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A B S T R A C T

There is increasing recognition of a relationship between regional variability in cerebral gyrification and neu-
rodevelopment. Recent work in morphometric MRI has shown that the local gyrification index (lGI), a measure
of regional brain folding, may be altered in certain neurodevelopmental disorders. Other studies report that the
lGI generally decreases with age in adolescence and young adulthood; however, little is known about how these
age-dependent differences in brain maturation occur in atypical neurodevelopment and mechanisms underlying
gyrification, such as synaptic pruning. Organization and optimization of dendrites and axons connections across
the brain might be driving gyrification and folding processes. In this study, we first assessed lGI differences in the
left hemisphere in a cohort of 39 children with developmental dyslexia (DD) between the ages of 7 and 15 years
in comparison to 56 typically developing controls (TDC). To better understand the microstructural basis of these
changes, we next explored the relationship between lGI differences and cortical thickness and neurite mor-
phology by applying neurite orientation dispersion and density imaging (NODDI). We identified significant
differences in lGI between children with DD and TDC in left lateral temporal and middle frontal regions. Further,
DD failed to show the expected age-related decreases in lGI in the same regions. Age-related differences in lGI in
DD were not explained by differences in cortical thickness, but did correlate with NODDI neurite density and
orientation dispersion index. Our findings suggest that gyrification changes in DD are related to abnormal
neurite morphology, and are possibly an expression of differences in synaptic pruning.

1. Introduction

Developmental dyslexia (DD) is characterized by unexpectedly low
reading ability despite normal general intelligence and educational
exposure (Giraud and Ramus, 2013). While the underlying biological
basis of dyslexia is not fully understood, many genes associated with

dyslexia have been shown to affect neural migration in the neocortex
(Giraud and Ramus, 2013), and postmortem studies have demonstrated
migrational abnormalities including cortical ectopias and focal micro-
gyri (Galaburda, 1985; Galaburda et al., 1985).

Cortical development is a complex process that begins in the early
weeks of pregnancy and lasts through adolescence and early adulthood,
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driven by an interaction between genetic and environmental factors
(Lenroot and Giedd, 2008). Cortical maturation in the early years re-
flects a combination of volume growth and cortical folding (gyrifica-
tion) (White et al., 2010), which allows for a dramatic increase in
cortical surface area (Zilles et al., 1988; Zilles et al., 2013). Although
the major sulci and gyri are well established by around 2 years of age,
developmental changes occurring throughout childhood are likely to
shape and further modify local folding patterns (White et al., 2010).
Novel morphometric MRI techniques allow in vivo three-dimensional
evaluation of folding patterns by computing the local gyrification index
(lGI), defined as the amount of cortical surface buried within the sulcal
folds compared with the amount of visible cortex in circular regions of
interest (Schaer et al., 2012). One study evaluating lGI in typically
developing children indicated that there is a decrease in lGI during late
childhood/adolescence (Klein et al., 2014). These changes in lGI only
partially overlapped with modifications in thickness and volume, sug-
gesting that the observed decrease in lGI is a relatively independent
phenomenon and might be related to ongoing microstructural mod-
ification within the cerebral cortex (Beck and Yaari, 2008;
Vandermosten et al., 2015).

Recent evidence from neuroimaging suggests that some neurode-
velopmental disorders, such as autism spectrum disorder and attention
deficit-hyperactivity disorder, are associated with atypical cortical
folding (Ecker et al., 2016; Fairchild et al., 2015; Mous et al., 2014). A
few recent neuroimaging studies have also identified lGI anomalies in
children with DD (Im et al., 2016; Williams et al., 2018). However,
none of these studies has explicitly examined how age impacts gyr-
ification patterns differently in individuals with DD as compared to
typically developing peers. Indeed, cortical maturation and folding are
dynamic processes that continue through childhood and adolescence, as
described above (Klein et al., 2014).

Furthermore, structural MRI approaches alone do not shed light on
the neurobiological processes that underlie atypical folding and lGI
changes. Novel advanced diffusion MRI imaging models may contribute
to the understanding of the microscopic processes underlying the
macroscopic structural morphometric differences between children
with DD and their typically developing peers. In particular, neurite
orientation dispersion and density imaging (NODDI) allows us to
identify and characterize microstructural features of neurites con-
tributing to the diffusion signal (Caverzasi et al., 2016; Zhang et al.,
2012). NODDI provides two key metrics, the neurite density and the
orientation dispersion indexes, that characterize the microstructural
organization of neurons' dendritic projections and axons (neurites)
(Grussu et al., 2017). Neurites comprise the computational circuitry of
the brain. NODDI allows the quantification of neurite morphology
(density and orientation distribution), which changes over the lifespan
and is tightly linked to functional efficiency (Tariq et al., 2016). Spe-
cifically, development of brain function is associated with increased
dispersion of the neurite orientation distribution. The level of com-
plexity of neurite morphology, and in particular of dendritic arboriza-
tion (dendritic density), has been shown to mediate the role played by
cortical regions in several cognitive functions (Jacobs et al., 2001).

In this study, we assessed differences in local gyrification between
children with a diagnosis of DD and age-matched control children and
how these alterations are related to age. We hypothesized that there
would be between-group differences in local gyrification in region of
the language network implicated in DD. We also applied a multimodal
approach combining lGI, cortical thickness, and NODDI data to in-
vestigate the microstructural changes underlying differences in gyr-
ification.

2. Material and methods

2.1. Subjects

Subjects with prior clinical diagnoses of DD were recruited from a

private school for students with dyslexia, the UCSF Pediatric Brain
Center, and local schools. Typically developing control (TDC) partici-
pants were recruited through local schools, online parent group servers
and referrals from the affiliated UCSF Sensory Neurodevelopment and
Autism Program (Chang et al., 2015).

All DD subjects were native and fluent speakers of English between
7 and 15 years of age. They were evaluated by a multidisciplinary team,
including a behavioral neurologist, psychiatrist and neuropsychologist.
They also underwent a detailed clinical interview and neurological
examination. All DD had prior formal diagnoses of dyslexia, no general
intellectual disability (global cognitive estimates fell at or above the 9th
percentile of same-aged peers) and at least one current reading score
falling below the 25th percentile of same-aged peers on a standardized
measure of reading (Woodcock-Johnson, TOWRE or GORT; see Section
2.2 below), despite extensive school-based reading intervention. The
25th percentile was selected to increase sensitivity because these are
students who were previously identified as having dyslexia but have
now received significant reading interventions. Exclusion criteria in-
cluded acquired brain injury, neurological disorders such as perinatal
injuries, seizures and severe migraine. Subjects with primary psychia-
tric diagnoses, such as autism spectrum disorder, major depression,
severe generalized anxiety and bipolar disorder were also excluded
from the study. Subjects with co-occurrence of DD and attention-def-
icit/hyperactivity disorder (ADHD) were included.

The TDC group had no history of academic difficulties, no prior
diagnoses of DD, nor developmental, neurological or psychiatric dis-
orders. Subjects with a general cognitive estimate below the 9th per-
centile were excluded, same as in the DD population. Furthermore,
reading was formally tested in 19 TDC subjects and scores below the
16th percentile (−1 SD from the mean) were considered as exclusion
criteria.

All subjects underwent MRI with high resolution structural and
diffusion data within six months of cognitive evaluation. MR sequences
required for neurite orientation dispersion and density imaging
(NODDI) implementation were added to our protocol during the course
of the study, and are therefore only available on a subset of the sample.

One hundred subjects met all inclusion criteria. Five subjects were
excluded due to incomplete or poor quality MRI scans. A total of 39
children with DD (mean age 9.9, SD 2.1 years ranging from 7 to 15,
19F, 33 right handed) and 56 age-matched TDC children (age 10.1, SD
1.4 years ranging from 7 to 13; 17F, all right handed) were included in
the final analysis. NODDI dedicated images were acquired in a sub-
group of 21 TDC and 26 DD (Table 1).

Ten (25.6%) of the DD cohort also had a diagnosis of ADHD, con-
sistent with population co-morbidity estimates (Germano et al., 2010).
More than half (60%) of the DD cohort was recruited from a single local
school specialized in teaching students with language-based learning
differences.

Guardians of the participants provided written informed consent,
and participants provided assent. The study was approved by the UCSF
Committee on Human Research.

2.2. Neuropsychological and academic assessment

Children with DD underwent neuropsychological and academic

Table 1
Demographics of the entire TDC and DD groups as well as the subgroups, who underwent
NODDI protocol study #.

Analysis N F:M Age
mean ± SD; range

TDC LGI 56 17:39 10.01 ± 1.4; 7–13
# NODDI 21 9:12 10 ± 1.79; 7–13

DD LGI 39 19:20 9.9 ± 2.1; 7–15
# NODDI 26 13:13 10.04 ± 1.87; 7–13
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testing administered by research staff or neuropsychology fellows, who
were trained and supervised by neuropsychologists.
Neuropsychological testing covered screening of nonverbal reasoning
(WASI Matrix Reasoning), processing speed (NEPSY II Naming,
Children Colored Trails, WISC-IV Integrated Symbol Search and
Coding), attention and working memory (WISC-IV Integrated Digit and
Spatial Span), verbal and visual recall (California Verbal Learning Test -
Children's Version, Rey-Osterrieth Copy and Immediate Recall), visuo-
spatial abilities (abbreviated Judgment of Line Orientation, Beery-
Buktenica Test of Visual-Motor Integration), and executive functioning
(NEPSY II Word Generation and Inhibition and Switching, DKEFS
Design Fluency, Children Colored Trails) (Delis et al., 1994; Korkman
et al., 2007; Llorente et al., 2003; Meyers and Meyers, 1995; Wechsler,
2004). Academic testing was performed using the Woodcock-Johnson
IV (WJ-IV) (Schrank et al., 2014). In addition to the untimed single-
word reading measures included in the WJ-IV, participants also com-
pleted the timed Test of One-Word Reading Efficiency, Version 2
(TOWRE-2) (Torgesen et al., 2012) and the Gray Oral Reading Test
(GORT) (Wiederholt and Bryant, 2012), which evaluates paragraph
reading. Due to limitations of time, protocol updates, or subject fatigue,
not all subjects with DD were able to complete all of the tests (see
Table 2). Nineteen TDC subjects underwent screening cognitive (WASI
Matrix Reasoning) and single-word reading (TOWRE-2) tests as part of
our study. The remaining 37 TDC participants underwent full-scale
intelligence quotient (IQ) testing as part of another study at our in-
stitution, as described in (Chang et al., 2015). Both TDC groups did not
report any history of learning disabilities or academic difficulties.

2.3. MRI acquisition

All subjects underwent MRI acquisition on a 3 T Siemens Trio
scanner (Siemens, Erlangen, Germany). The protocol included 1) T1-
weighted three-dimensional sagittal Magnetization Prepared Rapid
Acquisition Gradient Echo (MPRAGE) sequence with the following
parameters: TR/TE/TI= 2300/2.98/900ms, 1×1×1mm3 voxel
size, field of view (FOV): 256× 240×176mm3, flip angle= 9 deg,
parallel imaging acceleration factor (iPAT)= 2; 2) axial high angular
resolution diffusion-weighted imaging (HARDI) with 64 directions at
b= 2000 s/mm2, phase encoding= anterior-posterior, TR/TE=8200/
86ms, 2.2× 2.2×2.2mm3 voxel size, FOV: 220×220mm2, 60 con-
tiguous slices, flip angle= 9 deg, 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 distor-
tions; 3) in order to implement the NODDI analysis, an additional dif-
fusion-weighted acquisition was added to the protocol with 30 direc-
tions at b= 700 s/mm2 and all other parameters identical to the HARDI
sequence described above. This additional sequence was acquired only
in a subgroup of subject (see Section 2.1) Total acquisition time of the
DWI data was approximately 17min.

2.4. FreeSurfer-based analysis and lGI

The preprocessing of T1-weighted images was carried out using
FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu/) in ac-
cordance with a standard auto-reconstruction algorithm, which in-
volved non-uniform intensity normalization, removal of non-brain
tissue, affine registration to the Montreal Neurological Institute (MNI)
space and Talairach transformation, and segmentation of gray/white
matter tissue (Dale et al., 1999; Fischl et al., 1999a; Fischl et al.,
1999b). A trained neuroradiologist (EC) visually inspected the seg-
mentation results. Cortical parcellation and thickness measurement
were performed by using the Desikan-Kyliany Atlas comprising of 34
cortical volumes of interest per hemisphere (Desikan et al., 2006).
Gyrification of the entire cortex was also assessed using FreeSurfer. A 3-
D local gyrification index (lGI) was computed using the method de-
scribed by Schaer et al. (2012) and Schaer et al. (2008). A study-specific
template was created based on all 95 subjects and the FreeSurfer da-
taset was resampled to the average space (Schaer et al., 2012). The
results were smoothed with a full-width at half maximum (FWHM) of
5mm for lGI (Klein et al., 2014).

2.5. NODDI analysis

First, susceptibility-induced off-resonance fields were estimated
from the pairs of images acquired with reversed phase-encoding di-
rections (i.e., with distortions in opposite directions) in a way analo-
gous to what is described in Andersson et al.'s (2003) paper. This cor-
rection of diffusion data was performed using the “topup” tool of FMRIB
Software Library [FSL] (Smith et al., 2004). In addition, eddy current-
induced distortions and head motions were estimated and corrected
using eddy_correct from the same toolbox; b-vectors were rotated ac-
cordingly to account for the corrections.

Neurite orientation dispersion and density imaging (NODDI) model
was applied to the pre-processed data (http://mig.cs.ucl.ac.uk/index.
php?n=Tutorial.NODDImatlab). The NODDI toolbox decomposes each
voxel signal into three compartments (extra-neurite, intra-neurite, and
isotropic Gaussian diffusion) and calculates neurite density index (NDI)
and orientation dispersion index (ODI) maps (Caverzasi et al., 2016;
Zhang et al., 2012). These metrics provide information about the den-
sity of the neurites and degree of dispersion of the fiber orientation
(ranging from 0 to 1, perfectly coherent to fully dispersed, respectively.
We then registered the FreeSurfer parcellation to the diffusion space
using bbregister tool of FreeSurfer (https://surfer.nmr.mgh.harvard.
edu/fswiki/bbregister). Average NDI and ODI values were extracted
within the 34 regions of interest per hemisphere of the cortical par-
cellation.

2.6. Statistical analysis

We used Pearson's chi-squared test or univariate ANOVA to assess
differences in demographics and cognitive scores.

Group-wise lGI imaging statistical analyses were performed using
FreeSurfer QDEC 1.5 (query, design, estimate, contrast) software. QDEC
fits a general linear model (GLM) at each surface vertex to explain lGI.
Local gyrification index/thickness differences between DD and TDC
were examined including age as continuous covariates and accounting
for gender. To adjust for multiple comparisons, false discovery rate
(FDR) was applied at a threshold of P= 0.05. Since functional and
structural brain alterations in individuals with DD have been primarily
observed in left hemisphere (Linkersdorfer et al., 2012; Richlan et al.,
2013), we restricted our analysis of sulcal pattern to left hemispheric
regions only. In order to check the effect of ADHD diagnosis on our
results, analyses were also conducted excluding DD participants with
ADHD.

Finally, we performed a least squares regression analysis to study
the relationship of lGI with demographic data, thickness, and NODDI

Table 2
Non-verbal intelligence estimate, and reading scores of a subset of the dyslexic cohort and
typically developing control participants. Age is in years (mean [SD]); reading, language,
and cognitive scores are reported in percentiles (mean [SD]).

Percentile scores

DD children TDC children

Matrix Reasoning (n= 39 DD; 19 TDC) 70.97 [23.73] 76.82 [16.38]
TOWRE SWE (n= 30 DD; 19 TDC) 18.53 [20.94]a 62.00 [23.91]
TOWRE PDE (n= 30 DD; 19 TDC) 15.27 [12.26]a 61.95 [22.27]
GORT Rate (n= 30 DD; 19 TDC) 24.58 [19.96] N/A
GORT Accuracy (n=24 DD) 13.21 [13.40] N/A
GORT Fluency (n= 24 DD) 17.50 [13.73] N/A
GORT Comprehension (n= 24 DD) 25.08 [19.52] N/A

a Statistically significant different in DD compared to TDC.
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metrics (ODI and NDI). The interaction of diagnosis with each MRI
variable was also examined, in order to assess differences in correlation
between DD and TDC. Least squares analysis were primarily performed
in the regions which showed group-related abnormal lGI values from
the FreeSurfer (QDEC) analysis, as well as at the left precentral gyrus
used as a control region. In this study, we refer to the control region as a
region outside the language network that has shown reductions in lGI
values in typically developing subjects during childhood/adolescence
(Klein et al., 2014). This region was used to investigate specificity of
imaging changes (lGI, and NODDI related metrics) to the language
network in DD.

3. Results

3.1. Demographic and psychometric characteristics

There were no significant differences in age, gender or global cog-
nitive estimates between DD and TDC groups (P > 0.05). There was a
statistically significant difference in handedness (P=0.01) between the
two cohorts, with a larger proportion of non-right-handed individuals
in the DD group. There was also an expected difference in TOWRE
scores for a subgroup of DD (n=30) and TDC (n=19) scores
(P < 0.0001), which follows from the inclusion and exclusion criteria
(Table 2). There was no statistically significant difference in demo-
graphic data between the whole sample and the subset that underwent
the neuropsychological evaluation or the subset that underwent addi-
tional NODDI dedicated imaging. Data regarding the cognitive function
assessment on the remaining TDC is reported in a recent paper by
Chang et al. (2015).

3.2. FreeSurfer-based analysis: local gyrification index

We found a statistically significant increase in lGI in DD compared
to TDC (P < 0.05) in several regions of the left hemisphere (Table 3).
This difference was due to DD showing no significant reduction in lGI
with age, which led to a significantly different correlation between lGI
and age in DD compared to TDC (controlling for gender) (P < 0.05) in
clusters of the left middle frontal and temporal regions (Table 3)
(Fig. 1). The largest cluster, in the left rostral middle frontal gyrus
(extending to the caudal portion of the middle frontal lobe), was the
only one that survived after FDR correction. Additional analysis was
also performed by excluding the 10 DD participants with ADHD and the
same statistically significant clusters were confirmed; however, likely
due to reduced power these did not survive FDR correction. Both DD
and TDC groups showed a statistically significant inverse correlation
(P < 0.05) between age and lGI in several clusters belonging to the
rolandic (precentral and postcentral gyri), occipital and frontal regions.

3.3. FreeSurfer-based analysis: thickness

DD showed a statistically significant reduced thickness compared to
TDC (P < 0.05) in several small clusters scattered throughout the left
hemisphere (not shown). Only the clusters in the left superior frontal
and lingual gyri remained significant after adjusting for multiple com-
parisons using FDR correction. These clusters did not overlap with the
results of lGI analysis.

3.4. Relationship between gyrification, neurite density and fiber dispersion

We examined the relationship between lGI and demographic data,
thickness, and NODDI metrics (ODI, NDI), within clusters showing
significant differences in lGI in DD as well as in the precentral gyrus
(control region). The least squares regression model of left rostral
middle frontal gyrus was statistically significant (P=0.004) explaining
the lGI variability with an R-square of 0.57. Thickness (P=0.01),
gender (P= 0.02), and ODI (P= 0.001) all covaried with lGI. ODI
however, was the only index that showed a significant interaction with
diagnosis (Fig. 2). Specifically, in the rostral middle frontal gyrus, lGI
and ODI least square slope was positive (+0.6) in DD and negative
(−0.3) in the control group (Fig. 2). The least squares regression model
of the left middle temporal gyrus was also statistically significant
(P= 0.0002), explaining the lGI variability with an R-square of 0.70.
Gender (P < 0.0001) and NDI (P= 0.02) all covaried with lGI. NDI
however, was the only index that showed a significant interaction with
diagnosis (Fig. 3). Specifically, in the middle temporal gyrus, lGI and
NDI least square slope was positive (+0.4) in DD and negative (−0.6)
in the control group (Fig. 3).

Finally, the least squares regression model of the left fusiform gyrus
was statistically significant (P=0.003) explaining lGI variability with
an R-square of 0.49. Gender and thickness showed a statistically sig-
nificant interaction with diagnosis. No statistically significant models
were identified for the left bank of the superior temporal sulcus, inferior
temporal or precentral gyri lGI (P > 0.05).

4. Discussion

In this study, we identified local differences in gyrification in left
frontal and temporal brain regions between children with develop-
mental dyslexia and typically developing peers. Specifically, unlike the
control group in this work and previous studies on typically developing
children, our DD group did not show an expected age-related decrease
in lGI in these regions. Differences in lGI were related to measures of
neurite morphology, both in terms of density of neurites and their or-
ientation dispersion. There was a difference between developmental
dyslexia and typically developing control participants in the interaction
between lGI and NODDI metrics, which suggests that the lGI changes in
DD may be related to abnormal neurite organization, affecting specific
regions in selective ways.

There is increasing recognition of a relationship between regional
variability in cerebral gyrification and differences in cognition and
neurodevelopment (Ecker et al., 2016; Fairchild et al., 2015; Klein
et al., 2014; Mous et al., 2014). This is not surprising if we consider the
crucial phylogenetic role of brain folding, which leads to a dramatic
increase in cortical surface and gray matter by lateral expansion, while
still allowing for the development of an efficient and sustainable net-
work of connections across the brain (White et al., 2010). It has been
shown that this degree of connectivity would not be practically
achievable in any other way, such as by thickening the cortical layers
(vertical expansion) (Murre and Sturdy, 1995).

Gyrification events occurring during fetal development have been
studied using in vivo imaging as well as post-mortem examination (Chi
et al., 1977; White et al., 2010). During these early stages of primary
and secondary folding, genetic factors are thought to play a pre-
dominant role. Nevertheless, changes in gray and white matter

Table 3
Results from lGI analysis result. Clusters showing both a statistically significant increase
in lGI in DD compared to TDC as well as a statistically significant difference in correlation
between lGI and age between the two groups. Cluster significance is noted as −log10(P).
Number of vertex per each cluster and its coordinates in the MNI space are also reported.

Left hemisphere clusters P No. of
vertices

MNIx MNIy MNIz

Rostral middle frontal gyrusa −4.04 1454 −42.7 17.9 39.3
Bank of the superior temporal

sulcus
−3.1 522 −53.7 −42.5 −4.8

Middle temporal gyrus −2.71 296 −58.5 −51 −8.7
Inferior temporal gyrus −2.57 113 −56.6 −48.9 −25.1
Fusiform gyrus −2.29 54 −37.6 −19.8 −28.6

a Area surviving the FDR correction (P < 0.05).
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Fig. 1. Results of the local gyrification index analysis comparing healthy subjects to DD in the left hemisphere. In the top left the figure shows clusters of regions having a statistically
significant difference in correlation between lGI and age compared to TDC. Clusters are overlaid to an inflated brain volume shown on a lateral view. The map is -log10(P), where P is the
significance, so a Min of 2 will display all vertices with P < 0.01 and a Max of 5 will show vertices of P < 0.0001 as the same color. Scatter plots of three representative clusters are also
shown. Age is reported on the x-axis, whereas lGI values are represented on the y-axis for healthy (blue) and DD (red) subjects. Spearman r and P values for the age and lGI correlation are
also reported and marked with “*” once statistically significant (P < 0.05). In dyslexic children there was a lack of inverse correlation between age and lGI: lGI seems not to reduce with
age as observed and described in literature. The same clusters showed a statistically significant increased lGI in DD compared to healthy subjects. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Standard least square analysis results in the left
rostral middle frontal gyrus. We performed a least squares
(LS) regression analysis to study the relationship between
lGI, other demographics, and MRI metrics: we modeled the
variability of lGI by ODI controlling for age, gender,
thickness, NDI, and diagnosis. The interaction of diagnosis
with each MRI variable was also examined, in order to as-
sess differences in correlation between DD and TDC. We
identified statistically significant (P= .004) model ex-
plaining the left rostral middle frontal gyrus lGI with R-
squared of 0.57. In particular thickness and gender seemed
to be informative, as well as ODI, however the latter only
once considering the different diagnosis. In the rostral
middle frontal gyrus, lGI and ODI seem to be directly cor-
related in DD, whereas not correlated or slightly inversely
correlated in TDC.
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structure continue to occur throughout childhood and adolescence up
to early adulthood, re-shaping and modifying local patterns of gyr-
ification (White et al., 2010). Recent work in morphometric MRI has
shown that gyrification indices are not stable in the course of adoles-
cence and young adulthood, and the lGI generally decreases with age in
frontal and temporal brain regions (Klein et al., 2014). This tertiary
folding is still related to genetic factors, but it is also likely influenced
by experience-dependent brain changes (Klein et al., 2014; White et al.,
2010).

Some recent imaging studies have suggested that there may be
gyrification anomalies in DD (Im et al., 2016; Plonski et al., 2017;
Williams et al., 2018). Specifically, pre- and early beginning readers
with familial risk/history of DD (Im et al., 2016) and children with DD
(Im et al., 2016; Williams et al., 2018) showed abnormal lGI values in
left temporo-parietal and temporo-occipital regions compared to typi-
cally developing subjects. This was in line with previous structural and
functional MRI studies that identified morphometric abnormalities
(Richlan et al., 2013; Xia et al., 2016) and hypoactivation
(Linkersdorfer et al., 2012; Raschle et al., 2012) in the same posterior
brain regions. Another recent multicenter study of children and ado-
lescents with dyslexia identified lGI abnormalities not only in left
posterior language-related regions (superior and middle temporal gyri),
but also in prefrontal areas. By applying a machine learning approach,
they identified geometric properties of the left hemisphere cortex
(folding and mean curvature) as features that best discriminated be-
tween DD and control children (Plonski et al., 2017).

These previous gyrification findings in DD have been interpreted as
reflecting abnormal processes of sulcation and folding in early devel-
opment, i.e., the fetal and neonatal periods, and do not take into ac-
count of the relationship between lGI and age/development (Klein
et al., 2014). Consistent with what Klein and colleagues reported, our
control group showed a progressive reduction of lGI during childhood
in several brain regions. In our DD group, on the other hand, we de-
monstrated the absence of this age-related decrease in lGI of left fronto-
temporal regions, specifically in the left middle-frontal gyrus and in the
posterior portion of the left temporal lobe. These areas are involved in
reading, as well as being part of the larger language-processing network
(Price, 2010; Silani et al., 2005).

We can interpret our lGI and NODDI neuroimaging results in view of

the hypothesized relationship between cortical folding and structural
white matter connectivity (Van Essen, 1997). Specifically, gyrification
might be strongly driven by the optimization of white matter connec-
tions within the brain, as tension-mediated forces along the axons tend
to bring highly connected regions closer to each other. In the early
years of life, abnormal neuronal migration could lead to abnormal
structural white matter connectivity and therefore gyrification ab-
normalities, such as the ones described by Im and colleagues in left
parieto-temporal and occipito-temporal regions of early beginning
readers with familial risk/history of DD (Im et al., 2016). Our lGI results
showed abnormalities in different regions in the frontal and temporal
cortex in older children with DD. Our findings that lGI changes in DD
were explained by NODDI-related metrics provide some evidence re-
garding the relationship between cortical morphology and white matter
organization. Therefore, the reported NODDI analysis suggests an as-
sociation between cortical folding changes that occur during childhood
and adolescence and ongoing microstructural reorganization of neurite
morphology. Interestingly, a recent study linked gray matter neuro-
anatomy and white matter structural connectivity to explain develop-
mental anomalies in autistic children (Ecker et al., 2016). Specifically
increased lGI in the rolandic cortical region was associated with in-
creased axial diffusivity in the underlying subcortical white matter.
Therefore the anomalous lGI pattern in DD might be driven by atypical
maturation of neurite morphology, and could also potentially become a
target or “marker” for early intervention in DD.

The microanatomical and neurobiological bases of DD are still de-
bated. Here we speculate on possible neural substrates of our neuroi-
maging findings. The differences in gyrification within language-related
regions in our cohort may be the expression of genetic influences, as
downstream effects of vulnerabilities in the developing language net-
work. On the other hand, they could also be related to experience-de-
pendent brain changes occurring during the course of language and
reading acquisition (or lack thereof). There is ample evidence that
white matter microstructure is altered by experience, and that synaptic
pruning and modification of the dendritic arborization play a major role
in the optimization and increased efficiency of brain networks in this
stage of neurodevelopment (Schlaggar and McCandliss, 2007; White
et al., 2010). Perhaps the most likely interpretation of these findings is
that they represent an interaction between genetic differences and

Fig. 3. Standard least square analysis results in the left
bank of the posterior temporal sulcus. We performed a least
squares (LS) regression analysis to study the relationship
between lGI, other demographics, and MRI metrics: we
modeled the variability of lGI by ODI controlling for age,
gender, thickness, NDI, and diagnosis. The interaction of
diagnosis with each MRI variable was also examined, in
order to assess differences in correlation between DD and
TDC. We identified a statistically significant (P= 0.0002)
model explaining the left middle temporal gyrus lGI with R-
squared of 0.70. Gender, thickness and NDI were in-
formative, however, the latter two only after considering
the different diagnosis. In particular NDI and lGI seem to be
directly related to DD, whereas inversely related in the TDC
group.
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experience. It is unlikely that the findings solely reflect lack of experi-
ence, since many of the children in our DD cohort had received ex-
tensive language-based interventions. However, it may be the case that
children with DD have an atypical neurobiological response to reading,
resulting in differences in experience-dependent anatomical changes.

The main limitations of the study are the relatively small cohort of
DD subjects, and the fact that only a subset of them underwent NODDI
dedicated imaging, likely resulting in differential correlation of its two
metrics with lGI. Nevertheless, our unique multimodal imaging ap-
proach allowed us to suggest novel insights that will need to be con-
firmed by future longitudinal studies.

5. Conclusions

We used a multimodal neuroimaging approach to show that school-
age children with DD show differences in age-dependent gyrification in
left frontal and temporal regions crucial for language and reading skills.
We demonstrate for the first time a correlation between lGI changes and
abnormal neurite morphology (as assessed by NODDI), which may
suggest that differences in synaptic pruning contribute to neuroanato-
mical changes in developmental dyslexia. This study highlights the
usefulness of a multimodal approach to understanding neuroimaging
and neural changes in DD.
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