
 1 

Functional connectivity alterations associated with literacy difficulties in early readers 

 

Roger Mateu-Estivill1, Susanna Forné2, Anna López-Sala3, Carles Falcón4,5, Xavier Caldú1,6, Josep M 

Sopena7, Anna Sans8, Ana Adan1,6, Sergi Grau9, Núria Bargalló10, Josep M Serra-Grabulosa1,6,9* 

 

1 Department of Clinical Psychology and Psychobiology, University of Barcelona, Barcelona, Spain 

2 Department of Psychiatry and Legal Medicine, Universitat Autònoma de Barcelona, Barcelona, Spain 

3 Department of Neurology, Hospital Sant Joan de Deu, Barcelona, Spain 

4 Barcelona Beta Brain Research Center, Pasqual Maragall Foundation, Barcelona, Spain 

5 CIBER_BBN, Barcelona, Spain 

6 Institute of Neurosciences, University of Barcelona, Barcelona, Spain 

7 Department of Cognition, Development and Educational Psychology, University of Barcelona, 

Barcelona, Spain 

8 Unitat de Neurodesenvolupament, Hospital Universitari Sagrat Cor, Barcelona, Spain 

9 Digital Care Research Group. University of Vic–Central University of Catalonia, Vic, Spain 

10 Centre Diagnòstic per la Imatge, Hospital Clínic de Barcelona (CDIC), Barcelona, Spain 

 

Correspondence 

Josep M Serra-Grabulosa, Department of Clinical Psychology and Psychobiology, University of 

Barcelona, Pg.  Vall d’Hebron 171, 08035 Barcelona, Catalonia, Spain; Email: jmserra@ub.edu). 

 

Acknowledgements 

This study was supported by a grant from the Ministerio Español de Economía y Competividad 

(PSI2013-47216-P) to JMSG. 

 

ORCID codes: Roger Mateu-Estivill (0000-0003-4728-2239), Anna López-Sala (0000-0002-8657-3779), 

Carles Falcón (0000-0001-5564-2025), Xavier Caldú (0000-0002-0011-1339), Ana Adan (0000-0002-

3328-3452), Sergi Grau (0000-0001-8223-2398), Núria Bargalló (0000-0001-6284-5402), Josep M Serra-

Grabulosa (0000-0002-4291-9432). 

 



 2 

Abstract 

 

The link between literacy difficulties and brain alterations has been described in depth. Resting-state 

fMRI (rs-fMRI) has been successfully applied to the study of intrinsic functional connectivity (iFc) both 

in dyslexia and typically developing children. Most related studies have focused on the stages from late 

childhood into adulthood using a seed to voxel approach. Our study analyzes iFc in an early childhood 

sample using the multivariate pattern analysis. This facilitates a hypothesis-free analysis and the possible 

identification of abnormal functional connectivity patterns at a whole brain level. Thirty-four children 

with literacy difficulties (LD) (7.1±0.69yr.) and 30 typically developing children (TD) (7.43±0.52yr.) 

were selected. Functional brain connectivity was measured using an rs-fMRI acquisition. The LD group 

showed a higher iFc between the right middle frontal gyrus (rMFG) and the default mode network 

(DMN) regions, and a lower iFc between the rMFG and both the bilateral insular cortex and the 

supramarginal gyrus. These results are interpreted as a DMN on/off routine malfunction in the LD group, 

which suggests an alteration of the task control network regulating DMN activity.  In the LD group, the 

posterior cingulate cortex also showed a lower iFc with both the middle temporal poles and the fusiform 

gyrus. This could be interpreted as a failure in the integration of information between brain regions that 

facilitate reading. Our results show that children with literacy difficulties have an altered functional 

connectivity in their reading and attentional networks at the beginning of the literacy acquisition. Future 

studies should evaluate whether or not these alterations could indicate a risk of developing dyslexia. 

 

Key words: reading and writing difficulties, literacy difficulties, MVPA, rs-fMRI, dyslexia, default mode 

network, early childhood. 
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1. INTRODUCTION 

 

Over the past two decades, significant efforts have invested in understanding the neurobiology of reading, 

from infancy to adulthood (Horowitz-Kraus and Hutton 2015). Recent reading models suggest that 

reading is a process regulated by multiple brain areas working as a complex network (Dehaene 2009). 

Starting at visual areas, information spreads over the brain—mainly in the left hemisphere—following 

two routes that supplement each in the reading process. First is the dorsal route related to phonology-

based reading processes; and secondly, the ventral system related to memory-based visual-orthographic 

word recognition. Other areas of the brain also play a critical role in the reading process: the 

frontoparietal attention network is needed to initiate and maintain the task of reading, while the left-sided 

temporal and frontal areas encode meaning, sound patterns and articulation. 

 

Learning to read is a complex process, and not all children are successful. An elevated percentage of 

children (5-17%) have severe reading difficulties and suffer from developmental dyslexia (DD) (Habib 

and Giraud 2013). Individuals with DD show poor phonological and orthographic skills, with slow and 

inaccurate reading despite having adequate instruction, intelligence and intact sensory abilities (Lyon et 

al. 2003). With dyslexia working memory and other cognitive abilities are also often impaired (Habib and 

Giraud 2013). However, reading and writing difficulties have a high co-occurrence with other disorders, 

such as ADHD (attention-deficit/hyperactivity disorder) (Sexton et al., 2012) and developmental language 

disorders (Adlof and Hogan, 2018). 

Multiple studies have proven that children with reading difficulties at primary school will likely continue 

to struggle with reading until adulthood. In addition to having negative effects on their academic 

performance, these difficulties could have an adverse impact on their social relationships, and emotional 

development (Ferrer et al., 2015). Therefore, major efforts have been invested in recent years to identify 

risk factors for reading difficulties (Hulme and Snowling 2016). One line of research has focused on 

detecting functional and structural brain alterations related to reading difficulties. Neuroimaging has been 

used widely to improve our knowledge of brain areas linked to reading difficulties and DD. Magnetic 

resonance imaging (MRI) studies have revealed altered structural and functional brain reading networks 

in DD (Xia et al., 2017). To date, most papers studying the neural functional connectivity of reading 

difficulties have been limited to individuals in late childhood, adolescence or adults. It is interesting to 
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note that a recent task-related fMRI study focused on developmental changes in effective connectivity 

between the ages of 6 (preliterate children) and 12 years old (fluent readers) in children with and without 

reading difficulties (Morken, Helland, Hugdahl, & Specht, 2017). These authors showed that at the early 

stages of learning to read, children at risk of dyslexia showed a delay on effective cerebral connectivity in 

areas of the reading network. Surprisingly, at age 12, these differences disappeared; nevertheless, the 

reading abilities in the dyslexia group were significantly lower than in the typical readers group. These 

results pointed out the importance of longitudinal studies (Black et al., 2017). 

 

Although multiple studies focus on the functional brain characteristics of dyslexia, most of these are task-

related. Thus, the specific brain areas with over- or under-activation showing differences between 

typically developing children (TD) and children with DD may differ from one study to another. Certain 

factors such as task election (Pugh et al. 2000; Price and Mechelli 2005), the variation of stimulus rate 

and duration (Price et al. 1996; Maisog et al. 2008), in addition to age (Richlan et al. 2011) and language 

(Siok et al. 2004) could contribute to different results and inconsistency between studies (Xia et al., 

2017). 

 

To avoid the constraints of task related studies, this study proposes the use of resting state functional 

resonance imaging (rs-fMRI). Resting state functional connectivity (rs-FC) has proven to be a new tool to 

avoid the high levels of variability found in task-related studies, thus facilitating a better understanding of 

functional networks in certain neurological disorders (Biswal et al. 1995; Raichle et al. 2001). Resting 

state fMRI (rs-fMRI) measures spontaneous low-frequency fluctuation in the blood-oxygen-level 

dependent (BOLD) signal; this facilitates research in the functional architecture of the brain without the 

constraint of task limitation. Some researchers have successfully applied rs-FC to study reading networks 

by selecting reading seeds from the meta-analysis and seeking out functional connectivity between these 

seeds and every location in the brain (seed-to-voxel analysis) (Vogel et al. 2013; Martin et al. 2015). 

Koyama (2010) found a relationship between the task-based activity pattern and the FC associated with 

word reading related seeds. More recently (Finn et al., 2014) used data-driven brain parcellation to 

compare connectivity profiles of dyslexic versus non-impaired readers, suggesting that non-impaired 

readers perform better in tasks where they have to integrate visual information and modulate their 

attention to visual stimuli. In this sense, Zhang (2014) found that rs-FC between reading areas and the 
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default mode network (DMN) is negatively correlated with reading abilities. It has been hypothesized that 

DMN supports internal mentation and monitors the external environment when focused attention is 

relaxed (Buckner et al. 2008), when active in emotional processing (ventromedial prefrontal cortex), self-

referential activity (dorsomedial prefrontal cortex), and the recollection of prior experiences (posterior 

elements of the DMN) (Raichle 2015). More recently, dyslexic children were found to have deficits in 

their visual network and prefrontal modulation by using an rs-FC paradigm (Zhou et al., 2015). 

 

The main objective of this study is to explore the alterations of cerebral networks associated with literacy 

difficulties in early childhood. For that, we selected a highly homogeneous sample of young children with 

literacy difficulties. The functional connectivity of the brain was analyzed by means of rs-FC, with a 

multivariate pattern analysis (MVPA); this is a novel agnostic data-driven approach that has never been 

used before in reading or literacy difficulty studies. This method provides a hypothesis-free analysis, 

without aprioristic assumptions, to detect putative abnormal iFC patterns on a whole brain scale. 

Therefore, the entire brain is examined; there is no bias as to the selection of any particular area. 

Knowledge of functional brain connectivity alterations could provide us with a better understanding of 

brain development in children with literacy difficulties. 

 

2. MATERIALS AND METHODS 

 

2.1. Participants 

 

Participants were right-handed (Oldfield, 1971) native Catalan or Catalan-speaking primary school 

children in 1st or 2nd grade. The sample included a group with literacy difficulties (n=34, LD group) 

(7.1±0.69yr.) and an age and gender matched group of typically developing children (n=30, TD group) 

(7.43±0.52yr.). Inclusion in the LD group was established by a cut-off of 1.5 SD below the mean age in 

three reading and writing subtests. Exclusion criteria included having an IQ below 85, a history of chronic 

disorders or mental illness, diagnostic or signs of attention-deficit/hyperactivity disorder or of a 

developmental language disorder, being fluent in Catalan, having motor or sensorial deficits that might 

interfere with neuropsychological evaluation. All participants were assessed individually. Participants 

who met the inclusion criteria were selected for MRI scan at the Hospital Clínic de Barcelona. Literacy 



 6 

performance measures, compared between groups, are shown on Table 1. After providing a complete 

description of the study to all participants, written and verbal informed consent was obtained from a 

parent and affirmed assent was obtained from the children. The research ethics committee Institutional 

Review Board (IRB00003099) of the University of Barcelona (Spain) approved the study. 

 

2.2. Neuropsychological Assessment 

All study participants were assessed individually by a trained neuropsychologist (S.F.). 

 

Measures  

IQ estimation. The Vocabulary subtest of WISC-IV (Wechsler, 2005) was used to obtain an estimation of 

verbal IQ (VIQ), and the Block design subtest to obtain an estimation of the performance IQ (PIQ). 

Attention/verbal short- term memory. This measure was assessed by Digit span (WISC-IV; Wechsler, 

2005). The task was to repeat sequences of digits (spanning from two to eight digits) in the correct order. 

Each correctly repeated span was scored. 

Working memory. This measure was assessed using Digit span (WISC-IV; Wechsler, 2005). The task was 

to repeat digits (spanning from two to eight digits) backwards in the correct order. Each correctly repeated 

span was scored. 

Phonetic and semantic fluencies. These measures were used as an assessment of executive function and 

verbal fluency. First, children were asked to generate words that began with letters F, A, and S in a 60-

seconds interval per letter (total number of words was used as a measure of verbal phonetic fluency). 

Next, children were asked to generate as many animal names as possible within a one-minute interval 

(total number of names was used as a measure of semantic verbal fluency) (Straus, Sherman, & Spreen, 

2006).  

Naming speed task. Rapid automatized naming for letters and colors was used as a naming speed measure 

(Wolf & Denckla, 2005). The total time in seconds for naming letters and colors was registered for each 

child.  

Reading. This measure was assessed using the standardized Catalan reading skills tests TALE-C 

(Cervera, Toro, Gratacós, De la Osa, & Pons, 1991) and PROLEC-R (Cuetos, Rodríguez, Ruano, & 

Arribas, 2007). Reading speed and accuracy measures were obtained from the letters, syllables, words 
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and text subtests of TALE-C, and from the pseudowords subtest of the PROLEC-R. Text comprehension 

was assessed by the TALE-C text comprehension test.  

Spelling. Natural and arbitrary orthography were measured by the TALE-C writing subtest (Cervera et al. 

1991). 

Behavior. To assess behavior and signs of ADHD, the Conners’ Teacher and Parent Rating Scales (Farré-

Riba & Narbona, 1997) were used. 

 

2.3. Image Acquisition and Pre-processing 

 

All participants were examined on a 3T MRI scanner (Magnetom Trio Tim, Siemens Medical Systems, 

Germany) at the Centre de Diagnòstic per la Imatge in the Hospital Clínic of Barcelona. Magnetic 

resonance imaging acquisition included the following sequences: a high-resolution 3D structural dataset 

(T1-weighted magnetization prepared rapid gradient echo (MPRAGE), sagittal plane acquisition (TR = 

2300 ms, TE = 3 ms, 240 slices, slice thickness = 1 mm, FOV =  244 mm, matrix size = 256 x 256), and a 

resting state fMRI sequence (T2*-weighted GE-EPI sequence, TR = 2500, TE = 29 ms, 40 slices per 

volume, slice thickness = 3 mm, FOV = 240  mm, matrix size =  80 x 80) that lasted 10 min 07 sec (240 

volumes). 

 

Pre-processing of MR images were performed using SPM12 software (SPM12, Welcome Trust Center for 

Neuroimaging, University College London, UK) and the Conn-fMRI toolbox 15h for SPM (Whitfield-

Gabrieli and Nieto-Castanon 2012). Slice-timing, realignment and reorientation steps were processed with 

SPM12. Structural and functional images were normalized to the Montreal Neurological Institute (MNI) 

template, which was found to be appropriate for children age 5 and above (Altaye et al. 2008), and 

spatially re-sliced into 2mm isotropic voxels. Normalization, segmentation and smoothing into 8-mm 

FWHM Gaussian kernel were performed with the default parameters of the Conn toolbox. 

 

2.4. Resting State Functional Connectivity Analysis 

 

Data analysis was carried out using the Conn-fMRI toolbox (Cognitive and Affective Neuroscience 

Laboratory, Massachusetts Institute of Technology, Cambridge, USA) (Whitfield-Gabrieli and Nieto-
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Castanon 2012; http://www.nitrc.org/projects/conn). Subject-specific regressors pertaining to white 

matter and cerebrospinal fluid signals were included as nuisance covariates, as well as six (6) motion 

parameters and scrubbing parameters for outlier volumes. Movement outliers were detected performing 

ArtRepair, with default cut-off score (frame wise displacement > 0.5mm, or signal intensity changes > 3 

SD) (Mazaika et al. 2009). Five LD children were excluded from analysis because they did not surpass 

this quality threshold. Band-pass filtering ([0.1–0.008] Hz) was performed on functional volumes, 

simultaneously, with regressors (Hallquist et al. 2013). Additional steps included performing BOLD 

signal linear detrending and before-regression despiking. No differences were found between groups on 

mean frame wise displacement o invalid scans. 

 

An MVPA (Multi-voxel Pattern Analysis) separately creates a pairwise connectivity map for each voxel 

of the brain template.  It identifies the connectivity pattern between one voxel and the rest of the brain 

voxels and separately performs a Principal Component Analysis (PCA) of the variability in connectivity 

patterns across all subjects for each voxel. PCA uses a low number of spatial components to maximize the 

explained inter-subject variability in the resulting patterns (Flodin et al. 2016). First-level analysis 

computes each voxel average BOLD time series between every pair of voxels. The connectivity matrix of 

each participant was concatenated for all participants into a matrix of M (number of participants) x N 

(number of voxels in the brain) for each single voxel. The dimensions of these multivariate patterns were 

then reduced with a principal component analysis, which maximizes the proportion of inter-participant 

variance explained by fewer components. PCA component signals allow multivariate analysis of 

functional connectivity patterns. Thus, the matrix of voxel-to-voxel bivariate correlation coefficients is 

computed. This matrix is characterized by its eigenvectors and associated eigenvalues. This process 

produced a matrix for previously selected “number of participants” x “appropriate number of 

components.” To maintain an approximate 5:1 ratio between subjects and number of components, we 

computed 10 components (Whitfield-Gabrieli and Nieto-Castanon, 2012). Since the optimal size of the 

region of interest (ROI) is still not well defined (Korhonen et al. 2017), only clusters with 100 or more 

voxels were selected, in an effort to keep similar size as most reproduced ROIs found in rsfMRI literature 

(radius 6mm3 = 113 voxels). 
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After this first-level analysis, each of these measures could then be entered into a second-level general 

linear model (GLM) to obtain population-level estimates and inferences. This second-level analysis 

consisted of an omnibus test to identify the main effect of the variables of interest. Therefore, post-hoc 

general linear model analyses were required to determine specific connectivity patterns in the data. A 

seed-based correlation analysis was performed using voxel clusters which showed between-group 

connectivity differences on MVPA, treating them as ROIs (Figure 1). Those clusters that did not surpass a 

minimum size of 100 voxels were discarded. To analyze the ROI-to-voxel correlation mapping of 

functional connectivity, the program extracts the average time course from non-smoothed rs-fMRI data 

for each ROI and participant. Next, the temporal correlation between each time course extracted and all 

other brain voxels is computed using a General Linear Model (GLM) approach. To avoid false-positive 

results, as pointed out in a recent publication by Eklund (2016), all results were thresholded at voxel-wise 

height threshold p<0.001 and false discovery rate (FDR) corrected to p<0.05. Connectivity results were 

labeled with the Harvard-Oxford Atlas implemented in CONN. 

(Figure 1 goes about here) 

 

3. RESULTS 

 

Neuropsychological evaluation showed that LD children had a significant lower performance. They were 

slower and less accurate in all reading tasks. Additionally, they exhibited a poorer performance in naming 

tasks, as well as in verbal fluency and spelling (Table 1). 

 

(Table 1 goes about here) 

 

An MVPA second level analysis showed significant differences between both groups with regards to 

connectivity profiles. Specifically, these significant differences were observed in components 1 and 2 (p < 

0.05 FDR corrected, two-sided) (Figure 2). 

 

Component 1 (C1) included 2 clusters of interest. The first one (C1_1) is located on the posterior 

cingulate cortex (pCC) (p=0.003, k=276) and the second (C1_2) on the right middle frontal gyrus (rMFG) 

(p=0.026, k=158). 
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Component 2 (C2) included one significant cluster on the left fusiform gyrus (FFG) (p=0.020, k=108). 

Intra group analysis of each component is displayed on the supplementary material (Figure 1S). 

 

(Figure 2 goes about here) 

 

3.1. Between-group Comparative Analysis 

 

Statistical comparisons between TD and LD groups showed significant differences (Table 2 and Figure 

3). An analysis of cluster C1_1 showed that the TD group has greater rs-FC between the pCC and both 

temporal lobes (including middle and inferior temporal gyrus), the medial frontal cortex (MedFC) and the 

precuneus (Prec)/pCC area than the LD group. 

 

The comparison of cluster C1_2 between the two groups showed a greater rs-FC between the bilateral 

insular cortex (IC) and the anterior SMG among the TD group in comparison with the LD group, as well 

as between the IC and the supplementary motor area (SMA), the right posterior cingulate gyrus (postCG) 

and the left cerebellum (Cereb45). On the other hand, rMFG also revealed that the LD group had a 

stronger rs-FC with clusters that included the precentral and the posterior cingulate gyrus, the 

paracingulate gyrus (PaCiG)/FP, and the bilateral middle temporal gyrus (MTG)/inferior temporal gyrus 

(ITG) and angular gyrus (AG) than the TD group. 

Between-group comparison of C2 displayed a greater connectivity between the left FFG and the pCC 

among the TD group. 

(Table 2 goes about here) 

 (Figure 3 goes about here) 

No significant correlations were found between the neuropsychological tests and the rs-FC patterns in any 

of the groups. 

 

 

4. DISCUSSION 
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The main objective of our study was to evaluate brain connectivity differences between typically 

developing children (TD) and children with literacy difficulties at the early stages of the literacy 

acquisition. We used an rs-fMRI paradigm, which measures spontaneous low-frequency fluctuations in 

the BOLD signal, using a methodology that avoids aprioristic assumptions. 

 

In our study, the reading network was found to be partially altered in the LD group. It is interesting to 

highlight that, in addition to the alteration of the reading network, our results suggest an alteration of the 

attentional system and, more specifically, of the default mode network, which is related to the resource 

allocation in directed goal activities (Buckner et al. 2008). Differences in connectivity patterns from the 

anterior and posterior cingulate cortex and from the medial frontal gyrus support this suggestion; this is 

consistent with previous studies suggesting that the alteration of attentional mechanisms can contribute to 

reading difficulties (Shaywitz and Shaywitz 2008).  

 

Firstly, LD children showed weak functional connectivity between the pCC and the bilateral middle and 

inferior temporal lobe. The posterior cingulate cortex is a region that integrates information from different 

brain regions and networks (Leech et al. 2012), with connections that facilitate reading (Finn et al. 2014) 

and comprehension (Smallwood et al. 2013). In line with our results, previous studies have found an 

altered brain connectivity of the pCC in children with reading difficulties (Shaywitz et al. 2002). 

Moreover, an abnormal pattern of activity in the pCC has also been related to dyslexia, thus suggesting 

that this pCC alteration could reflect a pre-attentive processing deficit for reading (Stoitsis et al. 2008). It 

should be noted that some studies have showed that there is an increased activation on pCC after 

remediation (Meyler et al. 2008; Gebauer et al. 2012; Barquero et al. 2014). 

 

Another region that exhibited a different connectivity pattern in LD children is the rMFG.  It showed a 

weaker bilateral functional connectivity in areas of the IC, SMG/SMA and cerebellum. Moreover, rMFG 

had a greater iFC within areas of frontal and temporal cortex in children with LD when compared to TD 

children. This emphasizes the complexity of the alteration. MFG acts as a gateway between top-down and 

bottom-up attention control (Japee et al. 2015). It is a crucial region of the frontoparietal attention 

network, and in dyslexia, it has been found to have functional (Richards and Berninger 2008; Siok 2008; 

Zhang 2013; Olulade 2015; Martin et al. 2016; Feng 2017) and structural (Krafnick et al. 2014) 
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alterations. Interestingly, Yamada (2011) found that following an intervention program, children with LD 

exhibited increased levels of activation in the rMFG region. 

 

A weaker rs-FC in children with LD between rMFG and SMG and IC could reflect a functional alteration 

of the dorsal reading system (Sandak et al. 2004). Previous studies have linked reading difficulties to 

structural (reduced grey matter) (Kronbichler et al. 2008; Linkersdörfer et al. 2012) and functional (lower 

activation) alterations of the SMG (Simos et al. 2000). In close relationship with the insula, this region is 

described as a core area for both speech and language processing, acting as a relay between cognitive 

aspects of language and the motor preparation in the basal ganglia and cerebellum (Eickhoff et al. 2009). 

Previous studies have described that the functional alteration of the insula is related to difficulties in 

speech-language processing (Adank 2012; Oh et al. 2014). Furthermore, insula alterations have also been 

found in dyslexic children (Gaab et al. 2007). It is interesting to note that the Gaab study described the 

effects of remediation on brain plasticity, as they found increased brain activation in insula after the 

remediation. 

 

Our results also showed a decreased iFC between the rMFG, the SMA and the aCC in children with LD. 

As Price et al. (1994) reported, the SMA is one of the key areas of lexical decision. In their meta-analysis, 

Paulesu (2014) described the left posterior SMA as an area associated with phonological manipulation, 

motoric or visuo-spatial perception/attention. Therefore, this weaker connectivity among children with 

LD could be explained, in part, by the decoding difficulties they have. On the other hand, it has been 

suggested that the aCC plays a role and is an essential part of the task control network (TCN), together 

with the bilateral anterior insula (Dosenbach et al. 2006). This network is functionally important, as it 

initiates and maintains task-level control, selects appropriate sensorimotor mapping, and suppresses 

irrelevant distracting information (Kerns et al. 2004; Dosenbach et al. 2006; Fan et al. 2011). As Wen and 

colleagues proposed (Wen et al. 2013), top-down control of the TCN regulates the activity of the DMN, 

which enhances behavioral performance. On the other hand, bottom-up control from the DMN to the 

TCN interferes with task control, to possibly act as internal noise and leading to degraded behavioral 

performance. 
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Reading is a complex process that requires the correct function of attentional mechanisms. It has been 

suggested that attentional mechanisms could be critical in reading and that disruption of such mechanisms 

could play a causal role in reading difficulties (Shaywitz & Shaywitz, 2008). 

Our results suggest that literacy difficulties could be related to an alteration of the DMN, reflected by a 

stronger rs-FC in the LD group between the rMFG and areas belonging to this network: the left and right 

AG and the MTG, the frontal pole and the precuneus/pCC.  Being that MFG acts as a gateway between 

top-down and bottom-up control of attention (Japee et al. 2015), a higher connectivity with the DMN in 

the LD group could indicate an unbalance of attentional control areas, thus interfering with reading. 

 

Our results agree with previous studies that have also found connectivity alterations between the DMN 

and the reading-related areas (Schurz et al. 2014; Cao et al. 2017), thus suggesting a reduced segregation 

between the language network and the default mode network in children with reading difficulties. In line 

with these studies, and in a block design study, Finn et al. (2014) also described an alteration of DMN in 

dyslexic children; they found an alteration in the connectivity of the pCC in their dyslexic group when 

compared to typically developing children. In their study, the pCC appeared better synchronized with 

other areas of the DMN while exhibiting a poorer synchronization with areas related to reading. 

 

Along this same line, Smallwood and colleagues (2013) highlighted the importance of DMN in the 

reading process. They found that higher internal connectivity of DMN was related to a higher task focus 

and a better reading comprehension. More recently, in a Chinese sample of children with difficulties in 

reading and/or math, authors found an alteration of the connectivity between the DMN and prefrontal 

areas, suggesting a deficit in executive function (Weng et al., 2018). 

 

Since the DMN is characterized by being most active when the brain is at rest, or during mind-wandering 

(Shulman et al. 1997; Raichle 2015), the hyper connectivity of the DMN with the rMFG in LD children in 

our study could interfere with a goal-directed activity such as reading. These results, together with the 

lower rs-FC between the rMPC and TCN areas in the LD group, suggest a joint activity imbalance 

between both networks could interfere with the reading process.  
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On the other hand, altered patterns of rs-FC between the rMFG and the cerebellum were found in the LD 

group; this could be consistent with the cerebellar theory of dyslexia (Nicolson et al., 2001; Alvarez and 

Fiez 2018). This theory postulates that based on the role of the cerebellum in motor control and 

automatization of overlearned tasks, an alteration in the cerebellum and its connections could cause 

deficient phonological representations and a more delayed learning of the grapheme–phoneme 

correspondence (Ramus et al. 2003).  Previous studies have reported increased activation of the left 

cerebellum in dyslexic children (Yang et al. 2013; Feng et al. 2017). Moreover, structural alterations of 

the cerebellum have been related to reading difficulties (Yang et al. 2016). Taken together, these results 

could support the cerebellar theory of dyslexia. 

 

Finally, our results showed an alteration of the left FFG brain connectivity pattern. Specifically, we found 

a greater iFC between the left FFG and the pCC in the TD versus the LD group. The fusiform gyrus is a 

hub of the visual word form area (VWFA), which has been suggested to play a key role during memory-

based orthographic word recognition (Cohen et al. 2002; Cohen and Dehaene 2004). It could also play a 

role in object naming (McCrory et al. 2005) and phonological decoding (Dietz et al. 2005; Desroches et 

al. 2010). The reading difficulty meta-analysis also described functional and structural alterations of this 

area (Elnakib et al. 2014). 

 

Functional activation and connectivity pattern alterations in this area have also been extensively identified 

in dyslexia (Brambati et al. 2006; Richlan et al. 2010; Tanaka et al. 2011; Olulade et al. 2012). Van der 

Mark (2011) found that dyslexic children have a reduced rs-FC between the VWFA and the left IPL and, 

in contrast, an increased rs-FC between the VWFA and the left occipito-temporal area, left STG and left 

insula. Furthermore, Olulade (2015) found a significant pattern of FC between the left FFG and the left 

inferior frontal gyrus (IFG), a key area for language comprehension and production belonging to the 

articulatory network in typically developing children, but not in dyslexic children. Schurz (2014) found 

the same increased FC in between-groups comparison. In concordance with our results, Finn (2014) 

found increased FC between the pCC and the left fusiform gyrus and dorsal visual pathway in non-

impaired readers. As the cited authors note in their research, these results could reflect a better integration 

and cognitive control of visual information. Taking into account structural abnormalities, two different 

cortical thickness (CT) studies found abnormalities in the FFG, while Ma et al. (2015) found that the left 
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FFG had significantly increased cortical thickness in dyslexia; Altarelli (2013) detected a dyslexia-related 

CT reduction. There are other controversial results on this subject, but the structural alteration of the 

fusiform gyrus in dyslexic children seems to have been well established. 

 

Our study has a number of limitations. The limited knowledge regarding neural interactions and their 

relation to individual skills in the rs-FC analysis should be noted. Additionally, we interpreted our results, 

in part, by comparing data obtained using an rs-fMRI paradigm with data from previous studies that used 

a task paradigm. Thus, the interpretation of results has to be considered with reservations. The sample 

size could also be considered a limiting factor for our research. Although our study did not start with a 

small sample, and all children were evaluated in-depth at a cognitive level, with strict exclusion and 

inclusion criteria, it has been pointed out that the robustness of neuroimage results increases with the 

sample size (Thirion et al. 2007). This fact could also lead to correlations between clinical symptoms and 

the functional connectivity in both the TD and LD groups. Finally, future studies should increase in-scan 

length to improve reliability across subjects and sessions (Birn et al. 2013). 

 

In summary, this current study investigates the neural functional connectivity alterations of literacy 

difficulties in the early childhood by using a hypothesis-free analysis. Our results indicate that literacy 

difficulties during literacy acquisition are associated with a pattern of brain functional connectivity that 

differs from typically developing children. This alteration affects the ventral, dorsal, and articulatory 

reading systems, in addition to the DMN and TCN networks, which emphasizes the importance of the 

interaction of multiple systems in reading, as described previously (Dehaene, Cohen, Morais, & Kolinsky, 

2015). This failed coordination between the reading, attentional and task-control networks suggests that 

an optimal communication between these areas is needed for the literacy acquisition to be efficient in 

early childhood. On the other hand, the use of an MVPA approach facilitates a better understanding of the 

dynamics of brain connectivity, as it is not limited to a concrete group of regions of interest in its 

evaluation of functional connectivity. As stated above, most of the areas where iFC differences were 

found to be altered correspond to children with dyslexia. Since we studied a group of children with 

literacy difficulties at the early stages of the reading learning process, these iFC alterations could 

represent brain markers for dyslexia. 
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Although more studies need to be conducted to confirm our results, these highlight the importance of 

researching brain networks at the beginning of the reading learning process. It could help to improve our 

understanding of the neurobiology behind literacy difficulties, to then implement intervention programs 

based on brain alteration patterns. These results offer a snapshot of brain functional connectivity in 6-7 

year-old children with literacy difficulties, and highlight the need for longitudinal studies that evaluate the 

effects of development and remediation strategies on these functional alterations, and their relationship 

with future literacy skills. 
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Table 1: Reading performance measures of normal reading (NR) and reading difficulties (RD) groups. 

 NR group 
mean (s.d.) 

RD group 
mean (s.d.) 

Student 
t-test p Effect size (d) 

NAMING      

Objects 50.05 (5.83) 40.38 (7.97) 4.71 <0.001 0.57 

Colors 46.50 (5.96) 35.58 (9.13) 4.81 <0.001 0.58 

SPEED READING      

Words  59.82 (3.46) 48.12 (6.45) 7.87* <0.001 0.75 

Non-words 50.41 (7.76) 27.50 (7.80) 9.98 <0.001 0.83 

Text 59.00 (4.02) 41.80 (12.40) 6.55* <0.001 0.68 
READING 

ACCURACITY      

Words  61.68 (2.73) 38.76 (9.31) 11.75* <0.001 0.86 

Non-words 51.64 (7.37) 25.48 (7.32) 11.95 <0.001 0.87 

Text 59.68 (1.89) 36.63 (12.68) 8.43* <0.001 0.79 
TEXT 

COMPREHENSION 51.23 (10.45) 42.83 (11.90) 2.53 0.015 0.35 

SPELLING      

Arbitrary orthography 59.09 (8.37) 52.13 (10.98) 2.40 0.021 0.34 

Natural orthography 64.18 (4.52) 40.79 (11.60) 9.15* <0.001 0.80 

VERBAL FLUENCY      

Phonemic 52.86 (9.69) 43.46 (9.17) 3.45 0.001 0.45 

Semantic 61.00 (11.64) 45.93 (9.65) 4.96 <0.001 0.58 
* After correction (Levene’s test p < 0.05) 

s.d: standard deviation; NR: Normal reading; RD: Reading difficulties 
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Table 2. Significant group differences in functional connectivity for each cluster region 

CLUSTER x y z Area k cluster p-FDR 

C1_1 2 -42 38 pCC 276 0.003 

         

NR > RD -48 -23 -33 MTG_l 3082  < 0.001 

  56 -14 -20 MTG_r 1370 0.001 

  -2 30 -30 SubCalC / MedFC 1125 0.003 

  -8 -57 26 Prec / pCC 1037 0.003 

  11 -42 8 pCC 522 0.049 

         

C1_2 38 32 41 rMFG 158 0.026        

         

NR > RD -38 -5 2 IC_l 1952  < 0.001 

  -56 -24 20 PO_l / aSMG_L 1903  < 0.001 

  53 -24 24 aSMG_r / PO_r 1440 0.001 

  38 -17 2 IC_r 1240 0.002 

  -6 -51 -18 Cereb45 1197 0.002 

  -6 -2 47 SMA_l & r / AC 815 0.011 

  18 -29 47 PostCG_r / SPL_r 727 0.015 

         

RD > NR -6 -47 42 Prec / pCC 2353  < 0.001 

  48 2 -35 MTG_r 2237  < 0.001 

  -50 2 -23 aMTG_l 1667  < 0.001 

  -44 -53 32 AG_l 1532  < 0.001 

  12 54 17 PaCiG_l / FP_r 1443  < 0.001 

  -62 -35 0 pMTG_l 575 0.025 

  56 -53 29 AG_r 506 0.032 

              

C2_1 -33 -30 -21 FFG_l 108 0.020        

         

NR > RD 2 -47 27 pCC 1465  < 0.001 

              
Regions are labeled based on the locations of the largest number of voxels within the significant cluster, 
as identified and labeled in the CONN-toolbox. k: Number of voxels; L: Left; R: Right; NR: Normal 
reading; RD: Reading difficulties; pCC: Posterior cingulate cortex; MTG: Middle temporal gyrus; 
SubCalC: Subcallosal cortex; MedFC: Medial frontal cortex; Prec: Precuneus; MFG: Middle frontal 
gyrus;  IC: Insular cortex; PO: Parietal operculum; aSMG: Anterior supramarginal gyrus; ; Cereb: 
Cerebellum; SMA: Superior motor area; AC: Anterior cingulate gyrus; PostCG: Posterior cingulate 
gyrus; SPL: Superior parietal lobe; AG: Angular gyrus; PaCiG: Paracingulate gyrus; FP: Frontal pole; 
FFG: Fusiform gyrus; a: Anterior; p: Posterior. 
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Figure 1. Illustration of resting-state multivariate pattern analysis (MVPA) procedure for a single voxel. 

Adapted from Kawagoe et al. (2018). 
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Figure 2. MVPA group differences. Component 1 contains clusters located on the pCC (C1_1) and the 

right MFG (C1_2); Component 2 contains cluster located on the left FFG (C2_1). Maps are shown at a 

voxel-wise threshold of P<0.001 (uncorrected) and a cluster extent threshold of P<0.05 FDR (corrected). 

pCC: Posterior cingulate cortex; MFG: Middle frontal gyrus; FFG: Fusiform gyrus; iFC: Intrinsic 

functional connectivity. 
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Figure 3. Between-group differences in functional connectivity for each cluster region. Group differences 

are shown in terms of main outcomes; greater iFC in the TD group is shown in red, greater iFC for the 

LD group is shown in blue. Maps are shown at a voxel-wise threshold of P<0.001 (uncorrected) and a 

cluster extent threshold of P<0.05 FDR-corrected. iFC: Intrinsic functional connectivity; TD: typically 

developing children; LD: literacy difficulties. 

 


