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Abstract
Numerous studies have shown that phonological skills are critical for successful reading acquisi-

tion. However, how the brain network supporting phonological processing evolves and how it

supports the initial course of learning to read is largely unknown. Here, for the first time, we

characterized the emergence of the phonological network in 28 children over three stages (pre-

reading, beginning reading, and emergent reading) longitudinally. Across these three time points,

decreases in neural activation in the left inferior parietal cortex (LIPC) were observed during an

audiovisual phonological processing task, suggesting a specialization process in response to read-

ing instruction/experience. Furthermore, using the LIPC as the seed, a functional network

consisting of the left inferior frontal, left posterior occipitotemporal, and right angular gyri was

identified. The connection strength in this network co-developed with the growth of phonologi-

cal skills. Moreover, children with above-average gains in phonological processing showed a

significant developmental increase in connection strength in this network longitudinally, while

children with below-average gains in phonological processing exhibited the opposite trajectory.

Finally, the connection strength between the LIPC and the left posterior occipitotemporal cortex

at the prereading level significantly predicted reading performance at the emergent reading

stage. Our findings highlight the importance of the early emerging phonological network for

reading development, providing direct evidence for the Interactive Specialization Theory and

neurodevelopmental models of reading.
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1 | INTRODUCTION

The ability to read is a recent evolutionary milestone in human his-

tory (Dehaene et al., 2010; Liberman, 1992). Not only can a skilled

reader automatically associate printed words with their meanings

(Seidenberg, 2005), but they can also integrate written text into a

coherent understanding in a timely and accurate fashion (Wolf &

Katzir-Cohen, 2001).

Phonological processing plays a critical role in learning to read

(e.g., Melby-Lervåg, Lyster, & Hulme, 2012; Perfetti, Beck, Bell, &
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Hughes, 1987; Wagner & Torgesen, 1987). Phonological skills refer

to the understanding that word sounds consist of smaller units

(syllables, phonemes) and to the ability to manipulate these smaller

units. This ability enables beginning readers to analyze the phono-

logical structure of a word and map it onto corresponding ortho-

graphic and lexical-semantic features, facilitating the recognition

process of learned words. Supporting this view, longitudinal behav-

ioral studies have previously revealed significant correlations

between phonological and reading abilities (e.g., Swanson, Trainin,

Necoechea, & Hammill, 2003; Wagner, Torgesen, & Rashotte, 1994),

and strong predictive power of preliteracy phonological abilities on

long-term reading achievement (e.g., Georgiou, Parrila, & Papadopou-

los, 2008; Scarborough, 1998; Schatschneider, Fletcher, Francis, Carl-

son, & Foorman, 2004).

The importance of phonological skills in reading development

has also been emphasized in neurodevelopmental models of reading

development. Pugh et al. (2001) and Sandak, Mencl, Frost, and Pugh

(2004) first proposed that reading acquisition starts with the emer-

gence of a dorsal reading circuit in the left temporo-parietal cortex

(LTPC) for the development of phonological processing skills. A dor-

sal network, connecting the LTPC and the left inferior frontal cortex

(LIFC), is then gradually formed to support the integrative process of

phonological and lexical-semantic features of learned words. This

phonological route enables beginning readers to decode new words

they encounter. Meanwhile, the left occipitotemporal cortex interacts

increasingly with higher order cortices responsible for phonological

and semantic processing (e.g., LTPC and LIFC) most likely facilitated

by decoding and reading experiences during the time course of

learning to read, which results in a specialization for words and

word-like stimuli (Interactive Account; Price & Devlin, 2011). As a

result, the visual word form system (VWFS; Cohen et al., 2000;

Vinckier et al., 2007) emerges for fast-paced word recognition in flu-

ent readers (e.g., McCandliss, Cohen, & Dehaene, 2003; Shaywitz

et al., 2002).

The network characteristic of the proposed neural trajectory of

reading development is in line with the Interactive Specialization

Theory, which highlights the importance of inter-regional interactions

for the development of cognitive skills and their neural correlates

(Johnson, 2000, 2001, 2011; Johnson, Halit, Grice, & Karmiloff–

Smith, 2002). This theory assumes that a specific cognitive function

is initially subserved by multiple pathways, each consisting of differ-

ent neural regions. These neural pathways exhibit slightly different

preferences towards distinctive processes and/or types of stimuli.

Such biases interact with external stimulation, such as sensory input

and response feedback over the developmental course, resulting in

the recruitment of an optimal neural network that dominantly and

effectively serves the target cognitive function. In other words, a

neural region does not mature on its own. Instead, its specialization

process is propelled and sculptured by the activities of the network(s)

it forms with other neural regions for the corresponding cognitive

functions.

As phonological processing is an important building block of suc-

cessful reading acquisition, examining the emergence of the neural

network underlying phonological processing from the prereading to

the emergent reading stage will provide important insights into the

specialization process of the reading network. However, to date,

empirical studies on the developmental changes in the functional

properties of individual regions associated with phonological abilities

have only examined children who could already read, and results are

inconclusive due to their cross-sectional approach. While Booth et al.

(2002), Bitan et al. (2007), and Cone, Burman, Bitan, Bolger, and

Booth (2008) reported an age-related increase in LIFC and/or LTPC

activation when children between 9 and 12 years old and adults per-

formed a rhyming judgment task involving visually and/or aurally

present words, a negative correlation between age and activation was

observed in the left superior and middle frontal cortex when children

ages 7–17 years carried out a nonword repetition task (Shaywitz

et al., 2002). As children and adolescents show large variance in their

behavioral and neural trajectories of reading development (e.g., Bates,

Dale, & Thal, 1995; Lenroot & Giedd, 2006; Raz et al., 2005; Yeat-

man, Dougherty, Ben-Shachar, & Wandell, 2012), these previous stud-

ies recruiting different participants for various developmental stages

may have confounded the developmental changes with individual/

cohort differences (Karmiloff-Smith, 2010; Poldrack, 2000), which

may have led to the inconsistent results across studies (Crone & Rid-

derinkhof, 2011; Durston et al., 2006; Kraemer, Yesavage, Taylor, &

Kupfer, 2000).

With increasing attention toward the neural integrative processes

underlying cognitive functions (Friston & Price, 2001), two pioneering

studies have investigated the dynamic changes in the neural network

associated with the development of phonological skills (Bitan et al.,

2007; Bitan, Cheon, Lu, Burman, & Booth, 2009). Children between

the ages of 9 and 15 years and adults were recruited to perform a

rhyming task in the scanner. Their neural network associated with the

phonological processing was analyzed using the dynamic causal mod-

eling (DCM) technique (Bitan et al., 2007, 2009). DCM is a model-

based analysis method that aims to evaluate the influences that one

neural region has on the functional activities in other regions within a

predefined reading network with hypothesized directional connec-

tions (Friston, Harrison, & Penny, 2003; Kahan & Foltynie, 2013).

Both studies discovered an age-related increase in the intrinsic con-

nectivity strength between the dorsal LIFC and the left lateral tempo-

ral cortex, highlighting the significance of inter-regional connections

for the development of phonological skills. However, as participants

recruited in both studies were advanced readers, it remains unclear as

to how the development of phonological processing contributes to

the formation of the neural network associated with reading

acquisition.

In this study, we employed the first longitudinal study design

to investigate the developmental trajectories of the functional net-

work for phonological processing in 28 typically developing chil-

dren, starting from the beginning of formal reading instruction. An

audiovisual phonological task with pictorial stimuli was applied and

data were collected at three time points-prereading, beginning read-

ing, and emergent reading stages-to delineate the dynamic changes

of the phonological network in response to formal reading
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instruction. Developmental changes in activation magnitude were

first characterized by traditional univariate analyses. Then, to cap-

ture the longitudinal development in the phonological network

accompanying the regional specialization process, seed-based func-

tional connectivity (FC) analyses were applied, which evaluated the

covariance in functional activities between two or more brain

regions (Friston, 1994).

Based on the Interactive Specialization Theory (Johnson, 2000,

2001, 2011; Johnson et al., 2002) and neurodevelopmental models of

reading (Price & Devlin, 2011; Pugh et al., 2001; Sandak et al., 2004),

we hypothesized that (1) developmental changes are observed in the

dorsal reading circuit (LTPC) given its essential role in phonological

processing; (2) the neural pathways between the LTPC and LIFC, and

between the LTPC and VWFS, are established during reading develop-

ment over the three stages; and (3) given the important role of phono-

logical abilities in literacy acquisition, the readiness (connection

strength) of the phonological network at the prereading stage is critical

for reading development.

2 | METHODS

2.1 | Participants

Twenty-eight typically reading children (15 males) took part in this

study. They were retrospectively selected from the Boston Longitudi-

nal Dyslexia study, which investigated the neural trajectory underlying

reading development in children with and without a family history of

developmental dyslexia. This study focused on the neurodevelopmental

trajectories of typical phonological and reading development. There-

fore, to ensure a representative sample of typically developing readers,

only participants fulfilling the following criteria were included: (a) no

family history of developmental dyslexia (FHD-), defined as no first-

degree relatives diagnosed with dyslexia; (b) Nonverbal IQ within the

average range or above (Kaufman Brief Intelligence Test–nonverbal

matrices; Kaufman & Kaufman, 2004); (c) neural and behavioral data

successfully collected at three time points, that is, before kindergarten,

after kindergarten, and after the first grade; (d) typical phonological

skills at all time points and typical reading abilities at the final time

point (see detailed information in the Psychometric measurements sec-

tion). Using these criteria, among 79 FHD- participants who were ini-

tially recruited for this project, 32 children with longitudinal data

available at all three developmental stages were first selected. One

participant was then excluded due to low Nonverbal IQ (standard

score580), and three more were further removed due to poor reading

outcomes at the third stage, leaving 28 participants for the current

analyses.

All participants were first recruited during the summer of their

kindergarten entry year (age564.363.9 months, 55–74 months),

and were invited back again after finishing kindergarten (age5

76.464.0 months, 67–85 months) and one more time 1–3 years

later (age594.367.1 months, 86–116 months), resulting in three

longitudinal time points. Since formal reading instruction starts in

kindergarten, the initial time point was viewed as the prereading

stage, the second time point after finishing kindergarten the begin-

ning reading stage, and the third time point after receiving at least

two years of reading instruction in elementary school the emergent

reading stage. This classification was also consistent with the partici-

pants’ single word reading performance assessed at each stage using

the Word ID subtest of the Woodcock Reading Mastery Test-

Revised (WRMT-R; Woodcock, 1987). 89% of the children could

name no more than 9 words at the prereading stage with an aver-

age recognition performance of 5 words (standard deviation (SD)5

11, range: 0–43 words; see similar performance range of the word

naming assessment for children at the prereading stage in Clark

et al., 2014). The children’s reading performance improved to 30

words (SD516, range: 7–64 words) at the beginning reading stage

and 60 words (SD512, range: 35–82 words) at the emergent read-

ing stage (Table 1). All children were native English-speakers and

right-handed except for one who did not indicate a preference

(ambidextrous). All participants were screened for a history of psy-

chiatric, neurological, or neurodevelopmental diseases. Only one child

(female) was diagnosed with ADHD. She was not medicated at the

prereading stage. Information about ADHD medication was not

available for the follow-up visits. This study was approved by the

ethics committee of Boston Children’s Hospital. Verbal assent and

informed consent were obtained from each child and guardian,

respectively.

2.2 | Psychometric measurements

All children were examined on their language (Clinical Evaluation of

Language Fundamentals, CELF; Semel, Wiig, & Secord, 1986), read-

ing (WRMT-R, Word ID), and reading-related skills, which included

phonological processing (Comprehensive Test of Phonological Proc-

essing, CTOPP; Wagner, Torgesen, & Rashotte, 1999), rapid autom-

atized naming (RAN/RAS; Wolf & Denckla, 2005), and letter

knowledge (WRMT-R, Letter ID). Raw scores were calculated for

each task and entered into within-subject one-way ANOVA analyses

to evaluate the developmental differences across reading stages (sta-

tistical thresholds: p< .05). For assessments showing a significant

main effect of developmental stage, pairwise post-hoc comparisons

were further carried out to evaluate simple effects between each

stage (i.e., prereading stage vs beginning reading stage; beginning

reading stage vs emergent reading stage; prereading stage vs emer-

gent reading stage). Moreover, to confirm the typical development

of phonological skills, participants’ CTOPP scores were further con-

verted into scaled scores. All participants acquired mean CTOPP

scaled scores (averaged across three subtests) higher than the clini-

cal cut-off of 7 (i.e., one standard deviation below the mean of 10)

at all the three developmental stages.

Additionally, at the emergent reading stage, several standardized

reading assessments were further administered to examine partici-

pants’ reading performance at both the single word and text levels.

These assessments included the Test of Word Reading Efficiency

(TOWRE, Torgesen, Wagner, & Rashotte, 1999)2 Sight Word Effi-

ciency (SWE) and Phonemic Decoding Efficiency (PDE) subtests;
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WRMT-R2Word ID, Word Attack (WA), and Passage Comprehen-

sion (PC); and Woodcock-Johnson III Tests of Achievement2Read-

ing Fluency subtest (WJRF, Woodcock, McGrew, & Mather, 2001).

Raw scores were first calculated and then converted into standard

scores for each participant. Again, all 28 children included in the

current study scored higher than the clinical cutoff of 85 in each

reading assessment, demonstrating typical reading abilities in all

tasks.

TABLE 1 Demographic, behavioral, and psychometric results for prereading, beginning reading, and emergent reading stages and statistical
comparisons among these stages

Prereaders
(Stage
one, S1)

Beginning
readers
(Stage two, S2)

Emergent
readers (Stage
three, S3)

Developmental
effect (F value) Simple effect

Psychometric measures

Developmental stage Before
kindergarten

After
kindergarten

After reading
instruction

Age (months) 64.363.9 76.464.0 94.36 7.0 F(2,54)5399*** S1< S2: t27578.0, p< .001
S2< S3: t27513.7, p< .001

CTOPP: elision 4.262.5 8.16 3.3 13.06 4.9 F(2,52)560.6*** S1< S2: t2658.2, p< .001
S2< S3: t2755.2, p< .001

CTOPP: blending 6.163.3 10.762.6 13.26 2.5 F(2,54)5103*** S1< S2: t2758.9, p< .001
S2< S3: t2756.3, p< .001

CTOPP: nonword
repetition

7.261.9 8.56 2.2 10.06 3.2 F(2,54)511.0*** S1< S2: t2752.7, p5 .01
S2< S3: t2752.4, p5 .02

RAN: objects 70.0614.3 64.4617.2 47.56 8.0 F(2,48)545.7*** S1> S2: t25523.8, p< .001
S2> S3: t26525.8, p< .001

CELF: core language 446 9.9 45.169.8 46.86 7.2 F(2,44)51.7 -

CELF: receptive
language

34.864.7 36.064.8 33.56 5.9 F(2,36)51.5 -

CELF: expressive
language

37.166.5 37.266.1 35.26 6.0 F(2,42)51.9 -

CELF: language
structure

44.3610.8 46.469.3 45.86 7.4 F(2,32)50.09 -

WRMT: letter ID 28.366.5 35.363.9 39.46 3.4 F(2,52)556.5*** S1< S2: t2655.5, p< .001
S2< S3: t2757.4, p< .001

WRMT: word ID 5.4611.2 30.0616.0 60.56 11.9 F(2,52)5252*** S1< S2: t27510.1, p< .001
S2< S3: t26512.9, p< .001

In-scanner performance

Age (months, imaging) 65.563.8 77.263.9 95.46 7.2 F(2,54)5400*** S1< S2: t27563.3, p< .001
S2< S3: t27514.0, p< .001

Maximal head
movement

Translational
amplitude (mm)

6.9266.3 5.6263.9 4.356 3.5 F(2,54)52.89 -

Rotation angle
(radian)

0.12760.13 0.09860.088 0.0976 0.18 F(2,54)50.81 -

Accuracy FSM 56.7%6 0.29 69.6%60.20 84.4%6 0.18 F(2,38)511.0*** S1< S3: t2452.5, p5 .02
S2< S3: t2153.5, p5 .002

VM 62.1%6 0.23 70.5%60.22 82.3%6 0.16

Response latency FSM 2457.76 559.9 2264.66387.2 2094.26 396.8 F(2,38)52.96 -

VM 2389.36 525.9 2383.56487.1 2190.96 463.6

Note. Abbreviations: CELF5Clinical Evaluation of Language Fundamentals; CTOPP5Comprehensive Test of Phonological Processing; FSM: First Sound
Matching; RAN5Rapid Automatized Naming; VM: Voice Matching; WRMT5Woodcock Reading Mastery Tests.
Raw scores are presented to demonstrate developmental changes over the three reading stages. For RAN: objects, raw scores reflected time (seconds)
spent naming all objects, and therefore were expected to decrease with age and increased reading fluency abilities. Due to missing data points for each
assessment, degrees of freedom and significance level were adjusted accordingly. Results of simple effects are present only for the variables with a sig-
nificant main effect (p< .05), and the comparison between S1 and S3 is not present if both the contrasts of S1 vs S2 and S2 vs S3 are significant.
*p< .05; **p< .01; ***p< .001.
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2.3 | FMRI experiment: First sound matching (FSM)

2.3.1 | Task and design

Phonological processing was investigated in the current study using a

behavioral interleaved gradient block design. The task and procedure

were described previously in Raschle, Zuk, and Gaab (2012b) and

Raschle, Stering, Meissner, and Gaab (2014). During the experiment,

participants listened to two consecutively presented object words, spo-

ken in a male or female voice, and saw corresponding pictures pre-

sented on the screen simultaneously. They were required to judge via

button-press whether or not the names of the two object words

matched on the first sound (FSM; experimental condition) or whether

the object words were spoken by the same gender’s voice (VM; control

condition). Each trial lasted for 6 s, consisting of the 4 s stimulus pre-

sentation (2 s for each word) and 2 s response periods. This trial struc-

ture allowed the response duration to synchronize with the actual

scanning in an interleaved gradient design, and thus there was reduced

scanner background noise during auditory stimulus presentation (Gaab

et al., 2007a, 2007b, 2008; Hall et al., 1999). Each FSM and VM block

was comprised of four trials, and experimental blocks were alternated

with resting blocks (fixation cross) of the same length. To accommodate

the young participants in this study, FSM and VM were presented in

separate runs, each lasting for 6 min.

2.3.2 | In-scanner behavioral performance analysis

Button responses and reaction times (RTs) were recorded during the

imaging experiment. The participants’ in-scanner behavior was closely

monitored by a research assistant who accompanied the participant in

the scanner room (for details on the scanning protocol, see Raschle

et al., 2009, 2012a). Due to the young ages of the participants at the

initial stage (55–74 months), response correction was allowed if it was

made before the stimulus presentation of the next trial (maximal

response time52 s). Some children answered “incorrect” first and then

subsequently switched to “correct.” In these cases, RTs were calculated

based on the correct (second) response. None of the children switched

from a “correct” to an “incorrect” answer. Both accuracies and RTs

were fed into the within-subject two-way ANOVA analyses, respec-

tively, to examine the effects of task and developmental stage, and

their interaction on the experiment performances (statistical thresholds:

p< .05). Simple effects on pairwise comparisons were further carried

out if the main effect of developmental stage or the interaction

reached significance.

2.3.3 | Imaging acquisition

MRI scans were collected on an SIEMENS 3 T Trio MR scanner. A 32-

slice echo planar imaging-interleaved sequence was applied to acquire

the blood oxygen level-dependent (BOLD) signals (TR56,000 ms;

TA51,995 ms; TE530 ms; flip angle5908; field-of-view5256 3

256 mm2; in-plane resolution53.125 3 3.125 mm2, slice

thickness54 mm, slice gap50.8 mm). The behavioral interleaved gra-

dient imaging design was applied to allow for the presentation of the

auditory stimuli without scanner background-noise interference. Struc-

tural images were acquired using T1-weighted MPRAGE MRI

sequences with the following specifications: TR52000 ms; TE53.39

ms; flip angle598; field of view5256 3 256 mm2; voxel size51.3 3

1.0 3 1.3 mm3; slice number5128.

2.3.4 | fMRI preprocessing and first-level analysis

Each subject’s data acquired at the three reading stages were prepro-

cessed and modeled separately using an age-appropriate protocol

implemented in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Structural

images were first preprocessed with the toolbox VBM8 (http://www.

neuro.uni-jena.de/vbm/). They were segmented into gray matter (GM),

white matter (WM), and cerebral spinal fluid (CSF) using an adaptive

maximum a posterior (MAP) approach (Rajapakse, Giedd, & Rapoport,

1997). These segmented images were then affine transferred from

native space to the Montreal Neurological Institute (MNI) space based

on age- and gender-matched Tissue Probability Maps created using the

Template-O-Matic Toolbox (Wilke, Holland, Altaye, & Gaser, 2008).

With the aim to increase local registration among participants, a diffeo-

morphic anatomical registration using exponentiated lie algebra (DAR-

TEL) approach was applied to further normalize the affine-registered

GMs and WMs through six iterations of high dimensional warping

processes using nonlinear registration (Ashburner, 2007). To account

for the anatomical differences between children and adults, internal

pediatric DARTEL templates, instead of default templates, were applied

during DARTEL normalization, which were created based on 149 struc-

tural images of children of similar age (67.964.2 months) and gender

ratio (female/male51.04/1). The deformation fields, which recorded

transformational matrices from the native space to the MNI space,

were also saved for every structural image after DARTEL registration.

For functional image preprocessing, the initial volumes were first

removed from each run to allow for T1 equilibration effects. The

remaining images were spatially realigned to the first image of the

series and coregistered to their corresponding structural images col-

lected at the same stage. Deformational fields generated during the

DARTEL wrapping process were then applied to normalize all func-

tional images into the MNI space, which were subsequently smoothed

using a Gaussian kernel with full-width at half-maximum (FWHM) of

8 mm.

Before statistical modeling, head motion detection was carried out

using the Artifact Detection Tools (ART, http://www.nitrc.org/proj-

ects/artifact_detect). Images with excessive head movement were first

automatically selected by ART if the scan-to-scan motion exceeded a

translational threshold of 3 mm and/or a rotation threshold of 28. All

identified images were then visually inspected and those with artifacts,

such as missing voxels, stripes or ghosting, were labeled as outliers.

Only participants with fewer than 10% outlier scans at all three devel-

opmental stages were included in subsequent analyses. Note that simi-

lar strategies in the choices of motion criteria have also been adopted

in previous pediatric longitudinal studies to maximize the sample size

with longitudinal data at multiple times (e.g., Emerson & Cantlon, 2015;

James, 2010; Szaflarski et al., 2006, 2012). The head movement of the

remaining volumes did not differ significantly across developmental

stages in terms of the maximal translation amplitude and rotation angle

(Table 1). In addition, each outlier image was coded using a binary
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regressor with the outlier image as 1 and the remaining volumes as 0.

All regressors for the outliers were combined with the six continuous

regressors for head movements, and used as motion parameters in sub-

ject level analyses to partial out the confounding effect from head

movement and increase the magnitude of statistical effects (Siegel

et al., 2014).

The general linear model (GLM) was applied to explore the fixed-

effect within each subject. Experimental regressors for the task and

rest conditions were modeled in a block-design fashion and entered

into a GLM with run effect and an intercept term as nuisance covari-

ates. Motion parameters generated by ART were also included to

regress out outlier images and partial out the overall motion effect. The

default value of the high-pass filter (128 s) was further included to

remove confounding influences on the BOLD signal, such as physiolog-

ical noise from cardiac and respiratory cycles. The contrast map for the

experimental> control conditions (i.e., FSM>VM) was built and com-

puted for every subject at each reading stage.

2.3.5 | Univariate whole-brain analyses

To evaluate the developmental changes in neural responses associated

with phonological processing, a one-way ANOVA model with reading

stage as the within-subject factor was built and subject-wise contrast

maps of FSM>VM for each developmental stage were entered. Sub-

sequently, all possible contrasts between the three different develop-

mental stages (prereading vs beginning reading; beginning reading vs

emergent reading; prereading vs emergent reading) were computed.

Moreover, for the regions exhibiting significant developmental effects,

post-hoc analyses on the contrasts FSM> rest and VM> rest were fur-

ther computed to illustrate the developmental changes in each condi-

tion. In addition, to evaluate the potential influences of visual stimuli

(pictures of the objects) on the neural correlates underlying phonologi-

cal processing, two spherical Regions of Interest (ROI) were built in the

primary visual cortices, specifically, the bilateral posterior occipitotem-

poral regions, based on the peaks ([638, 290, 210], radius56 mm)

reported in Brem et al. (2010). ANOVA tests were performed in each

ROI to estimate the developmental changes for the contrasts

FSM>VM, FSM> rest, and VM> rest, respectively.

2.3.6 | FC analyses

The CONN toolbox was employed to estimate the inter-regional corre-

lations during phonological processing (Chai, Casta~n�on, €Ong€ur, &

Whitfield-Gabrieli, 2012; Whitfield-Gabrieli & Nieto-Castanon, 2012).

The first-level GLM model was first imported for every participant to

build the task regressor for each condition. Preprocessed functional

images were then denoised to eliminate the confounding effects from

head movement and BOLD signals in the WM and CSF. To achieve

this, the principle components of the BOLD timecourses of voxels in

the corresponding normalized WM and CSF masks were estimated

using the anatomical aCompCor strategy (Behzadi et al., 2007). These

components were then combined with the SPM motion regressors

generated by ART and entered as regressors of no interest in the con-

nectivity analysis model. Furthermore, to partial out the artificial inter-

regional correlations caused by the experimental manipulations, four

task regressors and their first temporal derivative terms were also

included as nuisance covariates and removed from the BOLD time-

courses. The denoised functional images were further band-pass fil-

tered between 0.008 and 0.09, and detrended to remove linear drift

within each functional session. Finally, the timecourses specific for pho-

nological processing were derived through weighting the residual time

series by the task regressor specific for the FSM condition. Moreover,

a hanning window was applied to weigh down the initial and final scans

of each block, to reduce the potential influence of the neighboring

(resting) blocks.

For the whole-brain FC analyses, candidate seed regions were ini-

tially chosen based on the findings from the univariate ANOVA analy-

ses, which were further narrowed down to regions located within the

reading network established in the previous literature. This selection

procedure was employed to focus the current analyses on the network

changes specific to reading acquisition. For each seed region, a PCA

was first performed on the timecourses of all the voxels within each

seed region, and the resulting principle eigenvariate was taken as the

timecourse of the seed. Whole-brain FC maps were then calculated by

correlating the timecourse of the seed with that in each of the remain-

ing voxels. The acquired r values were then Fisher- transformed to Z

scores for subsequent statistical analyses. At group-level analyses,

subject-wise FC maps were fed into a one-way ANOVA analysis to

evaluate connectivity changes across stages. Moreover, a regression

analysis was carried out to estimate the relationship of developmental

changes between FC and phonological abilities after controlling for

age. Specifically, a phonological-gain index was first estimated for each

subject by subtracting the mean CTOPP raw score averaged across the

three subtests acquired at the pre-reading stage from that at the emer-

gent reading stage. Then, a subject-wise FC difference map was com-

puted in the same way using FC maps at the prereading and emergent

reading stages. These FC difference maps were then entered into a

regression model with a phonological-gain index as a covariate of inter-

est, and age differences between the prereading and emergent reading

stages as a control variable.

For all group-level analyses, a customized cerebral mask was cre-

ated by (a) generating a mean GM image across all subjects and thresh-

olding at p5 .2; (b) subtracting from it a subcortical mask generated

using the AAL atlas (Tzourio-Mazoyer et al., 2002). The resulting image

was then binarized and applied as an explicit mask in the second-level

model to constrain all the computations to the cerebral cortex. Activa-

tion clusters were reported at a voxel-level significance of p< .001

(uncorrected) with a cluster size of 29 voxels (k�29), which corre-

sponded to a cluster level significance at p< .05, corrected for multiple

comparisons using the Monte-Carlo method.

2.3.7 | Regression analyses

To evaluate the importance of the phonological network at the pre-

reading stage for the development of reading abilities, regression analy-

ses were performed using the R system (version 3.1.0 64 bit; Ihaka &

Gentleman, 1996). A PCA with a varimax rotation was first conducted

on the standard scores of all six reading assessments assessed at the

emergent reading stage, to better capture the reading competence of
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each participant. Components that explained more than 10% of the

variance in reading performance across participants were selected as

reading outcomes for the subsequent regression analyses. A multiple

linear regression model was then built to estimate the predictive power

of connectivity strength of the identified neural pathways on each

reading outcome at the emergent reading stage. The age of each child

at the emergent reading stage was also included as a regressor of non-

interest. The statistical significance was determined by permutation

tests (n510,000). Moreover, to ensure the generality of the regression

model, a leave-one-out-cross-validation (LOOCV) analysis was carried

out for each reading outcome. Specifically, during each iteration

(n528), one subject’s data was held out, whose reading outcome was

predicted using the regression model estimated based on the remaining

27 participants’ data. A correlation analysis was then run between the

predicted values and the real reading outcomes to evaluate the per-

formance of the regression model.

Finally, to evaluate the effect of head movement threshold on the

results, the main analyses were repeated in a subset of 18 participants

who passed the more stringent criteria for head motion. Outlier scans

were identified if the scan-to-scan motion was larger than 3 mm and/

or 28. Ten participants were therefore removed due to more than 20%

outlier images at one (n57) or two (n53) developmental stages. The

replication analyses were performed in the regions that showed devel-

opmental effects in the previous analyses with the full sample of 28

participants and similar results were observed (Supporting Information).

3 | RESULTS

3.1 | Psychometric results

All 28 subjects acquired standard scores higher than the clinical cut-off

for reading difficulties (i.e., 85) in all six reading assessments

(SWE5111.0613.3; PDE5108.0613.0; Word ID5115.569.6;

WA5113.9611.6; PC5112.169.0; WJRF5111.4610.6) as out-

lined in the selection criteria. Moreover, all participants developed typi-

cal phonological skills, as their mean CTOPP scaled scores, averaged

across all subtests, were within or above the typical range (i.e.,>7) at

all three reading stages (prereading stage: 10.561.6; beginning reading

stage: 11.161.4; emergent reading stage: 10.962.0).

For an evaluation of the developmental changes in language and

cognitive abilities related to language and literacy acquisition, raw

scores were employed. Consistent with the transition from prereading

to emergent reading stages, participants’ performance on the WRMT-R

Word ID task increased significantly (F(2,52)5252, p< .001). More-

over, their raw scores on WRMT-R letter ID (F(2,52)556.5, p< .001),

on all three CTOPP phonological assessments (Elision: F(2,52)560.6,

p< .001; Blending: F(2,54)5103, p< .001; Nonword Repetition:

F(2,54)511.0, p< .001), and on the RAN object assessment (F(2,48)5

45.7, p< .001) all exhibited significant positive developmental effects

(all increases except for RAN for which a decrease is considered a skill

improvement). Pairwise comparisons performed between each stage

further demonstrated significant increases in raw scores for both the

WRMT-R Letter ID and CTOPP assessments, and a significant decrease

in seconds for the RAN object assessment at the beginning reading

stage compared to the prereading stage, and the emergent reading

stage compared to the beginning reading stage (Table 1). However, raw

scores on all CELF assessments did not change across the three devel-

opmental stages (p> .1 for all the ANOVAs). All the psychometric

scores collected at the three time points are summarized in Table 1.

3.2 | fMRI performance

3.2.1 | In-scanner behavioral results

Each participant completed the same experiment three times. The aver-

age interval between the prereading and beginning reading stages was

11.8 months (9.7–14.3 months), whereas the interval between the

beginning reading and emergent reading stages was 18.1 months

(10.7–39.1 months). Due to technical issues, behavioral responses

failed to be recorded for two children during the first year, five partici-

pants at the final point, and one at both the first and final years. All

these children were still included in the analyses because (a) they dem-

onstrated above-chance performance accuracies during the practice

session and (b) they responded during the experiment, as confirmed by

the monitoring experimenter.

Based on the available behavioral data, participants demonstrated

a significant developmental effect for response accuracies, while the

main effect of task and their interaction were not significant (develop-

mental stage: F (2,38)511.0, p< .001; task: F (1,19)50.02, p5 .90;

interaction: F (2,38)50.24, p5 .79). Simple effect analyses on accura-

cies revealed significantly higher response accuracies for the emergent

reading stage compared to both the pre-reading and the beginning

reading stages (emergent reading stage vs prereading stage: t1954.40,

p< .001; emergent reading stage vs beginning reading stage:

t1953.65, p5 .005, Bonferroni corrected for multiple comparisons),

while the two early stages did not differ from each other (t1951.36,

p5 .57). Response time decreased over the developmental stages, but

the ANOVA analysis did not reveal any significant main or interaction

effects (developmental stage: F(2,38)52.96, p5 .06; task: F(1,19)5

1.47, p5 .24; interaction: F(2,38)5 .35, p5 .71, Table 1).

3.2.2 | Univariate whole-brain results (Figure 1 and Table 2)

At the cluster-level threshold of p< .05 (Monte-Carlo corrected for

multiple comparisons), the contrast of prereading> emergent reading

stages revealed significant differences in left inferior parietal cortex

(LIPC, spanning the left inferior parietal and supramarginal gyri), and

bilateral precuneus, whereas no region was observed for the opposite

contrast (emergent reading>prereading) or for any other comparison

(i.e., prereading vs beginning reading and beginning reading vs emer-

gent reading). The post-hoc analyses in both LIPC and bilateral precu-

neus further showed significant decreases in the contrast FSM> rest

(LIPC: F (2, 54)59.0, p< .001; bilateral precuneus: F (2, 54)511.2,

p< .001), while a significant increase for the contrast VM> rest (LIPC:

F (2,54)57.74, p< .001; bilateral precuneus: F (2,54)53.2, p5 .049)

was observed. Yet, ANOVA analyses with neural activation in the bilat-

eral posterior occipitotemporal regions did not reveal any developmen-

tal effect in the contrasts FSM>VM (Left: F (2, 54)51.2, p5 .32;
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Right: F (2, 54)50.55, p5 .58), FSM> rest (left: F (2, 54)5 .14, p5 .87;

right: F (2, 54)50.06, p5 .94), or VM> rest (left: F (2, 54)52.0,

p5 .15; right: F (2, 54)51.1, p5 .35).

3.2.3 | FC results

Given the key role of the LIPC for reading activities (e.g., Houd�e, Rossi,

Lubin, & Joliot, 2010; Martin, Schurz, Kronbichler, & Richlan, 2015;

Pugh et al., 2001; Schlaggar & McCandliss, 2007), this neural region, as

functionally defined based on the univariate results, was employed as

the seed for the whole-brain FC analyses. Comparisons of the whole-

brain FC maps between the three different reading stages over the

entire group did not reveal any neural regions that showed a significant

developmental effect in FC to the LIPC. However, significant positive

correlations between longitudinal differences in connection strength

from the prereading to emergent reading stages and the phonological-

gain index were observed for the functional pathways connecting the

LIPC to the left inferior frontal cortex (LIFC, BA45), left posterior occi-

pitotemporal cortex (LpOTC, BA 18), and right angular gyrus (RAG, BA

39), respectively (Figure 3a,c and Table 2).

To further characterize the complex relationship between the

phonological-gain index and the observed changes in the connection

strength in the three pathways, LIPC-LIFC, LIPC-LpOTC and LIPC-

FIGURE 1 Developmental effects in the activation magnitude for phonological processing. (a) Univariate whole-brain analyses revealed
increased activation in the left inferior parietal cortex (LIPC, red) and bilateral precuneus (yellow) for prereading compared to emergent
reading stages, whereas no significant difference was identified for the opposite direction or other contrasts (prereading vs beginning read-
ing, beginning reading vs emergent reading). Results are reported at voxel-level puncorrected< .001, k�29, corresponding to the cluster-level
threshold at p< .05, Monte-Carlo corrected for multiple comparisons. RH: right hemisphere; LH: left hemisphere. (b) Post-hoc analyses in
the LIPC and bilateral precuneus revealed significant decreases in activation for the contrast FSM> rest, whereas significant increase in acti-
vation for the contrast VM> rest was observed. Moreover, ROI analyses in the bilateral primary visual cortices, derived from Brem et al.
(2010), did not reveal any significant developmental changes for any of the contrasts [Color figure can be viewed at wileyonlinelibrary.com]
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RAG, subjects were divided into two subgroups using their

phonological-gain indices. Fourteen children with phonological-gain

indices higher than the group mean were grouped as an “above-

average phonological-gain subgroup” (mean57.9, SD51.5,

range56.3�11.7), and the remaining fourteen children were grouped

as the “below-average phonological-gain subgroup” (mean54.3,

SD51.5, range52�6). Importantly, these two subgroups did not dif-

fer in the mean CTOPP raw score at the prereading or beginning read-

ing stages (prereading stage: t2650.133, p5 .89; beginning reading

stage: t2651.53, p5 .14), whereas the above-average phonological-

gain subgroup scored significantly higher than the below-average pho-

nological-gain subgroup at the emergent-reading stage (t2654.21,

p< .001, Figure 3b). FC values of the identified pathways, LIPC-LIFC,

LIPC-LpOTC, and LIPC-RAG, were extracted and first entered into a

three-way ANOVA with pathway and developmental stage as the

within-subject factors and subgroup as the between-subject variable.

Significant effects were demonstrated for the interactions between

developmental stage and subgroup (F (2,52)512.48, p< .001), as well

as between pathway and developmental stage (F (4,104)52.75,

p5 .032), while all the other effects were not significant. Given our

interests in the association between gains in phonological skills and

pathway development, the interaction effect between developmental

stage and subgroup (above-average phonological-gain subgroup and

below-average phonological-gain subgroup) was further explored

through a one-way ANOVA conducted in each subgroup with develop-

mental stage as the within-subject factor. FC values were recalculated

by averaging across all the three pathways due to an insignificant

three-way interaction effect. The ANOVA in the subgroup with below-

average gains in phonological processing revealed a significant develop-

mental decrease in connection strength (F (2,26)59.8, p< .001), while

an opposite pattern was observed in subjects with above-average gains

in phonological processing (F (2,26)53.3, p5 .05, see the pathway-

specific development for each subgroup in Figure 3d).

3.2.4 | Regression results (Figure 2)

The PCA analysis with the six psychometric reading assessments

revealed one major component, which explained 78.9% of the total

variance in participants’ reading abilities. The second largest component

accounted for only 8% of the variance, and thus was not included in

the following prediction analyses. Therefore, a multiple linear regres-

sion model was built using the first principal component derived from

the PCA analyses as the outcome measure. Based on the results of the

neuroimaging analyses, the prereading FC values of the three identified

pathways LIPC-LIFC, LIPC-LpOTC, and LIPC-RAG, and the age of chil-

dren at the emergent reading stage, were entered into the regression

model as predictive variables. Among all predictors, the LIPC-LpOTC

connection strength significantly predicted reading abilities assessed at

the second or later grade (LIPC-LpOTC: b51.53, p5 .042), whereas

the LIPC-RAG pathway showed marginally significant predictive power

(b521.62, p5 .052). Finally, the LOOCV analysis demonstrated a sig-

nificant correlation between the true reading outcomes and predicted

values (r (26)5 .64, p< .001).

4 | DISCUSSION

To our knowledge, this study is the first to examine longitudinal

changes in the neural network for phonological processing during

the initial process of learning to read. Developmental decreases in

activation magnitudes were observed in the LIPC and bilateral precu-

neus during phonological processing, a prerequisite skill for reading

acquisition, from the prereading to the emergent reading stage.

Given the critical role of the LIPC in reading and phonological proc-

essing (e.g., Houd�e et al., 2010; Martin et al., 2015; Pugh et al.,

2001; Schlaggar & McCandliss, 2007), this region was further

employed as a seed, and its functional connectivity with other brain

regions during the phonological processing task (i.e., FSM) were eval-

uated. Three separate neural pathways connecting the LIPC to the

LIFC, LpOTC, and RAG were identified, and correlations between

changes in network strengths over time and developmental increases

in phonological abilities were observed. More specifically, significant

increases in the connection strength in these pathways were

observed in participants with above-average gains in phonological

processing, while participants with below-average gains in phonolog-

ical processing showed decreased connection strengths. Further-

more, connection strength between the LIPC and the LpOTC at the

prereading stage significantly predicted reading skills at the emer-

gent reading stage, emphasizing its critical role during the initial

stages of reading development. In summary, this study is the first

TABLE 2 Summary of the whole-brain results

Peak coordinates

Region Brodmann area (BA) x y z T value Cluster size

Univariate analyses: prereading> emergent reading

Left inferior parietal cortex (LIPC) BA 40 236 245 45 4.5 57

Bilateral precuneus BA 5 6 251 54 4.3 76

FC analyses - LIPC seed: correlation analyses

Left inferior frontal cortex BA 44, 45 257 24 15 5.6 40

Left posterior occipitotemporal cortex BA 18 230 296 29 4.4 74

Right angular gyrus BA 39 45 266 39 4.5 44
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longitudinal investigation of the maturation of the phonological net-

work in relation to reading development, and thus lays the founda-

tion for future longitudinal investigations of the neural trajectories

underlying literacy acquisition.

Specifically, using a univariate analysis approach, greater activa-

tion within the LIPC was observed during the audiovisual phonologi-

cal task (FSM) compared to the control task (VM) at the prereading

stage compared to the later stages, suggesting an increasingly effi-

cient processing module for phonological processing within the LIPC.

Various studies have reported activation of the LIPC during phono-

logical processing (e.g., Cattinelli, Borghese, Gallucci, & Paulesu, 2013;

Pugh et al., 2001; Schlaggar & McCandliss, 2007), but its

developmental time course had not yet been studied. Based on our

results, we hypothesize that the activation decreases in the LIPC may

reflect a fine-tuning specialization mechanism during the time course

of reading development, which is usually accompanied by intensive

instruction targeting phonological processing and grapheme-phoneme

mapping in the school setting. Our interpretation is in line with previ-

ous cross-sectional findings, which demonstrated lower activation in

mature readers (age 18–23) compared to children (age 7–10) in a vari-

ety of (pre) literacy tasks, such as rhyming, repetition, and silent read-

ing, even when their task performances (RTs and accuracies) were

matched (Brown et al., 2005; Church et al., 2008). Moreover, post-

hoc analyses further demonstrated that the observed developmental

FIGURE 2 Functional pathways critical for the development of phonological abilities. (a) Whole-brain regression analyses with the FC map
revealed positive associations between mean CTOPP gain and the FC increase in pathways connecting left inferior parietal cortex (LIPC, seed
region, blue) to several neural regions (red) including left inferior frontal cortex (LIFC), left posterior occipitotemporal cortex (LpOTC), and right
angular gyrus (RAG). Results are reported at voxel-level puncorrected< .001, k�29, corresponding to the cluster-level threshold at p< .05,
Monte-Carlo corrected for multiple comparisons. RH: right hemisphere; LH: left hemisphere. (b) The subgroup with above-average CTOPP gains
scored significantly higher than the subgroup with below-average CTOPP gains at the emergent reading stage, although these two subgroups
started off with similar phonological skills at the prereading stage. *p< .05; **p< .01; ***p< .001. (c) The scatter plots applied here illustrate the
significantly positive correlations between the gains in phonological processing skills and FC increase from the prereading to the emergent read-
ing stages across participants. (d) Bar figures show the dichotomous developmental patterns for subjects with different levels of gains in phono-
logical processing in each neural pathway [Color figure can be viewed at wileyonlinelibrary.com]
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decrease of the contrast FSM>VM was driven both by a significant

decrease in the contrast FSM> rest and a significant increase in the

contrast VM> rest. While the developmental decrease for the FSM

condition confirms that the hypothesized fine-tuning process in the

LIPC is specific to phonological processing, the activation increases in

the LIPC for the VM> rest contrast might suggest a different neural

mechanism and/or developmental trajectory underlying the voice per-

ception in the LIPC. However, due to the lack of longitudinal investi-

gations of the neural mechanisms underlying development of voice

perception, the role of the LIPC in the current VM task is difficult to

specify and needs further investigation. In summary, using a

longitudinal approach, this study suggests that the LIPC is a hub for

phonological processing prior to reading onset and that activation

decreases over the developmental trajectory of learning to read.

In addition to the univariate findings, our FC analyses further

revealed significant correlations between developmental changes in

phonological processing skills over the time course of learning to read

and longitudinal changes in the connection strength of the LIPC-

LpOTC, LIPC-LIFC, and LIPC-RAG pathways. The development of the

LIPC-LpOTC functional pathway may represent the maturation of

auditory-visual integration, as the initial formation stage of the VWFS

during the time course of learning to read. The VWFS is located in

the left occipitotemporal cortex, and a posterior-to-anterior hierarchi-

cal gradient for the representation of increasingly larger word frag-

ments from simple letters in the posterior fusiform/inferior occipital

gyri to whole words in the middle fusiform gyrus has been reported

(Vinckier et al., 2007). Recent developmental studies have further

suggested that the specialization process of the VWFS starts in the

posterior area, as the print-sensitive activation has been shown to

emerge in this region (Brem et al., 2010; James, 2010) and correlate

with electrophysiological responses associated with letter-sound con-

gruency effects (Karipidis et al., 2017) in prereaders after preliteracy

training. In line with these findings, the functional network between

the LIPC and the posterior VWFS (i.e., LpOTC) observed in the cur-

rent study may reflect the establishment of the neural pathway for

letter-sound correspondence in our very young participant sample,

following their decoding/reading experience over the developmental

time course of reading acquisition. Interestingly, a developmental

decrease in cortical thickness has also been reported in a similar

region (the left lingual gyrus) for typically developing children longitu-

dinally from ages of 6 to 11 years (Clark et al., 2014). Cortical thin-

ning in developing brains is primarily thought to result from synaptic

pruning and myelination (Dosenbach et al., 2010; Sowell et al., 2004;

Toga, Thompson, & Sowell, 2006), and has shown significant correla-

tions with age-related improvement in cognitive function, such as

executive function (Kharitonova, Martin, Gabrieli, & Sheridan, 2013).

Therefore, the decrease in the cortical thickness of the left lingual

gyrus and the pathway development between the LIPC and LpOTC

might reflect the experience-induced functional specialization and

integration in the posterior VWFS, respectively, during the course of

learning to read.

Furthermore, the correlations between gains in phonological proc-

essing skills and changes in connection strength within the LIPC-LIFC

pathway seem to reflect the maturational process in the pathway

between the posterior and anterior components of the reading net-

work. The LIFC is the key region of the anterior reading network (e.g.,

Pugh et al., 2001), and previous studies have suggested that it plays an

important role in various aspects of reading, such as syntactic and

semantic processing, processing of lexicality, comprehension, and pho-

nological working memory (e.g., Bonhage, Mueller, Friederici, &

Fiebach, 2015; Fiez et al., 1996; Malins et al., 2016; Rimrodt et al.,

2009; Rodd, Vitello, Woollams, & Adank, 2015). The positive associa-

tions between the increase in the connection strength of the LIPC-

LIFC pathway and the gains in phonological processing most likely

FIGURE 3 The regression results of prereading functional
connectivity strength on long-term reading achievement. (a) PCA
on the six reading assessments revealed one major component
(eigenvector 1), which explained 78.9% of the total variance. (b) A
linear regression analysis revealed that the LIPC–LpOTC connec-
tion strength estimated at the prereading stage could significantly
predict reading abilities assessed at the second or later grade
(b51.53, p5 .042). The predictive power of the connection
strength between the LIPC and the RAG did not reach significance,
but marginally significant results were observed (b521.62,
p5 .052). (c) A leave-one-out-cross-validate analysis demonstrated
a significant correlation between the real reading outcomes and
the predicted values (r (26)5 .64, p< .001). LIPC: left inferior parie-
tal cortex; LIFC: left inferior frontal cortex; LpOTC: left lingual
gyrus; RAG: right angular gyrus [Color figure can be viewed at
wileyonlinelibrary.com]
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reflect the increasing link between decoding/phonological awareness

as part of the posterior reading component, and semantic processing

and language comprehension as part of the anterior component. Con-

sistent with our interpretation, Scarborough et al. (2001) suggested

that both components are critical for reading fluency and comprehen-

sion, and that these aspects of language become more strategic over

time while word recognition/decoding becomes more automatic. This

shift in the association between language processing and reading may

therefore be reflected in the increased connection strength between

the LIPC and the LIFC observed in this study over the time course of

learning to read.

Additionally, an increase in connection strength was observed

between the LIPC and RAG, which may reflect the recruitment of addi-

tional right-hemispheric regions that young readers engage during pho-

nological processing. For instance, the RAG has been frequently

implicated in lexical-sematic processing and vocabulary development,

which are important components for literacy acquisition (Scarborough,

2001).

A dissociation in maturational patterns of the identified network

was further discovered for children with different behavioral profiles of

phonological development, reflecting the heterogeneity of the develop-

mental trajectories underlying literacy acquisition, even in typical read-

ers. In the present study, when participants were divided into two

subgroups according to their gains in phonological skills, children with

above-average gains in phonological processing showed increased con-

nection strength across all connections (LIPC-LpOTC, LIPC-LIFC, and

LIPC-RAG), while those with smaller behavioral improvements exhib-

ited the opposite pattern. These contrasting developmental profiles

seem to suggest a different reliance on phonological skills during the

course of learning to read. Literacy acquisition is supported by multiple

skills. While phonological processing certainly plays a critical role in the

initial decoding phase, other abilities, such as skills measured through

rapid automatized naming (e.g., automaticity of retrieval), oral language,

or orthographic knowledge, might facilitate reading development at a

later stage, when automaticity of word recognition and reading fluency

begin to emerge (Chall, 1983; Kirby, Parrila, & Pfeiffer, 2003). There-

fore, it could be hypothesized that children with below-average gains

in phonological processing may rely more on other skills to support

their reading development after they learn to decode words, which

may be reflected in the observed decreases in the strength of the pho-

nological network. However, it is important to note that all of the chil-

dren in this study are exhibiting typical reading skills and therefore it

simply seems to reflect a differential processing network which is not

qualitatively different. These putative differences in the developmental

trajectories of reading, however, seem not to be triggered by initial

phonological abilities, as there was no significant difference in the

CTOPP performances between the two subgroups at the prereading

stage. Future studies should be conducted to investigate the specific

neural and behavioral factors that give rise to the observed dichoto-

mous developmental trajectories of successful literacy acquisition.

Interestingly, our findings also parallel the bifurcated trajectories

discovered in white matter tract development in 7- to 15-year-old chil-

dren (Yeatman et al., 2012), suggesting a strong convergence of

structural and functional connectivity during the emergence of the

reading network. In their study, children with above-average reading

skills showed developmental increases in FA within the left arcuate fas-

ciculus (LAF) and inferior longitudinal fasciculus (LILF), while those with

below-average reading skills exhibited developmental decreases in FA

within the same white matter tracts. The authors of this article inter-

preted their findings as a result of a dual-process system governing the

white matter development. This system comprises biological processes

with opposing effects on white matter integrity, such as axonal myeli-

nation (stimulating FA increase) and pruning (dampening FA increase),

and the balance between the two processes varies among children,

which led to the different developmental trajectories in the fiber tracts

observed in their study. The LAF, connecting the prefrontal cortex and

LPTC, has been shown to exhibit strong associations with phonological

skills (e.g., Vandermosten et al., 2012; Yeatman et al., 2011), even at

the prereading stage (Saygin et al., 2013). The LILF spans the inferior

occipital and temporal cortices, and has been shown to underlie the

development of orthographic processing (Gebauer et al., 2012), which

might be facilitated by letter-sound mapping skills via the LIPC-LpOTC

pathway. Although children with poor reading skills were not investi-

gated in the current study, the white matter tracts identified in Yeat-

man et al. (2012) connect the same brain regions and/or serve similar

function as the functional network identified in the present analyses, in

which we compared subjects with below-average and above-average

gains in phonological processing skills. Therefore, the similarity

between the developmental patterns observed in the functional net-

work and the white matter tracts suggests a reciprocal relationship

between the functional networks observed here and underlying ana-

tomical infrastructure.

Furthermore, this study implemented a voice matching task as a

control condition, during which the children listened to two object

words and were asked to indicate whether the gender of the voice of

the two words matched. Through the contrast FSM>VM, peripheral

processes, such as primary auditory perception and motor responses,

could be largely eliminated, and therefore the neural responses specific

to phonological processing were isolated. Moreover, as neither the task

effect nor the interaction between the reading stages and the tasks

was significant, the VM task helped control for the task difficulties

across the developmental stages, which would otherwise impact the

neural responses (e.g., Casey, Galvan, & Hare, 2005a; Casey, Totten-

ham, Liston, & Durston, 2005b; D’Esposito et al., 1997; Durston et al.,

2006). It is important to note, however, that the two employed tasks

(FSM and VM) might still differ in their relevance of the visual informa-

tion for the target processes. While in the FSM task, the visualization

of the object may facilitate the decision of whether the two words start

with the same sound, the visual appearance of the objects in the voice

matching task is irrelevant for the decision process. One could

hypothesize that this difference may lead to differences in the process-

ing depth of the visual stimuli, which could influence the observed

developmental effect, especially in visual areas. To empirically address

this issue, the additional analyses of the developmental effect were

conducted in two ROIs located in the primary visual cortex. No signifi-

cant developmental effects were reported for the FSM>rest, VM> rest
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or the FSM>VM contrast, which suggests minimal or no confounding

effects of visual processing on the observed effects in this study.

Overall, the early emergence of the neural network and its func-

tional specialization over the time course of learning to read, that is,

LIFC and LpOTC, highlights the significance of inter-regional neural

connections for the development of reading skills and their neural cor-

relates, as proposed in the Interactive Specialization Theory (Johnson,

2000, 2001, 2011; Johnson et al., 2002). In the current longitudinal

investigation from 5 (prereaders) to 7–9 years of age (emergent read-

ers), our FC analysis revealed strong correlations between gains in pho-

nological skill and developmental increases in the connection strength

of the LIPC-LIFC and the LIPC-LpOTC pathways. In contrast, the devel-

opmental effects in the activation magnitude of the LIFC and the

LpOTC regions were not evident in the univariate analysis. However,

previous studies in beginning or emergent readers 7 years of age and

older reported significant regional maturational effects in the LIFC (e.g.,

Booth et al., 2004; Cone et al., 2008) and LpOTC (e.g., Brem et al.,

2009; Maurer et al., 2006; Olulade, Flowers, Napoliello, & Eden, 2013).

One possible explanation for the discrepancy between these studies

and ours may be the age of the children studied. Over the developmen-

tal timeline, changes in FC may precede regional changes, suggesting

that regional specialization is a result of its connectivity with other

structures. In line with this, a similar relationship has recently been

identified between structural connectivity and the development of

functional regions specialized for word recognition over the time

course of learning to read (Saygin et al., 2016). These findings, when

interpreted within the framework of the Interactive Specialization

Theory, suggest that an optimal neural network that dominantly and

effectively serves phonological processing and reading development is

established through practice and skill development from the prereading

to the emergent reading stage and may precede regional changes. Fur-

thermore, it strongly supports the notion that the neural regions for

reading do not mature on their own, but that the specialization process

is shaped by the activities of the network they form with other neural

regions within the reading network.

Furthermore, our findings provide support for the neurodevelop-

mental models of literacy acquisition proposed by Pugh et al. (2001),

Sandak et al. (2004), and Price and Devlin (2011). First, consistent with

the proposed predominant role of the dorsal circuit during early reading

development, a significant decrease has been shown in the LIPC,

reflecting the putative fine-tuning process in the LIPC underlying pho-

nological development from the prereading to the emergent reading

stage. More importantly, the connection between the LIPC and LpOTC

at the prereading stage was significantly predictive of later reading

achievements highlighting the importance of the phonological decoding

region in supporting the specialization of the ventral reading network,

as described by the Interactive Account (Price & Devlin, 2011). Higher

connection strength between the LIPC and LpOTC might represent

increased auditory-visual integration or increased grapheme-phoneme

mapping skills. This, in turn, may facilitate the fast-tuning process of

areas important for word recognition and decoding, thereby allowing

for the development of automaticity and fluency in reading. Further-

more, our present data suggests that a connection between anterior

and posterior reading components is formed over the time course of

learning to read (in subjects with high gains in phonological processing),

supporting the notion of an increasingly automatic integration of oral

language components and decoding skills, which are essential for com-

prehension and fluency skills. Consistent with this conjecture, addi-

tional t-test analyses on the LIPC-LIFC pathway revealed that the FC

was not significantly different from zero at the prereading stage

(t1350.39, p5 .70), but became significantly positive at the emergent-

reading stage (t1353.98, p5 .002). Overall, this study provides evi-

dence to support the notion that maturation of the dorsal and ventral

circuits and the emergence of the functional pathways among the criti-

cal component of the reading network enables children to become

skilled readers.

5 | LIMITATIONS AND FUTURE
DIRECTIONS

There are two limitations in this study. First, no reading task was

administered in the scanner, which limits the direct comparison

between current results and previous findings examining developmen-

tal trajectories associated with reading development. Even though pho-

nological decoding is critical for the initial course of learning to read,

the neural characteristics underlying these two skills might not be com-

parable. The latter process might become more reliant on the ventral

word processing system in order to support fast and automatic word

recognition in more skilled readers. Therefore, in order to track the

emergence of the VWFS and other regions important for successful

reading development, future longitudinal studies may have to employ

written stimuli for pre-readers, even though they are unable to decode

these. Indeed, previous studies have demonstrated the feasibility of

such experimental designs, as the print-sensitive activation in the ven-

tral visual pathway has been shown in prereaders when they viewed

letters (Brem et al., 2010; James, 2010; Saygin et al., 2016). Second,

children with a family history of dyslexia and/or reading disabilities

were not included in our study. Therefore, it is unknown whether and

when the neural network starts to show divergence between typical

and atypical children. To understand the emergence of the reading net-

work and the etiology underlying dyslexia, longitudinal studies employ-

ing a reading task and incorporating both typical and atypical

populations are warranted.

6 | CONCLUSIONS

In conclusion, this longitudinal study is the first to characterize the

emergence of the phonological processing network from the preread-

ing to the emergent reading stage. Specifically, a developmental

decrease in neural activation was observed in the left inferior parietal

cortex, suggesting an experience-induced fine-tuning of brain regions

important for phonological representation and decoding processes.

More importantly, a functional network incorporating the dorsal pho-

nological pathway, the ventral visual circuit and the anterior oral lexi-

cal/semantic pathway was further captured, with developmental
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changes in connection strength being strongly associated with longitu-

dinal gains in phonological processing at the behavioral level. The con-

nection strength of the identified neural pathway at the prereading

stage was further demonstrated to reliably predict later reading per-

formance. Such findings highlight the importance of the phonological

processing network in reading development, and provide direct support

for the Interactive Specialization Theory (Johnson 2000, 2001, 2011;

Johnson et al., 2002), and neurobiological models of reading develop-

ment (Price & Devlin, 2011; Pugh et al., 2001; Sandak et al., 2004;

Yeatman et al., 2012). Further longitudinal studies are needed to under-

stand the precise role of connectivity changes within the phonological

network in facilitating the formation of the reading network and its

accompanying behavioral changes from the unskilled to the skilled

reading stage.
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