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Abstract

Background and Purpose.—The ventral occipitotemporal cortex (vOT) is a region crucial 

for reading acquisition through selective tuning to printed words. Developmental dyslexia is a 

disorder of reading with underlying neurobiological bases often associated with atypical neural 

responses to printed words. Previous studies have discovered anomalous structural development 

and function of the vOT in individuals with dyslexia. However, it remains unclear if or how 

structural abnormalities relate to functional alterations.

Methods.—In this study, we acquired structural, functional (words and faces processing), and 

diffusion MRI data from 26 children with dyslexia (average age 10.4 years ±2.0) and 14 age-

matched typically developing readers (average age 10.4 years ±1.6). Morphological indices of 

local gyrification, neurite density (i.e., dendritic arborization structure), and orientation dispersion 

(i.e., dendritic arborization orientation) were analyzed within the vOT region that showed 

preferential activation in typically developing readers for words (as compared to face stimuli).

Results.—The two cohorts diverged significantly in both functional and structural measures. 

Compared to typically developing controls, children with dyslexia did not show selectivity for 

words in the left vOT (contrast: words > false fonts). This lack of tuning to printed words was 

associated with greater neurite dispersion heterogeneity in the dyslexia cohort, but similar neurite 

density. These group differences were not present in the homologous contralateral area, the right 

vOT.
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Conclusions.—Our findings provide new insight into the neurobiology of the lack of vOT word-

tuning in dyslexia by linking behavior, alterations in functional activation and neurite organization.

Keywords

developmental dyslexia; occipitotemporal cortex; functional MRI; diffusion MRI; neurite 
morphology

INTRODUCTION

Developmental dyslexia (DD) is a neurologically-based learning disorder characterized 

by reading and spelling difficulties that cannot be explained by differences in general 

intelligence or education.1,2,3 DD is the most common learning disorder, impacting 5–10% 

of school-age children in English-speaking countries and persisting into adulthood.3,4 While 

its exact neurobiological basis remains contested, the most consistent finding in brain studies 

on DD is represented by a functional hypo-activation of a specific region in the left ventral 

occipitotemporal cortex (vOT) known as the visual word form area (VWFA).5,6,7 Within 

the VWFA of typically developing readers, written words elicit higher activation than other 

visual stimuli8 such as false-fonts9 and objects or faces.10,11 Additionally, sensitivity for 

letter symbols and whole words is reached as early as 4-years old, whereas specificity 

requires longer to emerge as suggested by several developmental studies.12,13,14 Meanwhile, 

altered vOT activation is consistently found in functional brain studies of DD15,16 and 

even in pre-readers at risk for developing DD.17,18 However, these prior studies had not 

investigated whether these functional differences in DD relate to structural abnormalities. 

While the emergence of a functionally tuned vOT region is linked to reading acquisition, it 

remains to be established if any structural-developmental changes are associated with this 

process.

Structural anomalies in the language and visual cortices in DD have also been 

reported, although less consistently than functional differences. Various conventional 

structural metrics have been investigated, including gray matter volume,15,19,20,21 cortical 

thickness,22,23,24 fractional anisotropy,25,26 and gyrification.24,27 Moreover, rare postmortem 

case studies have found neurobiological alterations in DD, particularly in areas of 

focal cortical dysgenesis in left perisylvian regions, suggestive of neuronal migrational 

abnormalities.28,29,30,31,32

Molecular genetic studies using animal models have associated developmental anomalies 

with anomalies of axon guidance as well as dendrite growth and differentiation.33,34,35 Yet, 

only a few studies so far have examined abnormalities of neurite (i.e., axon and dendrite) 

morphology in individuals with DD, partially due to the technical limitations of imaging 

and quantifying neurite properties in vivo. A relatively novel technique, neurite orientation 

dispersion and density imaging (NODDI), can provide metrics more specific to brain 

tissue microstructure, compared to the traditional diffusion tensor imaging techniques.36 

By applying a three-compartment model to multi-shell diffusion MRI (dMRI) data, NODDI 

provides a solution to inferring tissue microstructure traits, including neurite density and 

orientation dispersion. Therefore, it is considered to be well-suited in capturing dendritic and 
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axonal architecture in gray matter, allowing one to relate neuronal properties to functional 

differences.37 Only one study so far has examined in-vivo neurite morphology in individuals 

with DD using NODDI.27

Here, we investigated functional and structural features of the vOT in children diagnosed 

with DD (hereafter DYS) compared to age-matched, typically-developing controls (hereafter 

TDC). First, we compared activation patterns associated with word and face stimuli to 

identify the regions of the vOT tuned to words and faces in TDC and characterize 

their differences in DD. Then, we examined neurite morphology of those regions of 

the vOT in both cohorts. Given the association of DD susceptibility genes with neurite 

abnormalities, we hypothesized that reduced activation in the vOT for words would be 

linked to morphological differences, such as lower neurite density and less orientation 

coherence in DYS.

METHODS

Participants

Right-handed, native English-speaking children were recruited through the University of 

California San Francisco (UCSF) Dyslexia Center, a multidisciplinary research center 

dedicated to the study of dyslexia and neurodevelopmental cognitive disorders. Guardians 

of the participants provided informed written consent and participants provided assent. 

The study was approved by the UCSF Institutional Review Board and complied with the 

declaration of Helsinki. For the children in the DD cohort (DYS, n=26, 14 female, average 

age 10.4 years ±2.0), inclusion criteria required a previous diagnosis of DD. Exclusion 

criteria included all objective reading scores at the time of study falling above the 25th 

percentile of same-aged peers (which represents the start of the average range), general 

cognitive scores [Wechsler Abbreviated Scale of Intelligence (WASI) Matrix Reasoning] 

that fell below the 9th percentile of same-aged peers, an acquired brain injury, or genetic 

or psychiatric disorder associated with impaired sensory processing or communication, 

and contraindications for MRI. Their reading difficulties persisted despite appropriate 

schooling in an establishment with specific reading interventions in small classes. For 

typically developing children (TDC, n=14, 5 female, average age 10.4 years ±1.6), exclusion 

criteria were any single word reading scores falling below the 16th percentile of same-aged 

peers (which is equivalent to −1 standard deviation), any history of developmental delays, 

and contraindications for MRI. Table 1 reports the demographic and neuropsychological 

characteristics of the sample. Participants were assessed with standard neuropsychological 

and academic batteries (see below).

Neuropsychological and Academic Assessment

Neuropsychological and academic assessments were administered either by a 

neuropsychologist, or a member of staff trained and supervised by neuropsychologists. 

Neuropsychological testing covered screening of nonverbal reasoning (WASI Matrix 

Reasoning). Academic performance was assessed using the timed Test of Word Reading 

Efficiency – Second Edition (TOWRE-2)38 which includes Sight Word Efficiency (SWE) 

for timed single-word reading of real words and Phonemic Decoding Efficiency (PDE) 
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for timed single-word reading of pseudowords. Additionally, the Gray Oral Reading Test 

(GORT-5)39 was used to evaluate paragraph reading. Due to time limitations, protocol 

updates, or subject fatigue, not all DYS participants were able to complete all of the tests 

(see Table 1).

Imaging Data Acquisition

All neuroimaging data were acquired using a 3T Siemens Trio scanner (Siemens, Erlangen, 

Germany) equipped with a 12-channel phased-array head coil at the Neuroimaging Center 

of UCSF. Head movement was minimized by stabilizing the head with cushions. It is 

well known that head motion presents a challenge in fMRI studies, especially in pediatric 

populations. For this reason, we allowed our participants to take a break every 20 minutes, 

a procedure that has proved to reduce head motion during functional data acquisition.40 

Metrics about head motion were calculated from the translational and rotational parameters 

of the rigid correction of the head motion: 1) the maximum absolute translation of each 

brain volume as compared to the previous volume (maximum motion), 2) the mean absolute 

displacement of each brain volume as compared to the previous volume (mean motion), 

3) the average of the absolute value of the Euler angle of the rotation of each brain 

volume as compared to the previous volume (rotation), and 4) the framewise displacement 

(FD) that measures the movement of any given frame relative to the previous frame.41 

The thresholds for each of these types of motion used as criteria for exclusion were the 

following: maximum translation at 2 mm, maximum rotation at 2 degrees, and FD less than 

0.5 mm for every volume.

Functional MRI parameters and design—Functional data were collected with a 

single-shot echo planar imaging sequence with the following acquisition parameters: 

repetition time (TR) / echo-time (TE) = 2000/31 ms; flip angle = 80°; imaging parallel 

acceleration factor (iPAT) = 2; number of axial slices = 32; in plane voxel size = 2.4 × 2.4 

mm2; slice thickness = 3.6 mm; Field of View (FOV) = 230 × 230 mm2; multi-slice mode = 

interleaved ascending.

While in the scanner, participants performed two tasks: a word task (to assess ventral 

occipitotemporal cortex (vOT) responses to printed words), followed by a face task (to 

assess vOT responses to faces, another meaningful visual category). During the word task, 

we presented six 20-second blocks of real words and six 20-second blocks of false fonts (23 

trials/block; 370 ms stimulus presentation and 500 ms inter-stimulus), interleaved with six 

blocks of 20-second fixation. Participants were instructed to fixate at the center of the screen 

throughout the task and press a button using the right thumb every time a stimulus appeared 

in red presented pseudo-randomly (4 times over the six-word blocks and 4 times over the 

6 false font blocks). Similarly, during the face task, cartoon faces and scrambled images 

were presented interleaved with fixation blocks. Participants pressed a button every time 

they saw a blank oval image instead of a cartoon face or a scrambled image (4 times over 

the six face blocks and 4 times over the 6 scrambled blocks). Examples of the stimuli and 

time-course of the experimental paradigm are illustrated in Fig. 1. As described by Wilson 

and colleagues,42 the word stimuli were 6-letter-long nouns and adjectives of medium 

frequency extracted from Coltheart (1981)43 while the false font stimuli were strings of 6 

Borghesani et al. Page 4

J Neuroimaging. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



letters in a non-Roman alphabet. Cartoon faces from popular children’s shows were selected 

from public websites, converted to grayscale pictures, and framed with a black oval mask 

to avoid background interferences. Finally, scrambled images were generated matching 

the intensity of the cartoon faces. All stimuli were presented with Psychtoolbox-3 (http://

psychtoolbox.org) running on Matlab R2016b (http://www.mathworks.com). Participants 

received appropriate training outside the scanner to familiarize them with the stimuli and 

task.

Structural MRI acquisition—Anatomical images were acquired with a 3D T1-weighted 

sagittal Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence 

with the following acquisition parameters: 160 sagittal slices, TR/TE = 2300/2.98 ms; flip 

angle = 9°; voxel size = 1 × 1 × 1 mm3; FOV = 256 × 240 mm2; iPAT = 2.

Axial multi-shell diffusion MRI (dMRI) was acquired with 64 directions at b=2000 s/mm2, 

and with 30 directions at b=700 s/mm2, phase encoding direction = anterior-posterior, 

TR/TE = 8200/86 ms, in-plane voxel size = 2.2 × 2.2 mm2, slice thickness = 2.2 mm; 

FOV = 220 × 220 mm2, 60 contiguous slices, flip angle = 9°, iPAT = 2, including 10 

volumes without diffusion-weighting (b0 images), one of which was acquired using a 

reversed phase-encoding direction (posterior to anterior). The latter allowed estimation and 

correction for susceptibility-induced distortions. The total acquisition time of the dMRI data 

was approximately 15 min. While MRI and fMRI data are available in all children, dMRI 

was only acquired in a subsample of 31 children (17 DYS, 14 TDC).

Imaging Data Preprocessing and Analysis

Functional MRI processing and statistical analysis—Functional data were 

processed using SPM12 (Wellcome Department of Cognitive Neurology, London, UK, 

http://www.fil.ion.ucl.ac.uk). The functional images underwent field map correction, 

realignment to the first volume, normalization to the Montreal Neurological Institute (MNI) 

space, and smoothing with a full width at half maximum (FWHM) of a 5 mm isotropic 

Gaussian kernel.

After preprocessing, activations in response to each condition (i.e., words and false fonts 

in the word task, faces and scrambled pictures in the face task) were estimated for 

each participant using the standard general linear model (GLM) with a high-pass filter 

with a cut-off frequency at 1/128 Hz and corrected for temporal autocorrelation with an 

AR(1) model. This first level model included separate regressors for each experimental 

condition convolved with a canonical hemodynamic response function, as well as six motion 

covariates modeling head translation and rotation. Word selectivity was defined using the 

contrast: words > false fonts, while face selectivity was defined by the contrast: faces > 

scrambled images.

First, statistical analyses were performed to identify regions that responded selectively to 

words (and separately to faces) in TDC and DYS, with age and sex as covariates. Using 

one GLM for both groups allowed isolation of selectivity effects and group effects (TDC > 

DYS). In Figure 2, plotted clusters are set at a threshold of p < 0.001 uncorrected with a 
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cluster extent threshold of 100 voxels. Table 2 reports those surviving cluster-wise control of 

family-wise error at p < 0.05.

Then, to examine the relationship between vOT word selectivity and reading efficiency, 

we correlated the participants’ neural responses (BOLD activation) in the TDC vOT region 

tuned to words (see below) with raw scores on the timed real word (SWE) and pseudoword 

reading (PDE).

Structural MRI processing—The T1 structural images were preprocessed 

using FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu/).44,45,46 A trained 

neuroradiologist (EC) visually inspected the segmentation results. Cortical parcellation and 

thickness measurements were performed by using the Desikan-Killiany Atlas comprising 

34 cortical volumes of interest per hemisphere.47 Gyrification of the entire cortex was also 

assessed using Freesurfer. The 3-D local gyrification index (lGI) was computed using the 

method described by Schaer and colleagues.48,49 A study-specific template was created 

based on all subjects and the FreeSurfer dataset was resampled to the average space.49 The 

results were smoothed with a FWHM of 5 mm for lGI.

Diffusion MRI processing—Diffusion MRI data were preprocessed and analyzed to 

extract neurite morphological features. During preprocessing, the susceptibility-induced 

off-resonance field for each participant was estimated from a pair of images acquired 

with reversed phase-encoding directions. The distortion estimation and correction were 

performed using the top-up tool of FMRIB Software Library (FSL).50 Additionally, eddy 

current-induced distortion and head motion were corrected using eddy_correct from the 

same toolbox; b-vectors were rotated accordingly to account for the corrections.

The NODDI model was applied to the preprocessed dMRI data using a toolbox developed 

in Matlab (http://mig.cs.ucl.ac.uk/). The model decomposes the signal from each voxel 

into three compartments (extra-neurite, intra-neurite, and isotropic Gaussian diffusion) and 

provides metrics more specific to the microstructure brain architecture, such as neurite 

density index (NDI) and orientation dispersion index (ODI). NDI is related to the amount of 

neurites, and possible proxy for myelination, axonal growth or greater axonal density, while 

ODI is related to the degree of dispersion of the neurites thus a more geometrical proxy.36

Structural analyses of vOT region tuned to words—Based on the fMRI group 

activation pattern in the contrast words > false fonts in the TDC cohort only (hereafter: 

TDC-VWFA), we identified the targeted occipitotemporal ROI in MNI space. We then 

transformed the ROI into a “label” in Freesurfer: we used the QDEC application to 

back-project the ROI into each single-subject T1 space to extract the mean lGI value on 

the cortical surface. To extract metrics of ODI and NDI in the functional ROI in each 

participant, we used linear (bbregister, https://surfer.nmr.mgh.harvard.edu/fswiki/bbregister) 

and nonlinear transformations implemented in Freesurfer to map the functional region in the 

MNI space in each subject’s diffusion space. These steps allowed comparisons between the 

two cohorts of their micro- and macro- structural characteristics, namely ODI, NDI, and lGI. 

For each metric, we performed a generalized linear model looking for a main effect of the 

cohorts, sex, and age, as well as their interactions.
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RESULTS

Demographic and neuropsychological profiles

There were no significant differences in age, sex, or non-verbal intelligence score (WASI 

Matrix Reasoning) between children with developmental dyslexia and typically developing 

controls (all p’s > 0.25). As expected, the groups differed in TOWRE scores, with DYS 

showing significantly lower scores than TDC in both subtests (p’s < 0.001). Demographics, 

oral language scores, and other neuropsychological measures are reported in Table 1.

Functional MRI activation patterns

Based on the head-motion exclusion criteria, face-task data from three DYS children were 

excluded from further analyses.

Group-level whole-brain analyses in TDC revealed a left-lateralized functional cluster of 

activation in the vOT area selectively tuned to printed words (contrast: words > false 

fonts; cluster hereafter referred to as TDC-VWFA). Additionally, the left inferior frontal 

gyrus (IFG), middle frontal gyrus (MFG), and precentral gyrus showed significantly more 

activation in the words condition than the false fonts condition (Fig. 2, upper left). In the 

cohort of children with DYS, the same contrast did not lead to any statistically significant 

result (Fig. 2, middle-left).

The contrast of faces > scrambled images revealed a large bilateral set of functional 

activations in vOT regions qualitatively similar between the TDC and DYS groups (Fig. 

2, rightmost column).

As expected, a direct group comparison of the two cohorts for the contrast of words > 

false fonts revealed reduced activation in the left fusiform gyrus in DYS. Additionally, DYS 

showed reduced word selectivity in the left IFG, MFG, angular gyrus, and superior parietal 

lobule compared to TDC (Figure 2, Table 2). The direct group comparison TDC > DYS 

for face selectivity revealed reduced activation only in small portions of the posterior right 

fusiform gyrus in DYS, in line with previous reports.51 No clusters appeared for DYS > 

TDC for either word or face selectivity.

We examined the relationship between word selectivity in the TDC-VWFA cluster and 

rapid single-word reading performance. A positive correlation across all children between 

TDC-VWFA activation and raw scores of both SWE (r = 0.76, p < 0.001) and PDE (r = 0.56, 

p = 0.001) indicates an association between tuning for printed words and reading efficiency 

of both words and pseudowords (Fig.3a).

The word selectivity region isolated by the contrast words > false fonts in the TDC cohort 

appears to be near the typical visual word form area (VWFA) coordinates (e.g., [x=−44 

y=−58 z=−15] identified in a meta-analysis by Jobard and colleagues.52 As this contrast 

revealed no significant cluster in the DYS group, and given the proximity to previously 

reported VWFA coordinates, we used these peak coordinates in our TDC group to define our 

region of interest for following morphological analyses.
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Structural and morphological findings

Three metrics were used to compare structural and morphological features of the VWFA in 

TDC and children with DYS: neurite orientation dispersion (i.e., ODI), neurite density (i.e., 

NDI), and local gyrification indices (i.e., lGI).

Analysis of neurite ODI in the left TDC-VWFA revealed a significant group effect (F = 5.57, 

p = 0.02) with DYS showing greater ODI (i.e., less coherence) than TDC (Fig. 3b). There 

was no main effect of age or gender, and no interaction. Similar comparisons of the NDI did 

not show any main effect nor interaction. The same was true for the cortical folding analysis 

(i.e., lGI).

Finally, for all three morphological metrics, the control analyses in the right homologue of 

the TDC-VWFA revealed no significant effects.

DISCUSSION

In this study, we capitalized on multimodal imaging to investigate functional and 

morphological correlates of the ventral occipitotemporal cortex in children with 

developmental dyslexia. Compared to typically developing readers, children with DD 

showed less tuning for printed words in the left vOT. Crucially, the observed alteration in 

functional tuning in DYS was associated with neuronal morphological differences, namely 

lower neurite orientation coherence (i.e., greater ODI in DYS). Taken together, our results 

suggest that neuronal structure and function of the vOT would be able to dissociate DYS 

from TDC, and thus have important implications for current neurocognitive models of 

reading as well as clinical and research efforts in DD.

DD and vOT functional activations: weaker tuning to words

Children with DD showed reduced tuning to printed words in the left VWFA within the vOT 

as compared to TDC children. Moreover, the results of the face task indicate a comparable 

response in terms of topography and strength in TDC and DYS in the left vOT, suggesting 

that the weaker tuning for words in DD is specific and cannot be ascribed to a generalized 

deficit of activation/specialization in the vOT. Hence, our fMRI findings speak to the pivotal 

role played by the VWFA in linking the behavioral and neural characteristics of DD.

Our results are in line with numerous previous studies suggesting a key role of vOT 

functional abnormalities in DD.6,53 The coupling of reduced word-selectivity in the left 

fusiform and reduced face selectivity in the right fusiform in DYS has been previously 

interpreted as evidence of altered resolution of the competition between the representations 

of words and that of faces in the vOT.51 As corroborated by our findings, children with DD 

appear to show not only hypoactivation,54 but also atypical neural tuning along the vOT: 

their response profile lacks the typical posterior-to-anterior gradient (i.e., higher anterior 

activity for letters, higher posterior activity for false-fonts) and fails to show sensitivity to 

orthographic familiarity (i.e., increased activity for unfamiliar letter strings compared to 

familiar letter strings).7,55,56 The nested representational hierarchy of visual information 

supported by the vOT57 undergoes a prolonged maturation,58 after which different 

populations of neurons appear to be tuned to ecologically relevant categories (e.g., faces, 
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tools). The development of an area selectively tuned to words, a phylogenetically recent 

human invention, appears to require a longer time to mature.12,13,14 The complex series 

of changes required to associate arbitrary cultural symbols to a specific and reproducible 

cerebral substrate,59 seems to fail in DD. One could speculate that this functional alteration 

is due to morphological aspects stemming from genetic differences.18,60,61,62 The observed 

atypical tuning for words would thus be the downstream effect of a structurally vulnerable 

vOT. On the other hand, a ready-to-be-molded vOT could fail to develop proper selectivity 

for printed stimuli as a function of altered experiences during reading acquisition. A 

critical factor could be the lack of proper inputs from brain regions encoding semantic and 

phonological representations, such as the anterior temporal lobe and the parietal/superior 

temporal cortex respectively. For instance, previous studies have shown that recruitment 

of the visual word form area (VWFA) during non-reading tasks is absent in children with 

DD, supporting an impaired influence of phonological representations,63 adding to the open 

debate on the nature and prominence of top-down inputs on the VWFA.64,65 Overall, the 

VWFA is connected, via short- and long-range white matter tracts, to widespread regions 

in language networks,66,67,68, acting as a critical hub for the integration of orthographic, 

phonological and semantic representations.

These structural (and functional) connections can explain the observation that the left vOT is 

not the only area where TDC showed greater word-specific activation than DYS. A similar 

pattern was observed in the left inferior frontal gyrus and angular gyrus, two cortical regions 

of the dorsal language network that, respectively, associate with articulatory-phonological 

and semantic processing.69,70 Our finding could thus be explained by a more automatic 

orthography-to-phonology mapping, heightened subvocal rehearsal, and/or faster semantic 

retrieval in typical readers.71 Coherently, previous studies have found hypoactivation of 

left inferior parietal and hyperactivation of left inferior frontal cortices in DD.72 Moreover, 

changes in effective connectivity between vOT and inferior frontal gyrus (IFG) have been 

associated with reading development and shown to be altered in DD.73 Further studies, 

focusing on these dorsal areas and their contribution to behavioral performance, will 

elucidate their relationship with the ventral effects we focus on here.

Overall, our functional results are in line with previous literature in indicating 

hypoactivation in vOT as a neural correlate of DD.6,74 While we cannot resolve the debate 

on whether this lack of tuning to printed words is the cause or rather the consequences 

of the reading deficit, we show that this functional abnormality directly relates not only to 

behavioral performance but also to morphological differences.

DD and vOT structural morphology: similar neurite density yet less orientation coherence

Compared to typical readers, children with DD showed less orientation coherence (i.e., 

higher ODI) in the left vOT, while neurite density did not show a group difference. Previous 

studies have indicated that cortical orientation dispersion is associated with the proportion of 

tangential fibers vs. radial fibers.75,76 Our results thus suggest that abnormal function of left 

vOT in DD is associated with a disorganization of the neurite architecture rather than with 

altered cortical myelination.
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In our sample, TDC and DYS did not statistically differ in terms of cortical folding (i.e., 

lGI). This finding is at odds with previous studies associating DD with vOT atypical 

sulcal patterns,77 reduced cortical thickness, and increased gyrification.24 Our group has 

previously reported the absence of typical lGI age-related decrease in language-related 

left frontotemporal regions in children with DD.27 A decrease in lGI is considered 

an important feature of cerebral cortex development,78 enhancing neural efficiency by 

improving communications. In particular, it may reflect the need of developing extensive 

long-range connections, critical for widespread neurocognitive networks such as language 

ones. Hence, increased gyrification in DD could reflect reduced long-range connectivity 

among reading-related hubs. The complex interaction between lGI differences and neurite 

density/coherence suggests that gyrification and neurite organization are related yet affect 

specific regions in selective ways.

Our structural analyses focused on gray matter differences, but the contribution of white 

matter tracts to brain development cannot be overlooked.79 Critically, both structural 

and functional studies have demonstrated VWFA preferential connectivity with language 

areas66,80 , and recent studies of white matter suggest that neurite density and dispersion are 

sensitive to unique developmental features.81 Taken together, these findings call for deeper 

investigations of the microstructural features of white matter in DD.

Overall, our results corroborate the idea that neuromorphological differences are one of the 

core elements of DD, emphasizing the importance of disentangling the specific contributions 

of gyrification, neurite density, and neurite orientation dispersion. As discussed for the 

functional results, it remains to be seen to what extent these neuromorphological differences 

are set at birth (i.e., genetically predetermined) or rather if they develop in the first years 

of life during formal reading education (i.e., resulting from experience-dependent brain 

changes). Volumetric indexes, known to be affected by postnatal changes,82 are altered 

in DD before reading onset.83 Yet, the global pattern of gyri and sulci is thought to be 

prenatally determined, showing little change during postnatal development.84,85 Thus, a 

focus on neuromorphological indices measured with multi-compartment diffusion models, 

paired with a longitudinal empirical design, will provide better insights.

Limitations

The neurobiological and genetic bases of DD are well-accepted,86 yet the field also 

acknowledges that DD is a behaviorally, functionally, and structurally multifaceted product 

of interacting biological and environmental causes changing over time.87 While our study 

examined a cross-sectional sample, longitudinal designs will shed light on the timing 

and directionality of the relationship between behavioral, functional, and morphological 

aspects of DD.88 Overall, longitudinal multimodal studies with appropriate stratification 

of DD clinical phenotypes will have the potential to resolve current inconsistencies in 

DD research and provide etiological explanations.53,89,90 The interpretation of the NODDI 

metrics considered in this study need to be taken with caution. Although the NODDI model 

introduced more specific metrics of the micro-structural complexity of the brain tissues 

and for both white and gray matter compared to the standard DTI metrics, and increasing 

histopathological evidences reasonably relates NDI and ODI to histologically match neurite 
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density and orientation dispersion75, this model still faces important limitations: the 

oversimplification of the model that is currently under debate91.92,93 and the diffusion image 

resolution that is still far distant from the anatomical neurite resolution. To overcome these 

limitations, improved methodologies for diffusion MRI, such as NODDI with diffusivity 

assessment (NODDIDA)92 and spherical mean technique (SMT)93 are being developed and 

will be considered in future implementations of the MRI protocol.

Finally, our sample size prevents more robust analyses of the relationship between 

behavioral performance, functional and morphological differences, warranting future studies 

with larger sample sizes. For instance, what is likely a mild sampling bias in our controls 

cohort leads to a small, not significant, difference in the WASI Matrix reasoning score of 

the two groups. However, given that the groups were not significantly different this potential 

bias is unlikely to account for the group differences found in the imaging analyses.

Conclusion

Our study showed associations between behavioral (i.e., impaired reading performance), 

functional (i.e., altered neural tuning), and neuromorphological (i.e., less coherent neurite 

orientation) features of DD. These findings inform current reading models by highlighting 

the critical role of the left vOT cortex in the pathophysiology of DD. Efficient reading 

appears to be critically linked with the development of appropriate functional tuning of the 

left posterior vOT, the gateway between the ventral and dorsal language networks. Thus, we 

underscore how multimodal imaging will be pivotal in capturing neurobiologically coherent 

phenotypes within the umbrella definition of developmental dyslexia.
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Figure 1. Experimental stimuli and task performed during the fMRI acquisition.
(a) Word task: participants are required to react to red stimuli in a flow of real English words 

or random strings of false fonts. (b) Face task: participants are presented with cartoon faces 

or scrambled images and have to detect the appearance of a blank oval.
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Figure 2. Whole-brain effects of fMRI tasks.
(a) Results of the contrast Words > False Fonts in typically developing controls (upper row, 

TDC), dyslexic (middle row, DYS), and their direct comparison (lower row, TDC > DYS). 

(b) Same as in (a) but for the contrast Faces > Scrambled Images. Plotted clusters are set at 

a threshold of p < 0.001 uncorrected with a cluster extent threshold of 100 voxels. L = left 
hemisphere, R = right hemisphere.
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Figure 3. Morphological differences and behavioral correlates
(a) Correlation between the functional activation (BOLD signal) in the functionally defined 

visual word form area (VWFA) and behavioral performance during word reading (left plot, 

SWE raw scores) and pseudoword reading (right plot, PDE raw scores). Dots indicate 

individual subjects, blue = TDC, orange = DYS. (b) Neurite dispersion index in functionally 

defined VWFA in typically developing controls (TDC, blue) and children with dyslexia 

(DYS, orange).
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Table 1:

Demographic and neuropsychological profiles of children with developmental dyslexia (DYS) and typically 

developing controls (TDC).

Percentile scores p-value

DYS (N =26) TDC (N =14)

Age (years) 10.4 [2.0] 10.4 [1.6]

WASI Matrix Reasoning 68.1 [25.3] 74.7 [15.6] 0.28

TOWRE SWE 20.0 [21.6] #30 58.7 [24.0] <0.001

TOWRE PDE 17.2 [13.7] #30 61.0 [20.9] <0.001

GORT Rate 26.6 [20.2] #21 N/A N/A

GORT Accuracy 15.0 [14.1] #21 N/A N/A

GORT Fluency 19.7 [14.3] #21 N/A N/A

GORT Comprehension 28.6 [20.9] #21 N/A N/A

Reading, oral language, and cognitive scores are reported in percentiles (mean [standard deviation]).

#
denotes the number of children for which the score is available. WASI = Wechsler Abbreviated Scale of Intelligence; TOWRE= Test of Word 

Reading Efficiency; SWE= Sight Word Efficiency; PDE= Phonemic Decoding Efficiency; GORT = Gray Oral Reading Test. N = number of 
participants; N/A = data not available.
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Table 2.

Significant clusters from within- and between-group analyses of the fMRI task.

Brain area
MNI coordinates

N voxels P (FWE) Max T
x y z

TDC: words > false fonts

   left superior frontal - BA 8 −40 10 32 1369 <0.001 6.83

   left fusiform- BA 37 −46 −58 −18 663 0.001 6.69

   left inferior frontal - BA 45 −40 34 0 292 0.02 5.49

   left parietal - BA 7 −30 −46 46 271 0.04 5.37

TDC: faces > scrambled images

   right fusiform- BA 37 44 −66 −18 7341 <0.001 11

   left fusiform- BA 37 −40 −56 −20 3598 <0.001 9.27

   left superior temporal - BA 34 −28 0 −16 1460 <0.001 6.69

   right superior frontal - BA 9 42 24 24 897 <0.001 5.27

   left superior frontal - BA 9 −42 20 28 391 0.011 5.25

   right primary sensory area 42 −20 48 413 0.009 5.01

DYS: words > false fonts

no suprathreshold clusters

DYS: faces > scrambled images

   right fusiform- BA 37 42 −42 −18 2822 <0.001 9.92

   left fusiform- BA 37 −38 −38 −20 2683 <0.001 9.62

   left superior frontal - BA 46 −48 32 20 353 0.017 5.88

Words: TDC >DYS

   left parietal - BA 7 38 −52 62 309 0.024 5.47

   left fusiform- BA 37 −46 −58 −18 404 0.008 5.36

   left superior frontal - BA 8 −42 8 36 361 0.013 5.29

Faces: TDC > DYS

   right fusiform- BA 37 44 −68 −18 503 0.003 4.92

Words: DYS > TDC

no suprathreshold clusters

Faces: DYS > TDC

no suprathreshold clusters

MNI = Montreal Neurological Institute coordinate space ; FWE = Family Wise Error correction; BA = Brodmann Area
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