
Putative protective neural mechanisms in pre-readers with a family history of dyslexia who 

subsequently develop typical reading skills 

 

Running header: Protective mechanisms in dyslexia risk children  

 

Xi Yu
 1,2

, Jennifer Zuk
1
, Meaghan V. Perdue

1,8
, Ola Ozernov-Palchik

1,6
, Talia Raney

1
, Sara D. Beach

4,5,6
, 

Elizabeth S. Norton
7
, Yangming Ou

2,9
, John D. E. Gabrieli

5,6
, Nadine Gaab

1,2,3  

1
Laboratories of Cognitive Neuroscience, Division of Developmental Medicine, Department of Medicine, 

Boston Children’s Hospital, MA, 02115, USA; 

2
Harvard Medical School, Boston, MA, 02115, USA; 

3
Harvard Graduate School of Education, Cambridge, MA, 02138, USA; 

4
Harvard University, Cambridge, MA 02138, USA; 

5
McGovern Institute for Brain Research, Massachusetts Institute of Technology, Cambridge, MA, 02139, 

USA; 

6
Department of Brain and Cognitive Sciences, Massachusetts Institute of Technology, Cambridge, MA, 

02139, USA; 

7
Department of Communication Sciences and Disorders, Northwestern University, Evanston, IL, 60208, 

USA; 

8
Department of Psychological Sciences, University of Connecticut, Storrs, CT, 06268; 

9
Fetal-Neonatal Neuroimaging Data Science Center, Department of Pediatrics, Boston Children’s Hospital, 

Boston, MA, 02115, USA. 

 

Corresponding author:  

Xi Yu, PhD 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 22, 2019. ; https://doi.org/10.1101/707786doi: bioRxiv preprint 

https://doi.org/10.1101/707786
http://creativecommons.org/licenses/by-nc-nd/4.0/


Laboratories of Cognitive Neuroscience 

Department of Medicine/Division of Developmental Medicine 

Boston Children's Hospital/Harvard Medical School    

1 Autumn Street (Office 641), Boston, MA 02115, USA. 

xi.yu@childrens.harvard.edu 

  

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 22, 2019. ; https://doi.org/10.1101/707786doi: bioRxiv preprint 

https://doi.org/10.1101/707786
http://creativecommons.org/licenses/by-nc-nd/4.0/


Abstract. 

Developmental dyslexia is a learning disability characterized by difficulties in word reading. While the 

prevalence in the general public is around 10-12%, an increased prevalence of 40-60% has been reported 

for children with a familial risk. Neural atypicalities in the reading network have been observed in 

children with (FHD+) compared to without (FHD-) a family history of dyslexia, even before reading onset. 

Despite the hereditary risk, about half of FHD+ children develop typical reading abilities (FHD+Typical) 

but the underlying neural characteristics and the developmental trajectories of these favorable reading 

outcomes remain unknown. Utilizing a retrospective, longitudinal approach, this is the first study to 

examine whether potential protective neural mechanisms are present before reading onset in 

FHD+Typical. Functional and structural brain characteristics were examined in 69 pre-readers who 

subsequently developed typical reading abilities (35 FHD+Typical/34 FHD-Typical) using MRI/fMRI. 

Searchlight-based multivariate pattern analyses identified distinct activation patterns during 

phonological processing between FHD+Typical and FHD-Typical in right inferior frontal (RIFG) and left 

temporo-parietal (LTPC) regions. Hypoactivation in LTPC was further demonstrated in FHD+Typical 

compared to FHD-Typical, suggesting that this previously reported neural characteristic of dyslexia is 

primarily associated with familial risk. Importantly, FHD+Typical pre-readers exhibited higher activation 

in RIFG than FHD-Typical, which was associated with increased interhemispheric functional and 

structural connectivity. These results suggest that putative protective neural mechanisms are already 

established in FHD+Typical pre-readers and may therefore support their successful reading development. 

Further studies are needed to investigate the functional significance and developmental trajectories of 

these neural mechanisms as well as their enabling factors, which has the potential to inform the design 

of early preventative/remediation strategies. 
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Introduction. 

Developmental dyslexia (dyslexia) is a neurodevelopmental learning disability, which is 

characterized by difficulties with speed and accuracy of single word reading, deficient decoding abilities 

and poor spelling (IDA, 2007). Dyslexia has further been associated with functional and structural 

alterations in primarily  left-hemispheric reading network components comprising the frontal, temporo-

parietal and occipito-temporal areas that underlie typical reading abilities (McCandliss & Noble, 2003; 

Norton et al., 2015; Ozernov-Palchik et al., 2016; Pugh et al., 2000; Richlan et al., 2009, 2011, 2013). 

Children with dyslexia often experience severe difficulties in their academic and personal lives as well as 

mental health due to the importance of reading in school curricula and in society (Baker & Ireland, 2007; 

Dougherty, 2003; Morgan et al., 2008).  

There is an increased familial occurrence of dyslexia, ranging from 40% to 60%, compared to a 

prevalence of around 10% in the general population (Astrom et al., 2007; Katusic et al., 2001; Snowling & 

Melby-Lervåg, 2016) and several susceptibility genes have been identified (e.g., Newbury et al., 2011; 

Poelmans et al., 2011; Scerri et al., 2011; Taipale et al., 2003). Behavioral longitudinal studies have 

demonstrated early deficits in language and preliteracy skills (e.g., phonological processing and rapid 

automatized naming) in toddlers and preschoolers with (FHD+) compared to without (FHD-) a familial 

risk of dyslexia (e.g., Koster et al., 2005; Lyytinen et al., 2004; Lyytinen et al., 2001; Plakas et al., 2013; 

van der Leij et al., 2013). Moreover, neural alterations at the functional and structural levels have also 

been observed in FHD+ children before reading onset, and as early as in infancy (Guttorm et al., 2001; Im 

et al., 2015; Langer et al., 2017; Leppänen et al., 1999; Maurer et al., 2003; Raschle et al., 2011, 2012, 

2013; van Herten et al., 2008; van Leeuwen et al., 2006; Vandermosten et al., 2015; Wang et al., 2016), 

also see (Ozernov‐Palchik & Gaab, 2016) for a review). The early emergence of cognitive and neural 

alterations in FHD+ children suggests that the observed atypicalities might serve as developmental 

mechanisms that contribute to dyslexia susceptibility instead of being the result of reduced reading 

experiences (e.g., Lyytinen et al., 2001; Raschle et al., 2012; Snowling & Melby-Lervåg, 2016). 

Nevertheless, approximately half of FHD+ children subsequently develop typical reading skills (Gallagher 

et al., 2000; Pennington & Lefly, 2001; Scarborough, 1990; Snowling et al., 2003; Snowling & Melby-

Lervåg, 2016; Torppa et al., 2010). Previously, longitudinal behavioral studies have identified several 

protective factors in FHD+ pre-readers that support their subsequent typical reading development, 

including enhanced oral language abilities, particularly in vocabulary knowledge and syntactic structure, 

and increased executive functioning skills (e.g., Haft et al., 2016; Plakas et al., 2013; Snowling et al., 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 22, 2019. ; https://doi.org/10.1101/707786doi: bioRxiv preprint 

https://doi.org/10.1101/707786
http://creativecommons.org/licenses/by-nc-nd/4.0/


2003; Snowling & Melby-Lervåg, 2016; Torppa et al., 2010). However, it remains unknown whether there 

are also protective mechanisms in the pre-reading brain that may facilitate typical reading development 

in FHD+Typical children.  

Compensatory neural mechanisms have previously been investigated in older struggling readers 

after several years of formal reading instruction. These studies, in general, suggest that the learning 

difficulties in reading experienced by these children might be mediated by neural compensatory 

pathways involving the right-hemispheric (RH) network (Barquero et al., 2014). More specifically, 

increased activation in RH regions have been shown in compensated readers compared to those with 

persistently poor reading skills (Shaywitz et al., 2003) and in individuals who demonstrated reading 

improvement after successful interventions (e.g., Eden et al., 2004; Temple et al., 2003). Moreover, right-

hemispheric neural characteristics of struggling readers, such as increased neural activation in the right 

frontal cortex during phonological processing and stronger connectivity strength of the right white 

matter tracts important for reading, have also been shown to predict their subsequent reading 

improvement (Farris et al., 2016; Hoeft et al., 2011). In addition, the compensatory role of RH has further 

been observed in children with dyslexia, for which higher neural sensitivities for speech sounds have 

been associated with better phonological and reading skills (Lohvansuu et al., 2014). 

In addition to the development of compensatory mechanisms in poor readers or children with 

dyslexia, which are probably developing in response to successful reading intervention, it has been 

hypothesized that some children might already exhibit protective neural mechanisms in the right 

hemisphere at the pre-reading stage. This may enable them to develop typical reading skills that might 

be otherwise compromised due to atypical/alternative brain development associated with a familial risk 

for dyslexia (Yu et al., 2018). As a group, infants and children with a familial risk of dyslexia seem to show 

a greater predisposition for a bilateral/right-lateralized brain network involved in language and reading 

development, compared to controls who show primarily a left-hemispheric dominance (e.g., Guttorm et 

al., 2001; Leppänen et al., 1999; Lyytinen et al., 2005; van Herten et al., 2008; van Leeuwen et al., 2006; 

van Leeuwen et al., 2007; Wang et al., 2016; for reviews, also see Lyytinen et al., 2005 and Ozernov‐

Palchik & Gaab, 2016). For example, enhanced neural sensitivity to speech sounds in the right 

hemisphere has been observed in FHD+ compared to FHD- infants within the first couple days of life 

(Guttorm et al., 2001). In a recent longitudinal study examining white matter development from the pre-

reading (before kindergarten entry) to the fluent reading stage (up to 5th grade), right lateralization in 

white matter tracts important for reading has also been observed in FHD+ compared to FHD- 
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preschoolers (Wang et al., 2016). Importantly, faster white matter development in the right hemisphere 

has been demonstrated in subsequent good versus poor readers within a group of FHD+ children, 

suggesting possible early neural compensatory mechanisms in the right hemisphere. However, it remains 

unclear whether these alternative RH neural pathways are only developed to compensate for the 

difficulties/impairment children encounter after they start to learn to read (i.e., compensatory 

mechanisms) , or whether they are already in place prior to reading onset (e.g., at birth or in early 

childhood) in some FHD+ children and thereby provide a protective role from the start of learning to 

read (i.e., protective mechanisms, Yu et al., 2018).  

Alternatively, one could also argue that typical reading development among FHD+Typical children 

may be simply the result of lower genetic liability compared to children who have a familial risk and 

exhibit reading impairment (FHD+Impaired, Snowling et al., 2003; Van Bergen et al., 2011). Behavioral 

studies tracking FHD+ and FHD- children longitudinally over the course of learning to read have indicated 

that the liability for dyslexia is a continuous variable among children with familial risk. Specifically, 

FHD+Impaired children have shown lower performance on the key precursors of dyslexia, including 

phonological awareness, automatized rapid naming skills and letter knowledge, compared to 

FHD+Typical children. However, FHD+Typical children have also been shown to perform more poorly 

than FHD-Typical children on these pre-literacy and reading measures (Pennington & Lefly, 2001; 

Snowling & Melby-Lervåg, 2016), indicating that the liability for dyslexia is a continuum and not a 

dichotomic variable. Nevertheless, it is unknown whether (a) FHD+Typical children display the 

characteristic functional and structural brain alterations previously described for children with a 

diagnosis of dyslexia due to their genetic liability, (b) what are the neural protective/compensatory 

mechanisms associated with typical reading development and (c) are these potential mechanisms 

present prior to reading onset which would suggest that they play a protective role.  

 Utilizing a retrospective, longitudinal approach, the current study is the first to investigate 

whether putative protective neural mechanisms emerge prior to reading onset in preschoolers and early 

kindergarteners with a familial risk of dyslexia who subsequently develop typical reading skills. Sixty-nine 

typically reading children (35 FHD+Typical and 34 FHD-Typical) were selected from our longitudinal 

database based on their reading performance, which had been assessed after having received at least 

two years of reading instruction. Retrospective analyses of the behavioral, structural (diffusion), and 

functional (phonological processing) data collected at the pre-reading stage (before or at the beginning 

of their kindergarten) were conducted. FMRI data were first subjected to a mass-univariate analysis as 

well as a searchlight multivariate pattern analysis (MVPA) to explore potential group differences in 
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individual voxels and activation patterns across neighboring voxels, respectively. Regions showing 

distinct activation patterns between the FHD-Typical and FHD+Typical children, as identified by the 

MVPA, were further characterized for the specific pattern associated with each group. Functional 

connectivity (FC) analyses were subsequently performed to investigate network characteristics in 

FHD+Typical compared to FHD-Typical children. Additionally, in order to identify potential protective 

mechanisms in the white matter microstructure, FA values in right-hemispheric white matter tracts 

previously associated with reading skills (Horowitz-Kraus et al., 2014), especially in compensated readers 

(Hoeft et al., 2011; Wang et al., 2016) were compared between groups (via two-sample t-tests); these 

tracts included the right arcuate fasciculus (RAF), inferior longitudinal fasciculus (RILF) and superior 

longitudinal fasciculus (RSLF). The corpus callosum (CC) was also examined since it plays a critical role in 

interhemispheric communication and brain lateralization (Aboitiz & Montiel, 2003; Hinkley et al., 2016) 

and whiter matter microstructure of the CC has been associated with variants of dyslexia susceptibility 

genes (Darki et al., 2012; Scerri et al., 2012).  

Overall, we hypothesize that if FHD+Typical children develop typical reading skills as a result of a 

reduced/null liability, we will not observe different brain mechanisms underlying reading development 

between FHD- and FHD+ children who subsequently developed equivalent, typical reading abilities. 

Alternatively, one can hypothesize that FHD+Typical children may exhibit neural deficits in the left-

hemispheric reading network as a result of their familial risk, but may utilize protective pathways and 

mechanisms in RH brain regions through increased interhemispheric functional and structural (CC) 

connectivity, which may already be established prior to reading onset to support their successful reading 

development.  

 

Methods. 

General study design.  The current study was based on two longitudinal projects in our lab; the 

‘Boston Longitudinal Dyslexia Study’ (BOLD) and ‘Research on the Early Attributes of Dyslexia’ (READ) at 

Boston Children’s Hospital (BOLD and READ) and the Massachusetts Institute of Technology (READ). In 

both projects, children were initially enrolled at the end of the pre-kindergarten or the beginning of 

kindergarten before they started to learn to read (i.e., pre-readers), where they completed both 

behavioral and imaging sessions (more details provided below). All participants were then longitudinally 

followed to track reading development until the end of second grade (READ) or fourth grade (BOLD). 
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Participants. An initial group of 93 participants, including 52 FHD+ children, defined as having at 

least one first-degree relative with a dyslexia diagnosis, and 41 FHD- controls were retrospectively 

selected from both longitudinal projects using the following criteria: 1) neural and behavioral data 

successfully collected at the pre-reading stage (see below for details); 2) reading skills subsequently 

assessed at the emergent reading stage. Among these children, 12 FHD+ (24%) and 2 FHD- (5%) children 

showed reading disabilities, since they scored lower than the clinical cutoff (standard scores (SS) � 85) in 

any of the four word-level reading assessments, including the Word ID (WI) and Word Attack (WA) 

subtests of the Woodcock Reading Mastery Test-Revised (WRMT-R), Woodcock, 1987), as well as the 

Sight Word Efficiency (SWE) and Phonemic Decoding Efficiency (PDE) subtests of the Test of Word 

Reading Efficiency (TOWRE, Torgesen et al., 1999) during their latest assessment session. The prevalence 

of dyslexia was higher in FHD+ compared to FHD- children (χ2(1) = 5.94, p = 0.015), which was consistent 

with previous literature (e.g.,  Boets et al., 2007; Torppa et al., 2010; Van Bergen et al., 2012). To ensure 

that participants in the current study were pre-readers at the initial stage, 10 more children (5 FHD-

Typical and 5 FHD+Typical) who identified more than 10 words (25.1 words � 11.8, range = 11-43) on the 

WI subtest of the WRMT-R were further excluded. The final sample included 34 (18 males) FHD+Typical 

and 35 (18 males) children. All participants were native English speakers and exhibited non-verbal IQs of 

SS > 80, as measured by the Kaufman Brief Intelligence Test: Second Edition – Matrices (KBIT-2), 

Kaufman & Kaufman, 2004). Most children were right handed, with three left-handed children (1 

FHD+Typical and 2 FHD-Typical) and one child (FHD-Typical) who did not demonstrate a preference 

(ambidextrous) was also included in the sample. No children reported a history of hearing, vision, 

psychiatric or neurological disorders. The current study was approved by the institutional review boards 

at the Massachusetts Institute of Technology and Boston Children’s Hospital. Before participation, verbal 

assent and informed written consent were obtained from each child and guardian, respectively.  

Longitudinal psychometric measurements. 

At the pre-reading stage, all children were assessed on pre-literacy skills including (a) phonological 

processing (the Comprehensive Test of Phonological Processing (CTOPP, Wagner et al., 1999), which 

measures the ability to segment, combine and repeat phonological components, (b) rapid automatized 

naming abilities (RAN, Wolf & Denckla, 2005), which indicates automaticity of phonological access 

through measuring the amount of time it takes a child to name a series of symbols (e.g., objects and 

numbers) as fast as possible, and (c) letter knowledge (the Letter Identification subtest of WRMT-R). 

Their non-verbal IQ (KBIT-2) and word reading abilities (WRMT-R, Word ID) were also evaluated. 
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Moreover, children from the BOLD project were further examined on their language skills using the 

Clinical Evaluation of Language Fundamentals: Fourth edition (CELF-4, Semel et al., 2003). Home literacy 

environment (adapted from Denney et al., 2001), supplementary Table S1) and socioeconomic status 

(adapted from the MacArthur Research Network: http://www.macses.ucsf.edu/default.php, 

supplementary Table S2) were characterized based on parent reporting at the first study visit. Children’s 

reading abilities were assessed at the emergent reading stage using the WI and WA subtests of the 

WRMT-R, as well as the SWE and PDE subtests of the TOWRE. Although the number of acquired time 

points varied among participants due to scheduling challenges in longitudinal studies, all children 

included in the current study were successfully assessed at least once after two years of formal reading 

instruction (i.e., the end of 1st grade). The latest available reading performance for each child (ranging 

from the end of 1st and 4th grade) was used for the current analyses. The FHD-Typical and FHD+Typical 

groups did not differ in age and school grade associated with the latest available reading performances 

(grade: χ2(3) = 5.50, p = 0.14; age: t67 = 1.2, p = 0.23, see information on grade distribution and age for 

each group in Table 1).  

Raw scores initially acquired from each assessment were converted into standard scores (Mean (M): 

100, Standard Deviation (SD): 15; scale scores (M: 10, SD: 3) for the CTOPP results) for result summaries 

and statistical analyses. To evaluate any potential difference in behavioral performance between the 

FHD-Typical and FHD+Typical groups, a two-sample t-test was carried out for each of the psychometric 

measurements collected at the pre-reading and emerged reading stages. Similarly, chi-squared tests 

were performed to evaluate group differences in home literacy environment and socioeconomic status. 

Significant group differences were reported at p < 0.05,  

Imaging experiment at the pre-reading stage. 

Imaging acquisition. Neuroimaging data collection for the BOLD and READ projects were conducted 

at Boston Children’s Hospital (BCH) and Massachusetts Institute of Technology (MIT), respectively. 

Images were acquired on a 3T Siemens Trio Tim MRI scanner with a standard Siemens 32-channel 

phased array head coil at both sites. For fMRI data collection, a behavioral interleaved gradient imaging 

design was applied to minimize the influence of scanning background noise during auditory stimulus 

presentation (Gaab et al., 2007a, 2007b), using the following parameters: TR = 6,000 ms; TA = 1,995 ms; 

TE = 30 ms; flip angle = 90°; field-of-view = 256 mm2; in-plane resolution = 3.125×3.125 mm2, slice 

thickness = 4 mm, slice gap = 0.8 mm). Structural images were acquired using site-specific specification 

as follows: for BCH, slice number = 128, TR = 2000 ms, TE = 3.39 ms, flip angle = 9°, field of view = 256 
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mm2, voxel size = 1.3×1.0×1.3 mm3; for MIT, slice number = 176, TR= 2350 ms, TE= 1.64 ms, flip angle=9°, 

FOV= 256 mm2, voxel size 1.0 x 1.0 x 1.0 mm3. Finally, DTI scans collected at both sites included 10 non-

diffusion-weighted volumes (b=0) and 30 diffusion-weighted volumes acquired with non-colinear 

gradient directions (b=1000 s/mm2 for BCH and b=700 s/mm2 for MIT), all at 128x128 base resolution 

and isotropic voxel resolution of 2.0 mm3. Note that only half of the BOLD participants have DTI data 

available since this sequence was only added later during the BOLD recruitment process. Throughout the 

MRI session there was one research assistant accompanying the child participant to ensure minimal 

head movement and compliance with the task instructions (see detailed protocol in Raschle et al., 2009, 

2012).  

Task procedure. A phonological processing task was presented in block design using Presentation 

software (Version 0.70, www.neurobs.com). During each trial, children saw two common objects 

presented on the left and right sides of the screen sequentially (2 seconds for each), while hearing each 

object’s name, spoken in a male or female voice, accompanying their visual appearance. The two 

pictures stayed on the screen for an additional 2 seconds, while participants judged whether the first 

sound of the names of the two objects matched (first sound matching, FSM) by pressing buttons held in 

the right (Yes) and left (No) hands. The FSM run was comprised of seven task blocks, each consisting of 

four trials, alternating with seven fixation blocks of the same length (24 seconds). A separate 

experimental run with a control task was constructed with the same stimuli in the same way; however, in 

this run, participants were asked to decide whether the object names were spoken by the same gender 

(voice matching, VM). The order of the two runs was counterbalanced across participants (see more 

details in Raschle et al., 2012, 2013). 

In-scanner performance. Participants’ responses were recorded during the neuroimaging session.  

Given the young ages of the participants, self-correction was allowed, and only the last response within 

each trial was used to compute the number of correct responses and RTs. Group differences in the in-

scanner performance were evaluated using two-sample t-tests.  

FMRI analyses. fMRI data were successfully collected in 30 FHD-Typical and 30 FHD+Typical 

children. Acquired images were first preprocessed in SPM8 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8) based on Matlab (Mathworks) using an age-

appropriate pipeline (Yu et al., 2018). Specifically, after removing the initial volumes due to the T1 

equilibration effects, functional images were first motion corrected (realigned) and co-registered to the 

corresponding structural images. Before normalizing fMRI images from the naïve space to the Montreal 
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Neurological Institute (MNI) space, transformational matrices were first estimated for every participant 

using their corresponding high-resolution structural images in VBM8 (http://www.neuro.uni-

jena.de/vbm/). During this step, structural images were segmented into grey matter (GM), white matter 

(WM), and cerebral spinal fluid (CSF) using an adaptive Maximum A Posterior (MAP) approach 

(Rajapakse et al., 1997) and spatially normalized to the MNI space via affine transformation. An age- and 

gender-matched Tissue Probability Map created using the Template-O-Matic Toolbox (Wilke et al., 2008) 

was applied at this stage to accommodate the potential anatomical differences between the brain 

images of the current pediatric group and MNI templates created based on the adult population (Evans, 

1992). A non-linear normalization step was subsequently performed on the GM and WM using a 

diffeomorphic anatomical registration using exponentiated lie algebra (DARTEL) approach (Ashburner, 

2007). Another customized template created based on structural images of 149 children with a similar 

age (67.9 ± 4.2 months) and gender ratio (Female/Male = 1.04/1) to the current participant group were 

applied during DARTEL registration. The linear-transformed GM and WM were mapped to this template 

through high dimensional warping processes, resulting in optimal registration in local, fine-grained 

structures among all the participants. The transformational matrices from the native space to the MNI 

space were generated for each participant after VBM processing and then applied to the corresponding 

functional images for the normalization purpose. A Gaussian kernel with full-width at half maximum 

(FWHM) of 8mm was further applied to create smoothed images. Finally, to minimize the effect of head 

motion on data analyses, Artifact Detection Tools (http://www.nitrc.org/projects/artifact_detect) was 

applied to identify scans with excessive motion, using the criterion at 3mm (translational) and/or 2° 

(rotational). All the selected images were visually screened, and those with artifacts, such as missing 

voxels, stripes, ghosting, or intensity differences were marked as outliers and removed from subsequent 

analyses.  

The preprocessed images were then entered into first-level general linear models for estimation of 

neural responses associated with task conditions (FSM, VM, i.e., regressors of interest). Comprehensive 

measurements of head motion along three translational and three rotational dimensions combined with 

the binary regressors representing outlier images were also included as covariates of no interest to 

minimize the confounding effect of head movement. The potential differences in the motion effect 

among the two groups were further evaluated through two-sample t-tests, which did not reveal any 

significant difference in the amount of absolute head movement in any of the six directions 

(Supplementary Table S4; 3 translational movement: left to right: t58 = 0.22, p = 0.83; posterior to 

anterior: t58 = 1.6, p = 0.11; bottom to top: t58 = 0.45, p = 0.66; 3 rotational movement: pitch: t58 = 0.34, p 
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= 0.73; roll: t58 = 0.67, p = 0.51; yaw: t58 = 2.0, p = 0.06). Subject-wise neural responses for phonological 

processing were estimated by contrasting the beta map of the FSM condition with that of the VM 

condition for each participant. These contrast maps were subjected to the whole-brain group-level 

analyses to examine the differences in the functional mechanisms underlying phonological processing 

between FHD+Typical and FHD-Typical children. 

 Whole-brain analyses were first performed to identify brain regions that showed activation 

differences between FHD+Typical and FHD-Typical groups. Two approaches were applied here. The first 

analysis utilized the mass-univariate analysis method to explore whether group differences in activation 

levels could be observed at the voxel level. To this aim, a two-sample t-test model was built and 

contrasts between the two groups were tested. In the second analysis, to capture group information 

embedded in the distributed patterns of brain activity, a searchlight MVPA (Kriegeskorte et al., 2006) was 

carried out using the TDT toolbox (Hebart et al., 2015). The MVPA is an analytic technique that surveys 

the relationships among the voxels (i.e., distributed representation) to identify activation patterns that 

differentiate experimental conditions (e.g., (Friston et al., 1994; Haxby et al., 2001; Norman et al., 2006).  

The combination of the MVPA with a searchlight technique further provided an opportunity for 

functional localization (Kriegeskorte et al., 2006). Specifically, a spherical searchlight was created for 

every voxel in the brain with a radius of 6 mm (2-voxel radius, resulting in 19 voxels in total). Then, for 

each searchlight, the contrast estimates were extracted from all included voxels for each participant and 

fed into a linear support vector classifier (SVC, LIBSVM—http://www.csie.ntu.edu.tw/~cjlin/libsvm). 

To make an unbiased estimation of the classification accuracies of the linear SVC, a 15-folder cross-

validation approach was adopted. All subjects were divided into 15 subgroups with two FHD+Typical and 

FHD-Typical children each. During each iteration, a classifier was trained on 14 subgroups (28 FHD-

Typical and 28 FHD+Typical participants) and then used to predict the labels of the remaining two pairs. 

The process was repeated 15 times so that each subject was tested once, and the prediction accuracies 

of the SVC were estimated across all the subjects. Following Kriegeskorte et al. (2006) and Stelzer et al. 

(2013), the significance of the classification accuracies was determined by 5000 permutation tests in 

which group labels were randomly assigned to each subject for each searchlight. For both analyses, the 

statistical significances were further FDR-corrected for multiple comparisons, and region with a minimal 

of 5 connected voxels (mass-univariate) or searchlights (MVPA) showing pcorrected < .05 were reported. 

Moreover, to constrain the analyses to the cerebral cortex, a customized mask was created by 

overlapping a mean gray matter image (averaged across all the participants and thresholded at 0.1) with 

a cerebral mask derived from the Automated Anatomical Labeling atlas (Tzourio-Mazoyer et al., 2002).  
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 Since the distinct activation patterns between groups could be reflected in the multi-voxel spatial 

pattern and/or a systemic difference across voxels (Jimura & Poldrack, 2012; Kragel et al., 2012), follow-

up analyses were conducted in regions with significant MVPA results to evaluate whether the potential 

group differences in activation levels contributed to the distinct activation patterns observed between 

FHD-Typical and FHD+Typical children (Bauer & Just, 2017; Coutanche, 2013). To do this, the group 

differences in the contrast estimates for FSM > VM were computed for every voxel included in each 

searchlight. Meanwhile, the weight information of every feature (i.e., voxel) in the classification model 

was estimated for each significant searchlight using the whole data sets (30 FHD-Typical and 30 

FHD+Typical). To account for the dependencies across the neighboring voxels, weight information was 

further corrected using the covariance matrix among all the voxels included in a searchlight (Haufe et al., 

2014). The absolute value of the corrected weight, reflecting the true contribution magnitude of each 

voxel to the final classification performance, was then correlated with the group difference in activation 

levels across all the voxels in each searchlight. Statistical significance was held at pcorrected < 0.05, 

corrected for multiple comparisons.  

 Finally, the classification performance of each identified region as a whole (as compared to the 

individual searchlights it comprised) was evaluated in a ROI fashion. Specifically, all the connected 

searchlights from each significant region were combined into a cluster. The MVPA was performed 

following the same procedure as that in each searchlight, and the significance of the classification 

performance was evaluated using the permutation tests (n=5000). Furthermore, correlation analyses 

were also performed between the corrected weights of participating voxels and the corresponding voxel-

wise group differences to assess the contribution of differences in the activation levels to distinct 

patterns between the two groups in each ROI. 

 Functional connectivity (FC) analyses were next performed to investigate the contribution of the 

region(s) recruited specifically by the FHD+Typical children to the reading network during phonological 

processing using the CONN toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012). The preprocessed 

functional images were first band-pass filtered (0.008-0.09 Hz), detrended, and denoised to eliminate 

confounding effects of head movement and global hemodynamic changes using the anatomical 

aCompCor strategy (Behzadi et al., 2007; Chai et al., 2012). Task-relevant activation was also entered as a 

covariate of no interest to minimize the artificial interregional correlations caused by the experimental 

manipulations. Then, the timecourses specific to phonological processing were derived through 

weighting the residual time series by the task regressor specific to the FSM condition. The region(s) that 

showed activation preference for the FHD+Typical children, as identified from the whole-brain analyses, 
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was applied as the seed region. Its timecourse was estimated using principal component analysis. 

Subject-wise FC maps were generated by correlating the timecourse of the seed region(s) with the 

timecourses of all remaining voxels, which were subsequently transformed to Fisher’s Z-scores. A left-

hemispheric reading network, including the left inferior frontal cortex (pars opercularis and pars 

triangularis), left superior temporal gyrus, left inferior parietal cortex (inferior parietal lobule and 

supramarginal gyrus), and left fusiform gyrus was constructed following Preston et al. (2016) and applied 

as an explicit mask for second-level analyses. A two-sample comparison was performed to evaluate 

whether FHD+Typical and FHD-Typical children differed in the pre-reading functional connectivity 

strength between the seed region and left-hemispheric reading network. Significant regions were 

reported at a cluster-level of pcorrected < 0.05, Monte-Carlo corrected for multiple comparisons (voxel-level 

p < 0.005, k ≥ 50).  

        DTI analyses. DTI data was analyzed in 31 typically developing children (14 FHD-Typical and 17 

FHD+Typical). An established preprocessing protocol appropriate for this age range was applied (Wang et 

al., 2016). Specifically, a brain mask was first generated for each subject by removing the non-brain 

tissue from the corresponding T1 image using the Brain Extraction Tool (Smith, 2002) from Functional 

MRI of the Brain (FMRIB) software Library (Oxford, UK). Meanwhile, diffusion-weighted images collected 

in the DICOM format were converted into NRRD format using the DicomToNrrdConverter software 

(www.slicer.org). The DTIprep software was then applied to detect and correct for artifacts caused by 

eddy-currents, head motion, bed vibration and pulsation, venetian blind artifacts, as well as slice-wise 

and gradient-wise intensity inconsistencies (Oguz et al., 2014). Volumes with excessive motion defined 

as frame-wise head movement larger than 2 mm/0.5° were also identified and excluded from 

subsequent analyses. The two groups were not different in head movement for the remaining volumes 

(3 translational movement: left to right: t29 = 1.57, p = 0.13; posterior to anterior: t29 = 1.49, p = 0.15; 

bottom to top: t29 = 1.14, p = 0.26; 3 rotational movement: pitch: t29 = 1.94, p = 0.06; roll: t29 = 1.38, p = 

0.18; yaw: t29 = 0.15, p = 0.88). The DTI images were further corrected for eddy currents and head 

motion using the VISTALab diffusion MRI software suite (www.vistalab.com). Diffusion tensors were then 

fitted using a linear least-squares fit, and FA maps were calculated for all subjects (Basser et al., 1994).  

 Fiber tractography was performed on the white matter tracts of interest using the Automated 

Fiber-tract Quantification (AFQ) toolbox (Yeatman et al., 2012). To do this, deterministic whole-brain 

streamline tractography was performed using an FA threshold of 0.2 and an angle threshold of 40°. 

Fibers were then segmented into separate tracts using two pre-defined anatomical ROIs (back projected 
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from the MNI to the native space via T1 images) per tract as termination points. This was followed by a 

fiber-tract cleaning procedure to remove branch outliers from the core bundle. Each tract was then 

sampled to 100 equidistant nodes, and the diffusion property (i.e., the FA value in this case) for each 

node was estimated using a weighted mean of each fiber’s value based on its Mahalanobis distance from 

the fiber core. Finally, the 100 equidistant nodes of each tract were down-sampled to 50 nodes 

characterizing the central portion of the fiber tract. Following this method, the right superior 

longitudinal fasciculus (RSLF) was successfully identified in 31 children (14 FHD-Typical and 17 

FHD+Typical), right inferior longitudinal fasciculus (RILF) in 30 participants (14 FHD-Typical and 16 

FHD+Typical), and right arcuate fasciculus (RAF) in 18 subjects (9 FHD-Typical and 9 FHD+Typical). Due to 

the previously reported difficulties with reproducibility in defining the entire CC (Wakana et al., 2007), FA 

values were computed only for callosal fibers primarily linking bilateral occipital lobes (CC splenium) and 

(separately) those connecting frontal lobes (CC genu, see the supplementary video for a 3D render of the 

examined white matter tracts in one representative participant, codes adapted from 

https://github.com/yeatmanlab/AFQ/tree/master/3Dmesh). Tract reconstruction was successful in the 

CC genu for 28 children (12 FHD-Typical and 16 FHD+Typical) and in the CC splenium for 26 children (11 

FHD-Typical and 15 FHD+Typical).  

 Two-sample t-tests were first carried out to evaluate FA differences between FHD+Typical and 

FHD-Typical children at each node in the four identified tracts. For subjects with both fMRI and DTI data 

available, Pearson-correlation analyses were further performed between functional activation level 

during phonological processing (i.e., the contrast estimate of FSM > VM) in the region(s) recruited by the 

FHD+Typical children and FA at each node in all the tracts (RSLF: 22 subjects, RILF: 22 subjects, RAF: 12 

subjects, CC genu: 20 subjects, and CC splenium: 20 subjects). Significant results were reported at 

pcorrected < 0.05 for each node, FRD corrected for multiple comparisons. 

 

Results. 

Longitudinal psychometric results (Table 1). 

  At the pre-reading stage, the FHD-Typical and FHD+Typical groups did not differ significantly 

from each other in terms of age (FHD-Typical: 65 ± 4.3 months; FHD+Typical: 66 ± 4.7 months, t67 = 1.34; 

p = 0.18). Both groups exhibited equivalent performance on measures of non-verbal IQ, early language 

competencies, letter knowledge, phonological processing, and rapid automatized naming abilities for 

objects and colors. Finally, no significant group differences were observed in terms of home literacy 
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environment (HLE) and socio-economic status (SES), except that family members of FHD-Typical children 

reportedly read books, magazines or newspapers with the child more often than family members of 

FHD+Typical children (chi-square = 7.3, p = 0.03; see complete results on HLE and SES in Table S1 and 

Table S2, respectively).  

 All participants’ reading abilities were estimated at the emergent reading stage (between the 

end of 1st and 4th grade) after at least two years’ reading instruction. FHD+Typical and FHD-Typical 

children acquired equivalent scores in all four word-level reading assessments, including the WI and WA 

subtests of the WRMT-R, as well as the SWE and PDE subtests of the TOWRE. Moreover, to ensure that 

the latest time point captured a reliable estimation of reading performance along the developmental 

trajectory, comparative analyses was further conducted utilizing mean scores of each reading 

assessment across the performance of all the time points acquired. These analyses demonstrated 

comparable reading performance between the FHD-Typical and FHD+Typical children (see 

supplementary Table S3 for details), consistent with those based on the latest time point.   

Imaging results at the pre-reading stage. Consistent with the psychometric session, FHD-Typical and 

FHD+Typical children did not significantly differ in age during the scanning session (FHD-Typical: 66 ± 4.3 

months; FHD+Typical: 68 ± 4.4 months, t58 = 1.8; p = 0.08). 

 In-scanner task performance. Behavioral responses from four subjects (3 FHD-Typical and 1 

FHD+Typical) could not be recorded due to technical issues. However, their imaging data was still 

included in analyses since high performance accuracies were demonstrated during the practice session 

and consistent button responses were observed by the accompanying research assistant during the 

formal experiment.  Overall, no significant group differences were observed for subjects’ behavioral 

responses during this task (accuracy: t54 = 0.1, p = 0.92; reaction time: t54 = 1.4, p = 0.17, supplementary 

Table S4).  

 FMRI results. Whole-brain results. Two-sample t-tests were first performed at the voxel level 

throughout the whole brain (i.e., mass-univariate analysis), but no significant differences were observed 

between the FHD-Typical and FHD+Typical groups (p < 0.05, FDR corrected). The whole-brain searchlight 

MVPA was subsequently performed, which identified two brain regions exhibiting distinct activation 

patterns between the FHD-Typical and FHD+Typical children in a combination of neighboring voxels 

(Figure 1A). The first region was in the right inferior frontal gyrus (RIFG) and comprised 5 connected 

searchlights which contained in 46 non-overlapping voxels spanning 1242 mm3 of volume (center-of-

mass coordinate: [54,9,24]). The second one was in the left temporo-parietal cortex (LTPC), including 38 
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connected searchlights with 200 voxels occupying 5400 mm3 of volume (center-of-mass coordinate: [-45, 

-51, 24]).  

 Since a searchlight is a joint consideration of 19 neighboring voxels, follow-up analyses were 

conducted to understand how the group differences (FHD-Typical > FHD+Typical) in activation levels at 

each participating voxel contributed to the searchlight to trigger a significant group difference 

(Coutanche, 2013; Jimura & Poldrack, 2012). Across searchlights, larger group differences in the 

activation levels contributed more to the classification performance (i.e., higher absolute values of the 

corrected weights in the classification model, see example searchlights in the Figure 1B). Specifically, for 

the RIFG, all voxels showed higher activation levels for FHD+Typical than FHD-Typical children. Moreover, 

activation differences in the participating voxels were significantly and negatively correlated with the 

corrected weights (absolute values) derived from the classification models, in four of five searchlights 

(rmean = -0.76, pcorrected_mean < 0.001, Figure 1C). This suggested that distinct activation patterns that 

reliably distinguished between the two groups in the RIFG region were mainly established on group 

differences in the FHD+Typical > FHD-Typical direction. By contrast, most of the voxels included in the 

LTPC searchlights showed higher activation levels for the FHD-Typical compared to the FHD+Typical 

children (98±8%), and the higher activation levels of FHD-Typical compared to FHD+Typical children were 

significantly correlated with the higher weights in the classification model in all but one of the thirty-

eight searchlights (rmean = 0.96, pcorrected_mean < 0.001, Figure 1C). This suggested that the significant group 

differences in the LTPC region were mainly based on group differences in the FHD-Typical > FHD+Typical 

direction, a pattern that was reverse to that in the RIFG region. 

 The same MVPA was further performed in each region as a whole, which rendered the same 

results. Distinct activation patterns were observed between the FHD-Typical and FHD+Typical children in 

both regions (RIFG: accuracy = 66.7%; pcorrected < 0.006; LTPC: accuracy = 68.3%; pcorrected < 0.02). 

Moreover, significant correlations were also observed between group differences in the activation levels 

and corrected weights extracted from the classification model for both regions (RIFG: r = -0.82; pcorrected 

< 0.001; LTPC: r= 0.93; pcorrected < 0.001). 

 Functional connectivity analyses (FC, Figure 2) were further conducted using the RIFG as a seed, 

based on the higher activation levels identified in this region among FHD+Typical children. FC analyses 

revealed higher functional connectivity strength between the RIFG and the left inferior parietal cortex 

(LIPC), spanning over the left angular gyrus and the left inferior parietal lobule (([-36, -57, 42], k = 68 

voxels) for the FHD+Typical compared to the FHD-Typical group. The opposite contrast did not reveal any 

significant functional pathway.  
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 DTI and correlations with fMRI.  Significant group differences were observed in bilateral 

segments of the CC splenium (nodes 2-4 and nodes 48-50, Figure 3), which demonstrated higher FA for 

FHD+Typical comparted to FHD-Typical children. No significant results were observed in other tracts 

(Supplementary Figure S1).  

Correlation analyses between RIFG activation level and FA values at all nodes in all the tracts 

demonstrated positive correlations at all nodes in the CC splenium (Figure 3C). The medial segment of 

the CC genu (nodes 22-28 and nodes 35-37) also exhibited significant correlations with RIFG activation 

level, but, these effects did not survive correction for multiple comparisons. No other significant 

correlations were observed.  

 

Discussion 

The current study is the first to demonstrate the presence of putative neural protective 

mechanisms prior to reading onset in children who subsequently developed typical reading abilities 

despite a familial risk for dyslexia. Adopting a retrospective, longitudinal approach, FHD+ and FHD- 

children with typical reading abilities were characterized after at least two years of reading instruction. 

Through group comparisons of neural functional and structural (DTI) characteristics collected before the 

start of formal reading instruction, our results suggest an alternative network for phonological 

processing in FHD+Typical relative to FHD-Typical pre-readers. This was observed despite the fact that 

both groups subsequently developed equivalent typical reading abilities. Specifically, reduced activation 

was observed in the left temporo-parietal cortex (LTPC) in FHD+Typical relative to FHD-Typical children 

prior to reading onset (e.g., at the end of the pre-kindergarten/the beginning of kindergarten). This 

indicates that this neural characteristic is primarily associated with a familial risk rather than a diagnosis 

of developmental dyslexia. Meanwhile, a putative protective neural mechanism was revealed in 

FHD+Typical compared to FHD-Typical pre-readers, characterized by higher activations in the right 

inferior frontal gyrus (RIFG) and increased functional connectivity between RIFG and left inferior parietal 

cortex (LIPC). In addition, FHD+Typical compared to FHD-Typical children exhibited increased fractional 

anisotropy (FA) in the corpus callosum (CC), and the FA in the CC was positively correlated with RIFG 

activation. This suggests the development of an alternative anatomical infrastructure at the pre-reading 

stage which may then support a bilateral neural network for reading development in FHD+Typical 

children.  
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In the current analyses, the searchlight multivariate pattern analysis demonstrated that a 

combination of voxels can differentiate between FHD-Typical and FHD+Typical children despite no 

significant group differences observed in individual voxels. As illustrated in the example searchlights in 

Figure 1B, the neighboring voxels with weak differences in the activation levels (as demonstrated by 

pcorrected > 0.05) acted together in the searchlight and formed a strong classifier that significantly 

differentiated across groups. Further looking into the mechanism of how neighboring voxels acted 

together (Figure 1B and 1C) has revealed that significant classification results in the RIFG were mainly 

driven by voxels with higher activation in the FHD+Typical > FHD-Typical direction, while the 

performance in the LTPC were based on the voxel-wise activation in the FHD-Typical > FHD+Typical 

direction. Therefore, the MVPA exhibited subtle yet consistent and significant activation preferences for 

the FHD+Typical children in the RIFG and for the FHD-Typical children in the LTPC. 

 Hypoactivation in the LTPC was observed in FHD+Typical compared to FHD-Typical pre-readers 

despite their subsequent typical reading abilities, underscoring its role as a neural endophenotype 

associated with familial risk for dyslexia. Neural alterations in the LTPC have previously been reported in 

children with dyslexia (e.g., Peterson & Pennington, 2015; Richlan et al., 2009; Shaywitz & Shaywitz, 

2008) as well as pre-reading children with a family history compared to typical controls (e.g., Im et al., 

2015; Raschle et al., 2011, 2012, 2013). However, it remains unclear to what extent the observed neural 

differences may be attributed to the familial risk or represent as unique ‘premarker’ for developmental 

dyslexia. The current results demonstrate that the hypoactivation in the LTPC was present in FHD+ 

children who subsequently developed typical reading skills, and therefore strongly emphasize that this 

brain alteration is not a brain characteristic, or specific premarker, of dyslexia but rather seems to be an 

indication of atypical brain development associated with a familial risk. The observed link between LTPC 

deficits and FHD+ is further supported by recent genome-wide association studies which have shown 

significant correlations between variants in dyslexia susceptibility genes and both reading-related 

functional activation (Cope et al., 2012; Wilcke et al., 2012) and white matter volume (Darki et al., 2012) 

in LTPC. Due to the probabilistic nature of genetic transmission, it is possible that some FHD+Typical 

children might develop a typical, left-hemisphere-dominant reading network as a result of reduced/null 

genetic liability. However, for FHD+ children who show neural deficits in the LH reading network due to 

familial risk as observed in the current study, the development of compensatory/protective mechanisms 

seems to be important for acquiring typical reading skills.  
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Indeed, greater neural activation in RIFG and increased interhemispheric functional connectivity 

between the RIFG and LIPC was revealed in FHD+Typical compared to FHD-Typical children prior to 

reading onset, suggesting a potential protective mechanism. Increased activation in the RIFG has been 

previously associated with reading improvement in individuals with dyslexia and/or reading difficulties, 

therefore suggesting a compensatory mechanism, probably in response to successful intervention 

approaches (e.g., Eden et al., 2004; Farris et al., 2016; Hoeft et al., 2011; Richards et al., 2007; Temple et 

al., 2003). The current findings further add to the importance of the RIFG in typical reading development 

by demonstrating the reliance on RH frontal pathways in young FHD+ children (prereaders) who 

subsequently demonstrated successful reading development. The facilitative role of the RIFG was further 

corroborated by its functional connectivity to the left inferior parietal cortex, an area that has previously 

been shown to play an important role in reading development (e.g., Pugh et al., 2000; Schlaggar & 

McCandliss, 2007). Importantly, the RH pathway can already be observed in pre-readers before the start 

of any formal reading instruction/practice. This suggests that they may serve as a protective mechanism 

against adverse factors such as neural alternations in the LH reading network, and support the typical 

development of cognitive and pre-literacy (e.g., phonological processing) prerequisites for learning to 

read. This could reduce the likelihood of or even prevent children from developing reading impairments 

including developing dyslexia. It has been previously shown that structural connectivity precedes the 

development of the functional reading network (Saygin et al., 2016), suggesting that FHD+Typical 

children may show an alternative structural connectivity network very early in their language/literacy 

development (Langer et al., 2017) which then fosters the development of an alternative, protective 

reading network that enables typical reading development in FHD+Typical children. 

Consistent with this conjecture, the RH protective pathways observed in FHD+Typical pre-

readers was further accompanied by enhanced cross-hemispheric structural connectivity in the Corpus 

Callosum (CC). Most of the CC neurons are excitatory (Fabri et al., 2014), and its importance for 

functional interhemispheric connectivity has been demonstrated numerous times (e.g., Cohen et al., 

2000; Gooijers & Swinnen, 2014; Mohr et al., 1994). Greater FA in FHD+Typical compared to FHD-Typical 

children was only observed in the corpus callosum, but not in right-hemispheric white matter tracts 

which previously have been shown to be altered in compensated (elementary or middle school aged) 

readers (Hoeft et al., 2011; Wang et al., 2016). Higher FA values, specifically in the CC, in FHD+Typical 

children prior to reading onset might serve as a critical structural foundation that facilitates the 

recruitment of the right hemisphere during reading development. In support of this hypothesis, previous 

findings from our laboratory showed faster white matter development in RSLF for FHD+ children who 
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subsequently develop into good readers compared to poor readers over the course of learning to read 

(Wang et al., 2016). Additionally, the observation of significant correlations between the microstructure 

of the CC and the neural activation in the RIFG during the phonological processing task are also in line 

with this notion. Interestingly, our interpretation is also in line with studies which examined the critical 

role the CC plays during literacy acquisition in adulthood, where an increased reliance on bi-hemispheric 

regions, most likely facilitated through the observed FA increases in the CC, was reported for adults who 

became literate in their twenties (Carreiras et al., 2009; Dehaene et al., 2015). Nevertheless, since 

information needs to be transferred via the CC to the right hemisphere, the observed 

protective/compensatory pathways might support typical reading development at the cost of speed. This 

speculation is consistent with the observation that FHD+Typical children in general read less fluently 

than FHD-Typical controls (e.g., Pennington & Lefly, 2001; Van Bergen et al., 2011). Future studies are 

needed to empirically evaluate the hypothesized association between reading fluency and a bilateral 

reading network. 

Although not directly investigated in the current study, it is important to consider critical factors 

that might contribute to emergence of the protective/compensatory mechanisms in FHD+Typical 

children throughout early development. Investigation of brain characteristics in FHD+ children from an 

early age suggests a genetic role in shaping the hemispheric lateralization underlying language and 

reading development. Compared to a typical left-hemispheric dominance in FHD- controls, FHD+ pre-

readers and infants exhibit right-lateralized asymmetries in white matter tracts important for reading, as 

well as bilateral neural activation patterns in response to speech (Guttorm et al., 2001; Leppänen et al., 

1999; Wang et al., 2016). The hypothesized genetic influences on atypical brain lateralization in FHD+ 

children are also in line with the Geschwind-Galaburda hypothesis of early development of atypical 

lateralization in individuals with dyslexia (Geschwind & Galaburda, 1985), and is further supported by 

the emerging findings suggesting that dyslexia-susceptibility genes are implicated in early brain 

development, such as cilia function, critical for subsequent hemispheric specialization (Brandler & 

Paracchini, 2014). Using genome-wide association techniques, dyslexia risk genes have also been directly 

associated with atypical development of the CC and hemispheric lateralization (Darki et al., 2012; Pinel 

et al., 2012) . Based on these findings, it can be hypothesized that children with a familial risk of dyslexia 

are genetically predisposed for a bilateral neural mechanism underlying reading development, setting a 

foundation for the development of RH protective/compensatory functional networks.  
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Moreover, several environmental factors have also been identified to facilitate the formation of 

the protective/compensatory functional pathways in the right hemisphere. For example, enriched early 

home literacy and higher SES have been shown to associated with enhanced recruitment of right-

hemispheric perisylvian and frontal areas for language and reading processing in children (Noble et al., 

2006; Powers et al., 2016). Importantly, the association between HLE and right-hemispheric activation 

was specific for FHD+ but not FHD- pre-readers (Powers et al., 2016), suggesting a specific gene x 

environment interaction in the right hemisphere in FHD+ children. In addition to family characteristics, 

although debated, educational experiences such as music training and specialized teaching strategies 

have also been shown to shape the neural mechanisms underlying reading development towards a 

bilateral network accompanied with stronger interhemispheric structural microstructure of CC (Habibi et 

al., 2016; Mei et al., 2013; Yoncheva et al., 2010; 2015; Zuk et al., 2018). Altogether, one can postulate 

that positive environmental stimulation, such as enriched home literacy environment, interacts with 

genetic predisposition and collectively they enable the development of protective/compensatory neural 

mechanisms in the right hemisphere to mediate the deficient processing in the LH and through this 

support typical reading development in FHD+Typical children (Yu et al., 2018). 

The presence of distinct neural characteristics in FHD+Typical pre-readers compared to controls 

also provides valuable insight into optimal early diagnosis and intervention approaches. Both neural 

deficits and putative protective mechanisms were observed in the FHD+Typical children at the pre-

reading stage, encouraging a holistic approach that considers both risk and protective aspects when 

screening for early risk of reading impairment as well as for designing early intervention programs for 

children at risk for dyslexia (Ozernov-Palchik et al., 2016). Moreover, the establishment of protective 

pathways prior to reading onset also opens the possibility of developing resilience in at-risk children 

through preventative intervention approaches administered at earlier stages during the course of 

reading development. This may result in children experiencing reduced learning difficulties while 

learning to read or even exhibiting typical reading development, as observed in the FHD+Typical 

children. 

This study provides the first evidence for the development of putative protective neural 

mechanisms in FHD+ pre-readers who subsequently develop typical reading skills, but it is to be 

interpreted in the context of two considerations. First, the data from FHD+ children who subsequently 

showed reading impairments (i.e., FHD+Impaired) were not included in our current analysis due to the 

small sample size (n=12) available in this longitudinal data set. Therefore, it is unknown whether any 
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neural protective pathways were available to support reading development, albeit not successful, in 

FHD+Impaired children. Nevertheless, it is interesting to note that the putative protective neural 

mechanisms observed in the current study for the FHD+Typical pre-readers are similar to those that 

emerged in school-age children with dyslexia after successful intervention (e.g., Horowitz-Kraus et al., 

2014; Temple et al., 2003), suggesting a protracted time window for the development of 

protective/compensatory neural mechanisms possibly driven by multiple factors. Future studies with a 

large sample are needed to determine whether, and if so when/how, compensatory/protective 

mechanisms interact with risk factors and collectively contribute to reading outcomes among FHD+ 

children. Second, the genetic contributions for the development of protective pathways were only tested 

indirectly in this study, since only children with a reported family history of dyslexia were examined. 

Future longitudinal studies ranging from infancy to school age are needed and both genetic and 

environmental measures should be considered. These studies will help to identify how early in a child’s 

life these protective neural mechanisms emerge (e.g. are they present at birth or develop over time) and 

what genetic and environmental (e.g. home literacy, quality of language input) factors facilitate their 

emergence over the developmental time course. Answering these research questions could inform the 

design of preventative and remediation strategies for children at risk for dyslexia.  

Conclusion. 

Despite an increased risk of developing dyslexia, about half of children with a familial risk for 

dyslexia develop typical reading skills. The current study is the first to demonstrate that putative neural 

protective mechanisms that seem to support typical reading abilities in children with a familial risk who 

subsequently develop typical reading skills are present before the onset of formal reading instruction. 

Specifically, FHD+Typical pre-readers exhibited higher activation in the RIFG during phonological 

processing compared to FHD-Typical children, which was further supported by increased 

interhemispheric functional and structural connectivity. The current findings support a working 

hypothesis of potential neural protective and compensatory pathways in FHD+Typical children which 

emerge through interactions between genetics, neurobiology, and environmental factors to facilitate 

their typical reading development. Future longitudinal studies are needed to explore the factors, both 

genetic and environmental, that enable these putative protective and compensatory mechanisms, as 

well as their developmental trajectories. Such research may guide the design of early assessment and 

interventional tools for children at risk for dyslexia. 
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Table 1. Pre-literacy characteristics, fMRI experiment performance conducted at the pre-reading stage, 
and reading abilities after schooling. 

 FHD-Typical FHD+Typical Group Effect 

    

Number (female/male) 34 (16/18) 35 (17/18) - 

Pre-literacy characteristics  

Age (months) 65 ± 4.3 66 ± 4.7 t67 = 1.3; p = 0.2  

CTOPP: Elision 10 ± 2.1 10 ± 2.4    t64 = 0; p = 1 

CTOPP: Blending 11 ± 1.9 11 ± 2.2 t64 = 0.3; p = 0.8  

  CTOPP: Nonword Repetition 9.4 ± 1.6 9.3 ± 2.0 t65 = 0.3; p = 0.8  

RAN: Object 104 ± 10 100 ± 13 t62 = 1.5; p = 0.1  

RAN: Color 101 ± 13 96 ± 17 t62 = 1.2; p = 02  

WRMT-R: Word ID 93 ± 15 96 ± 22 t67 = 0.6; p = 0.5  

KBIT-2: non-verbal 103 ± 11 99 ± 9.8 t67 = 1.6; p = 0.1  

CELF-4: Core Language 113 ± 14 110 ± 10 t58 = 1.0; p = 0.3  

CELF-4: Receptive Language 111 ± 13 104 ± 15 t59 = 1.7; p = 0.1  

CELF-4: Expressive Language 114 ± 14 110 ± 12 t58 = 1.2; p = 0.2  

CELF-4: Language Structure 114 ± 15 110 ± 11 t57 = 1.4; p = 0.2  

Reading abilities at the end of the first grade or later  

# of participants with latest reading performance available in each grade 

First grade 8 5 

χ2 (2) = 1.5 
Second grade 17 17 

Third grade 1 7 

Fourth grade 8 6 

Age (months) 104 ± 14 108 ± 13 t67 = 1.2; p = 0.2  

WRMT-R: Word ID 111 ± 9.7 108 ± 10 t65 = 1.2; p = 0.2  
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WRMT-R: Word Attack 109 ± 11 109 ± 10 t65 = 0.05; p = 0.95  

TOWRE: SWE 109 ± 13 104 ± 9.8 t67 = 1.7; p = 0.1  

TOWRE: PDE 104 ± 11 104 ± 9.6 t67 = 0.02; p = 0.98 

Note. Standard scores were reported for all the psychometric assessments. Due to the miss of data 
points in each assessment, degree of freedom and significance level were adjusted accordingly. No 
significant differences were observed between the FHD-Typical and FHD+Typical children for any of the 
measures described in the table.  

CTOPP: Comprehensive Test of Phonological Processing; RAN: Rapid Automatized Naming; KBIT-2: 
Kaufman Brief Intelligence Test: Second Edition--nonverbal matrices; CELF: Clinical Evaluation of 
Language Fundamentals: Fourth Edition; WRMT-R: Woodcock Reading Mastery Tests-Revised; TOWRE: 
Test of Word Reading Efficiency; SWE: Sight Word Efficiency; PDE: Phonemic Decoding Efficiency. 
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Figure legends. 

Figure 1. The right inferior frontal gyrus (RIFG, left section) and the left temporo-parietal cortex (LTPC, 

right section) exhibit distinct activation patterns between the FHD-Typical and FHD+Typical children, as 

revealed by the whole-brain searchlight MVPA. The top panel (A) shows RIFG and LTPC in slice-views and 

3D projections; the significant regions are highlighted in yellow and the center voxels in red. The middle 

panel (B) illustrates that differences between the two groups of children in each voxel included in one 

example searchlight are significantly correlated with the contribution (corrected weight) of each of those 

voxels to the classification performance. Each representative searchlight is projected to a 3D image 

(center voxel in red). The bar figures below the images display the activation levels (contrast estimates of 

FSM > VM) for FHD+Typical (brown) and FHD-Typical children (blue) in each voxel. The tables show the 

statistical results of the group comparisons in each voxel and the absolute values of corrected weights in 

the classification model. The bottom panel (C) summarizes the correlation results for all significant 

searchlights. Whole-brain results are reported at pcorrected < 0.05, Bonferroni corrected for multiple 

comparisons.  

1. The results of the two-sample t-tests on the activation levels between the FHD+Typical and FHD-Typical 

groups in each voxel are not significant after FDR correction (pcorrected > 0.9)  

 

Figure 2. Sagittal (top) and transverse (bottom) views of the left hemisphere. Using the RIFG as the seed, 

functional connectivity (FC) analyses reveal stronger connectivity for FHD+Typical compared to FHD-

Typical children in the left inferior parietal cortex (LIPC, highlighted in red) in a pre-defined reading mask 

(highlighted in yellow), including the inferior frontal cortex, temporo-parietal cortex (both in the sagittal 

view), and fusiform gyrus (transverse view). Results are reported at cluster-level pcorrected < 0.05, Monte-

Carlo corrected for multiple comparisons (voxel-level p < 0.005, k ≥ 50).  

 

Figure 3. Panel A: Tract profiles (FA values at all 50 nodes) in the corpus callosum (CC) splenium for FHD-

Typical (orange) and FHD+Typical (cyan) children. Two-sample t-tests reveal higher FA values in bilateral 

segments (nodes 2-4 and nodes 48-50, highlighted in red) in the CC splenium for the FHD+Typical 

compared to FHD-Typical children.  Panel B: Correlation plot for mean FA in the corpus callosum 

splenium and activation level (contrast estimate of FSM > VM) in right inferior frontal gyrus during the 
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phonological processing task. Significant positive correlations with activation levels in RIFG are observed 

at all nodes in the corpus callosum splenium.  
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Left temporoparietal cortex

t (58) puncorrected
1

Corrected weights  
(absolute values) in the 
classification model

Center voxel 3.14 0.0027 0.44

Neighbor voxel1 1.97 0.053 0.31

Neighbor voxel2 2.44 0.018 0.38

Neighbor voxel3 3.37 0.0014 0.42

Neighbor voxel4 3.61 0.0006 0.44

Neighbor voxel5 3.43 0.0011 0.51

Neighbor voxel6 1.86 0.068 0.32

Neighbor voxel7 2.43 0.018 0.35

Neighbor voxel8 2.80 0.0069 0.36

Neighbor voxel9 2.92 0.0050 0.42

Neighbor voxel10 3.13 0.0027 0.46

Neighbor voxel11 3.17 0.0024 0.52

Neighbor voxel12 3.05 0.0034 0.53

Neighbor voxel13 3.04 0.0036 0.52

Neighbor voxel14 2.14 0.0367 0.35

Neighbor voxel15 2.63 0.011 0.41

Neighbor voxel16 2.42 0.019 0.41

Neighbor voxel17 2.39 0.020 0.42

Neighbor voxel18 2.53 0.014 0.48

Correlation between the activation differences and corrected  weights: r = 0.96,  
pcorrected < 0.001

-3.0                                   -0.1                                        0.1                                     0.3

Contrast estimate of FSM > VM

Right inferior frontal gyrus

T-tests Corrected weights 
(absolute values) in the 
classification modelt (58) puncorrected

1

Center voxel -2.76 0.0078 0.34

Neighbor voxel1 -2.13 0.037 0.33

Neighbor voxel2 -1.98 0.052 0.32

Neighbor voxel3 -1.93 0.058 0.30

Neighbor voxel4 -1.65 0.104 0.26

Neighbor voxel5 -1.35 0.18 0.28

Neighbor voxel6 -2.74 0.0082 0.36

Neighbor voxel7 -2.59 0.012 0.38

Neighbor voxel8 -2.38 0.020 0.37

Neighbor voxel9 -2.75 0.0079 0.37

Neighbor voxel10 -2.55 0.014 0.30

Neighbor voxel11 -2.29 0.026 0.32

Neighbor voxel12 -2.11 0.039 0.29

Neighbor voxel13 -1.41 0.16 0.24

Neighbor voxel14 -2.81 0.0067 0.39

Neighbor voxel15 -3.28 0.0018 0.34

Neighbor voxel16 -3.60 0.0007 0.34

Neighbor voxel17 -3.19 0.0023 0.30

Neighbor voxel18 -2.77 0.0075 0.25

Correlation between the activation differences and corrected weights: r = -0.78, 
pcorrected < 0.001

-3.0                                       -0.1                                              0.1                                0.3

Contrast estimate of FSM > VM

B. B.

FHD-TypicalFHD+Typical

A. Sagittal (X = -45)A.

T-tests

C. C.

Searchlight r pcorrected

1 -0.95 9.74E-07

2 -0.67 0.0035

3 -0.78 0.0001

4 -0.28 0.245

5 -0.66 0.0023

Searchlight r pcorrected Searchlight r pcorrected

1 -0.28 0.245 20 0.99 3.75E-14
2 0.99 3.84E-14 21 0.99 4.06E-16
3 0.99 7.48E-15 22 0.98 1.10E-13
4 0.99 1.26E-16 23 0.97 5.02E-12
5 0.99 4.17E-15 24 0.97 4.75E-12
6 0.98 1.53E-12 25 0.99 1.88E-15
7 0.98 3.17E-12 26 0.99 1.97E-14
8 0.95 3.17E-10 27 0.97 1.91E-11
9 0.99 3.30E-15 28 0.96 5.64E-11

10 0.99 3.07E-14 29 0.97 2.54E-11
11 0.99 2.82E-15 30 0.93 1.20E-08
12 0.99 3.07E-14 31 0.76 0.00017
13 0.99 1.88E-15 32 0.96 1.14E-10
14 0.96 9.92E-11 33 0.97 2.11E-11
15 0.99 1.88E-15 34 0.92 2.29E-08
16 0.96 5.83E-11 35 0.89 2.81E-07
17 0.96 4.76E-11 36 0.92 2.48E-08
18 0.99 1.26E-16 37 0.91 7.67E-08
19 0.98 1.53E-12 38 0.95 3.50E-10

Transverse (Z = 24) 3D projection

Coronal (Y = -51)

Transverse (Z= 24)

Sagittal (X = 54)

3D projection

Coronal (Y = 9)
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