ncbi.nlm.nih.gov/pubmed/14711492
https://doi.org/10.1016/j.bandc.2008.12.002
http://www.ncbi.nlm.nih.gov/pubmed/19168272
https://doi.org/10.1097/WNR.0b013e3282f5f7ad
http://www.ncbi.nlm.nih.gov/pubmed/18287948
https://doi.org/10.1002/dys.1475
http://www.ncbi.nlm.nih.gov/pubmed/24643918
https://doi.org/10.1016/j.tics.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21592844
https://doi.org/10.1016/j.neuroimage.2008.02.023
http://www.ncbi.nlm.nih.gov/pubmed/18395471
https://doi.org/10.1371/journal.pone.0044848
http://www.ncbi.nlm.nih.gov/pubmed/23028644
https://doi.org/10.1016/j.neuroimage.2012.03.046
http://www.ncbi.nlm.nih.gov/pubmed/22480729
https://doi.org/10.1016/j.neuroimage.2007.05.060
https://doi.org/10.1016/j.neuroimage.2007.05.060
http://www.ncbi.nlm.nih.gov/pubmed/17689981
http://www.ncbi.nlm.nih.gov/pubmed/7851080
https://doi.org/10.1016/j.neuroimage.2010.09.047
https://doi.org/10.1016/j.neuroimage.2010.09.047
http://www.ncbi.nlm.nih.gov/pubmed/20884355
https://doi.org/10.1093/cercor/bhm228
http://www.ncbi.nlm.nih.gov/pubmed/18245043
https://doi.org/10.1371/journal.pone.0179712


66. Ruffino M, Gori S, Boccardi D, Molteni M, Facoetti A. Spatial and temporal attention in developmental

dyslexia. Frontiers Hum Neurosci. 2014; 8: 331.

67. Ruffino M, Trussardi AN, Gori S, Finzi A, Giovagnoli S, Menghini D, et al. Attentional engagement defi-

cits in dyslexic children. Neuropsychologia. 2010; 48: 3793–3801. https://doi.org/10.1016/j.

neuropsychologia.2010.09.002 PMID: 20833191

M-D function and reading development

PLOS ONE | https://doi.org/10.1371/journal.pone.0179712 July 13, 2017 14 / 14

https://doi.org/10.1016/j.neuropsychologia.2010.09.002
https://doi.org/10.1016/j.neuropsychologia.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20833191
https://doi.org/10.1371/journal.pone.0179712

