
Cerebral Cortex, March 2018;28: 963–973

doi: 10.1093/cercor/bhx001
Advance Access Publication Date: 20 January 2017
Original Article

O R I G I NA L ART I C L E

Cortical Thickness and Local Gyrification in Children
with Developmental Dyslexia
Victoria J. Williams1,4, Jenifer Juranek2, Paul Cirino1,3 and Jack M. Fletcher1,3

1Department of Psychology, University of Houston, Houston, TX 77204, USA, 2Department of Pediatrics,
University of Texas Health Science Center, Houston, TX 77030, USA, 3Department of Psychology and Texas
Institute for Measurement, Evaluation, and Statistics (TIMES), University of Houston, Houston, TX 77204, USA
and 4Current address: Postdoctoral Fellow, Memory Disorders Research Center, VA Boston Healthcare System
and Boston University School of Medicine, Boston, MA, USA

Address correspondence to Victoria J. Williams, Memory Disorders Research Center (151 A), VA Boston Healthcare System, 150 South Huntington
Avenue, Boston, MA 02130, USA. Email: tori85@gmail.com

Abstract
Developmental dyslexia is frequently associated with atypical brain structure and function within regions of the left
hemisphere reading network. To date, few studies have employed surface-based techniques to evaluate cortical thickness
and local gyrification in dyslexia. Of the existing cortical thickness studies in children, many are limited by small sample
size, variability in dyslexia identification, and the recruitment of prereaders who may or may not develop reading
impairment. Further, no known study has assessed local gyrification index (LGI) in dyslexia, which may serve as a sensitive
indicator of atypical neurodevelopment. In this study, children with dyslexia (n = 31) and typically decoding peers (n = 45)
underwent structural magnetic resonance imaging to assess whole-brain vertex-wise cortical thickness and LGI. Children
with dyslexia demonstrated reduced cortical thickness compared with controls within previously identified reading areas
including bilateral occipitotemporal and occipitoparietal regions. Compared with controls, children with dyslexia also
showed increased gyrification in left occipitotemporal and right superior frontal cortices. The convergence of thinner and
more gyrified cortex within the left occipitotemporal region among children with dyslexia may reflect its early temporal role
in processing word forms, and highlights the importance of the ventral stream for successful word reading.
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Introduction
Developmental dyslexia is a learning disability characterized by
deficient single word decoding and spelling (Snowling 2000;
Lyon et al. 2003). In beginning readers and illiterate adults, poor
decoding functions as a bottleneck for reading fluency, and
ultimately hampers reading comprehension as semantic
knowledge cannot easily be gained from print. Children who
struggle to read early in school can fall further behind as reli-
ance on written text grows with educational advancement
(Biemiller 1977–). Because reading is a skill acquired through
explicit instruction and practice in grapheme to phoneme cor-
respondence, efficient reading requires a host of sublexical

processes that are supported by a convergence of auditory, vis-
ual, and language functions. In the brain, functional neuroima-
ging studies show that word reading is mediated by a complex
neuroanatomical network predominately in the left hemi-
sphere and involves occipitotemporal regions for processing
word forms; posterior temporal and inferior parietal regions
contributing to phonological processing; inferior temporal
regions supporting semantic access to word meaning; and
inferior frontal areas necessary for articulating speech (Pugh
et al. 2000).

The majority of prior structural neuroimaging studies of dys-
lexia have utilized voxel-based morphometry (VBM) techniques
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to assess variations in regional cerebral volume. Recent meta-
analyses have demonstrated convergent regions of reduced gray
matter within disparate yet highly connected brain areas com-
prising the reading network in dyslexia. These areas include
bilateral superior temporal cortices and left (sometimes bilat-
eral) ventral occipitotemporal areas extending into the fusiform
gyrus and inferior temporal cortex (Richardson and Price 2009;
Linkersdorfer et al. 2012; Richlan et al. 2013). Other commonly
reported regions of reduced gray matter volume in dyslexia
include posterior temporal, temporoparietal, and orbitofrontal
cortices (Brambati et al. 2004; Silani et al. 2005; Hoeft et al. 2007;
Steinbrink et al. 2008), as well as cerebellar gray matter (Brown
et al. 2001; Eckert et al. 2005; Kronbichler et al. 2008; Fernandez
et al. 2013).

Notably, the bulk of VBM studies is limited to adolescent
and adult cohorts. Where pediatric studies have been con-
ducted, they have focused on samples of prereading children at
increased familial risk for reading disability, or small longitu-
dinal studies capturing a period of early reading acquisition
(Raschle et al. 2011; Black et al. 2012). In prereading children
with a positive family history of dyslexia, reduced gray matter
volume was reported in similar regions of the reading network
observed in adults, such as temporoparietal and occipitotem-
poral regions (Raschle et al. 2011), with additional findings of
reduced gray matter in bilateral inferior frontal cortices (Black
et al. 2012).

Although regional findings of reduced gray matter volume
have provided preliminary insight into the neural correlates of
dyslexia, alternative surface-based approaches allow for greater
distinction of the unique ontological mechanisms that underlie
these volumetric differences. Importantly, gray matter volume
is a product of both cortical thickness and surface area; proper-
ties that vary independently from one another and are influ-
enced by distinct developmental processes (Panizzon et al.
2009; Winkler et al. 2010). Cortical thickness serves as a sensi-
tive metric of dynamic brain changes throughout development
stemming from both maturational pruning and experiential
neuroplasticity (Ducharme et al. 2016; Vijayakumar et al. 2016).
Distinct from cortical thickness, the degree of gyrification
(a function of both sulcal depth and gyral width) also contri-
butes to variation in brain volume (Im et al. 2008) and is readily
quantified by surface-based approaches (Schaer et al. 2008). In
humans, gyral and sulcal formations manifest between 10 and
16 weeks of gestation, and increase dramatically within the
third trimester to resemble a pattern largely consistent with
the adult brain (Armstrong et al. 1995). Unlike the dynamic cor-
tical thickness trajectory, the relative lifetime stability of gyrifi-
cation patterns situates this metric as a more sensitive
indicator of aberrant prenatal neurodevelopment (Mutlu et al.
2013). Indeed, atypical gyrification patterns have been previ-
ously documented in other neurodevelopmental disorders
including spina bifida (Treble et al. 2013), autism (Wallace et al.
2013; Libero et al. 2014), schizophrenia (Harris et al. 2007;
Palaniyappan et al. 2011), and Williams syndrome (Fahim et al.
2012). We expect that the concurrent examination of cortical
thickness and gyrification in dyslexia may yield new insight
into the ontology underlying common volumetric findings,
serving as a key motivation for the present study.

In contrast to the range of volumetric studies discussed
above, cortical thickness and gyrification in children with dys-
lexia have been infrequently addressed, particularly using a
whole-brain approach, with most studies demonstrating a pat-
tern of thinner cortex associated with reading disability. In a
longitudinal study of 6- and 7-year-old children learning to

read a transparent orthography (Norwegian), those who were
subsequently identified with dyslexia demonstrated thinner
cortex prior to reading acquisition in primary sensory cortices
(Clark et al. 2014). By adolescence, many of these initial cortical
differences resolved to reveal a new pattern of thinner cortex
within language areas including the left hemisphere temporo-
parietal, fusiform, and inferior frontal cortices. However, these
findings were recently challenged based on arguments of insuf-
ficient sample size and statistical power, discrepancies with
existing research, and a limited conceptual framework (Kraft
et al. 2015). A second study evaluated cortical thickness in
French-speaking children within an experimentally defined
region of ventral occipitotemporal cortex found to selectively
respond to words during functional magnetic resonance
imaging (fMRI) (Altarelli et al. 2013). Results from 2 independent
data sets found that children with dyslexia showed reduced
cortical thickness in this region compared with age-matched
controls, as well as when the dyslexic group was compared
with younger children matched on reading level. Finally, a
recent study reported contrary findings of thicker cortex within
the left fusiform and supramarginal gyrus in children with a
history of dyslexia when compared with typical readers
matched on age, sex, handedness, and IQ (Ma et al. 2015).
However, interpretation of these results is limited as inclusion
criteria only specified a historical diagnosis of dyslexia in a
clinic sample; two-thirds of individuals within the “dyslexic”
group had undergone formal reading remediation resulting in
single word reading scores on par with the control group.

Fewer studies have evaluated gyrification in this population.
In adults with dyslexia, case studies reliant on manual 2D tra-
cings of sulci/gyri revealed globally reduced gyrification (Casa-
nova et al. 2004). However, manual tracings are unreliable due to
sensitivity in slice orientation, with case study findings partially
explained by overall smaller temporal lobe volumes. Advances
in surface-based analytic procedures such as FreeSurfer allow for
more reliable gyrification calculations utilizing 3D surface prop-
erties to fully capture gyrification patterns across the entire cere-
bral mantle (Schaer et al. 2008). Only one study of dyslexia has
evaluated regional sulcal patterns by implementing graph-
theory pattern analysis within predefined regions of interest,
revealing a pattern of greater sulcal basins of smaller size in chil-
dren with dyslexia, as well as in pre-readers at increased genetic
risk for reading disability (Im et al. 2016). However, local gyrifica-
tion index (LGI) across the entire cortex has yet to be assessed in
developmental dyslexia, and it remains unknown whether dif-
ferences in local gyrification are also accompanied by alterations
in cortical thickness.

In summary, few studies have utilized surface-based mag-
netic resonance imaging (MRI) processingmethods to investigate
constituent properties of volume, namely cortical thickness and
gyrification, with even fewer studies considering a whole-brain
analytic approach that stands to identify more focal regional
effects. Most surface-based studies report thinner cortex in chil-
dren with dyslexia, but typically employ small sample sizes,
evaluate prereading children at increased genetic risk for reading
disability (who may or may not subsequently develop dyslexia),
or include children with remediated reading impairments. No
known study to date has investigated whole-brain LGI in chil-
dren with dyslexia, a metric that may be particularly sensitive in
detecting neurodevelopmental vulnerability.

We implemented a surface-based approach to assess whole-
brain cortical thickness and gyrification across the entire cerebral
mantle in children with dyslexia identified by deficient single
word decoding compared with typically decoding peers. Based
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on prior findings of reduced gray matter volume and thinner cor-
tex in individuals with dyslexia, we predicted focal reductions in
cortical thickness in children with dyslexia in regions within the
reading network including ventral occipitotemporal, temporo-
parietal, and inferior frontal regions. Although we anticipated
focally atypical gyrification patterns in children with dyslexia
compared with typically decoding peers, we were limited in a
directional hypothesis given that this is the first study evaluating
this metric in dyslexia. However, related work has suggested
regionally increased sulcal formations in children with dyslexia
(Im et al. 2015).

Materials and Methods
Participants

The study sample consisted of 76 children (aged 6–15 years)
who agreed to undergo cognitive testing and structural MRI. All
children had an absence of acquired neurological conditions,
no formal diagnosis of an attentional disorder or emotional dif-
ficulties, and scored above a cutoff for intellectual disability
(Full-Scale Intelligence Quotient (FSIQ) > 70). The classification
of dyslexia was based on an age-based standard score equal to
or less than 90 (<25th percentile) on comparable measures of
single word decoding. Thirty-one children met criteria for dys-
lexia, whereas 45 children who scored above a standard score
of 90 were classified as a control group of “typical decoders.”

Participants were recruited primarily from a series of large-
scale reading intervention studies (Vaughn et al. 2010; Denton
et al. 2011). The first study selected both typical and struggling
readers to participate in a yearlong intervention study across
grades 6–8; 27 children from this study volunteered at baseline
for an MRI study and met inclusion criteria for the present
study. The second study identified first grade children with
poor reading skills at-risk for a reading disability who were fol-
lowed longitudinally in an intervention program (Denton et al.
2011); 26 participants of this study volunteered and met criteria
for inclusion. A third study focused on math intervention and
recruited third grade students with both math and reading dif-
ficulties, 6 of whom were included as part of the present sam-
ple meeting criteria for reading disability (Fuchs et al. 2010).
Finally, 17 control participants were included in the present
sample from a study of children with spina bifida who were
collected as a sample of typically developing controls (Fletcher
et al. 2005). Written informed assent/consent was obtained
from all children and their legal guardian in accordance with
regulations of the Committees for the Protection of Human
Subjects (CPHS) at the University of Texas Health Science
Center at Houston and The University of Houston.

Cognitive Measures

Single Word Decoding
The majority of participants (n = 70) received the Woodcock-
Johnson III (Woodcock et al. 2001) Letter-Word ID subtest as a
measure of single word decoding skills and reading accuracy.
Six children from the math study were identified as reading
impaired based on performance on the word reading subtest of
the Wide Range Achievement Test, Third Edition (WRAT-III).
Both measures are widely used and highly correlated.

Intelligence
Intellectual ability was assessed using either the Kaufman Brief
Intelligence Test—Second Edition (KBIT-2), the Stanford-Binet
Intelligence Scales-4 (SB-4), or the Weschler Abbreviated Scale

of Intelligence (WASI) (Kaufman and Kaufman 2004; Woodcock
et al. 2001). FSIQ scores were unavailable for 4 participants (3
dyslexia, 1 control) due to missing data. Verbal or nonverbal
subscales were substituted for FSIQ in these cases. IQ scores
were primarily utilized to exclude participants at or below the
level associated with intellectual disability. The IQ construct
does not meet requirements as a covariate in developmental
disorders, potentially leading to overcorrected and erroneous
findings (Dennis et al. 2009). Functional neuroimaging studies
using distinct modalities (fMRI and magnetoencephalography)
have not demonstrated major differences in neural activation
within reading areas as a function of IQ (Tanaka et al. 2011;
Simos et al. 2014). However, because the differences in IQ scores
were so large, we covaried for nonverbal IQ in follow-up ana-
lyses to determine whether group differences in cortical metrics
were associated with differences in intellectual functioning.

MRI Data Acquisition

Whole-brain high-resolution T1-weighted scans were obtained
for each participant on the same Philips 3.0-T Intera scanner
with SENSE (Sensitivity Encoding) using a 3D magnetization-
prepared rapid gradient-echo (MPRAGE) sequence acquired in
the sagittal plane (TR = 8.5ms; TE = 4.0ms; flip angle = 6°;
0.94mm slice thickness, 170 slices; square field of view = 24 cm;
matrix = 256 × 256; in-plane pixel dimensions (x, y) = 0.94, 0.94).
T1-weighted scan protocols were optimized for high contrast
between gray and white matter, as well as gray matter and
cerebrospinal fluid (CSF) to allow for optimal structural and sur-
face segmentation for structural analyses.

T1-Weighted Imaging Analysis

T1-weighted images were processed to obtain cortical thickness
measures using the FreeSurfer version 5.3.0 image analysis suite
(http://surfer.nmr.mgh.harvard.edu). Details of this method are
described elsewhere (Dale et al. 1999; Fischl et al. 1999; Fischl
and Dale 2000). Briefly, this process includes motion correction,
removal of nonbrain tissue using a hybrid watershed/surface
deformation procedure, automated Tailarach transformation,
segmentation of the subcortical white matter and deep gray
matter volumetric structures, intensity normalization, tessella-
tion of the gray matter/white matter boundary, automated top-
ology correction, and surface deformation following intensity
gradients to optimally place the gray/white and gray/CSF fluid
borders, and automatic correction for topological defects. All raw
imaging data were visually inspected for artifacts, and resultant
FreeSurfer surface boundaries (pial surface, gray matter/white
matter surfaces) were verified and manually edited as needed by
a trained rater (V.J.W.) blinded to diagnostic classification.

Cortical Thickness Analysis

Thickness measurements were mapped on the “inflated” sur-
face of each participant’s reconstructed brain, smoothed using
a full width half maximum (FWHM) of 20mm and averaged
across participants using a nonrigid high-dimensional spher-
ical averaging method to align cortical folding patterns. The
applied smoothing level of 20 FWHM was chosen to more
closely match the overall smoothing level resulting from the
LGI procedure (see below), and is consistent with estimates for
optimum sensitivity and statistical power given our sample
size (Pardoe et al. 2013). Whole-brain vertex-wise analysis uti-
lized FreeSurfer’s general linear modeling tool “mri_glmfit” to
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evaluate the main effect of reading group on cortical thickness,
controlling for age. Resultant statistical maps were thresholded
at P < 0.01 and corrected for multiple comparisons as described
below.

LGI Analysis

Within the FreeSurfer processing stream, a fully automated
algorithm was implemented to calculate 3D LGI, a metric quan-
tifying the ratio of visible gyral cortex to cortex hidden with the
sulci (Schaer et al. 2008). In this manner, a highly folded cortex
would contribute to a large gyrification index, while a smoother
cortex would demonstrate a smaller gyrification index. Once the
pial and white matter surfaces were automatically generated
and smoothed within the FreeSurfer processing stream, LGIs
were calculated at each vertex along the 3D cortical mesh (using
successive 15-mm diameter circular estimates at each vertex).
This procedure resulted in a scalar output file aligned in stand-
ard space (similar to cortical thickness) that was fed into a gen-
eral linear model using “mri_glmfit” to compare gyrification
metrics between reading groups at each vertex along the cortical
mesh, controlling for age. Maps were created using statistical
thresholds of P < 0.01 (equivalent to cortical thickness analyses)
and were smoothed to an FWHM level of 5. The reduced group-
level smoothing of 5 FWHM (compared with 20 FWHM utilized
in cortical thickness analyses), was chosen based on prior
intrinsic smoothing of data at the individual level during algo-
rithms implemented within the LGI procedure (i.e. averaging
metrics across a 15-diameter circle when computing LGI).

Clusterwise Correction for Multiple Comparisons

Multiple comparison correction was performed for cortical
thickness and LGI whole-brain linear regressions using a
cluster-based procedure adapted for cortical surface analysis
(Segonne et al. 2004; Hagler et al. 2006). This procedure utilizes
a simulation to obtain a measure of the distribution of the
maximum cluster size under the null hypothesis. To accom-
plish this, a precached normal distribution z-map was synthe-
sized with the same smoothing (FWHM) and thresholding
parameters matched to original analyses (P < 0.01). Areas of
maximum clusters were recorded under these specifications,
and the procedure was repeated for 10 000 iterations. Only clus-
tered vertices are retained under the assumption that false
positive vertices (i.e. vertices in which a significant effect would
occur by chance) are unlikely to appear contiguously. Once the
distribution of the maximum cluster size was obtained, correc-
tion for multiple comparisons was accomplished by assigning
each cluster in the original analysis a P value reflecting the
probability of seeing a maximum cluster of that size, or larger,
during the simulation The cluster-wise alpha level was chosen
at P < 0.05. For regions of interest (ROIs) surviving the multiple
comparison correction procedure, mean cortical metric values
were extracted per participant from each ROI and imported
into SPSS version 18.0 to conduct all follow-up analyses.

Results
Demographic and Cognitive Variables

Demographic data are presented in Table 1. The 2 reading
groups did not significantly differ in age, t(74) = −0.75, P = 0.46,
distribution of handedness, χ²(1) < 0.01, P = 0.96, sex, χ²(1) = 0.05,
P = 0.82, or ethnicity, χ²(3) = 0.54, P = 0.82. Because sex was
equally distributed between the 2 reading groups, it was not

included as a predictor in vertex-wise whole-brain analyses, but
was examined as a between-subjects factor in follow-up ROI-
based analyses (see below). As expected, the group without dys-
lexia demonstrated higher Composite IQ, t(74) = 4.43, P < 0.001,
Verbal IQ, t(71) = 3.35, P < 0.005, and Nonverbal IQ, t(73) = 3.43,
P < 0.005, compared with the group of children with dyslexia.
The group without dyslexia also performed significantly higher
than controls (by definition) on reading-related measures of sin-
gle word decoding, t(74) = 10.13, P < 0.001. Age-based standard
scores for single word decoding ranged from 91 to 137 in typic-
ally decoding controls, and 59 to 90 in the group with dyslexia.

Cortical Thickness Analysis

Figure 1A depicts results from the whole-brain analysis com-
paring cortical thickness between children with dyslexia and
typically decoding peers, controlling for age. Clusters surviving
multiple comparison correction are outlined in green. Children
with dyslexia demonstrated thinner cortex compared with typ-
ically decoding controls in bilateral occipitoparietal and inferior
temporal cortices, including the fusiform gyrus on the left.
Thinner cortex was observed in additional left hemisphere
regions including the postcentral gyrus extending medially into
the precuneus, and regions of the caudal anterior cingulate. In
the right hemisphere, areas of thinner cortex in children with
dyslexia included orbitofrontal and rostral middle frontal cortex,
portions of the superior temporal sulcus, and the posterior cin-
gulate extending into paracentral cortex. The size (mm2) of each
cluster, Montreal Neurological Institute (MNI) coordinates for the
location of maximum significance (z-score), and the effect size
per cluster based on Cohen’s d (ranging from 0.96 to 1.38) are
reported in Table 2. Note that the large left parietal–occipital–
temporal cluster is also reported as divided subregions based on
Freesurfer’s automatically labeled parcellation scheme defining
temporal, parietal, and occipital cortices separately.

The main effect of reading group differences in cortical thick-
ness was preserved when follow-up analysis of covariances
(ANCOVAs) were run including sex, age, and nonverbal IQ as cov-
ariates (presented in Table 3). The main effect of gender and the
gender by reading group interaction did not account for additional
model variance within any of the ROIs (P > 0.01). Age accounted
for a significant degree of variance in cortical thickness within

Table 1 Demographic data and behavioral variables

Dyslexia Control
(n = 31) (n = 45)

Years of age at MRI 11.14 (2.73) 10.68 (2.51)
Sex (% male) 52 49
Ethnicity (% of group)
Hispanic 36 44
African American 58 43
Caucasian 3 11
Other 3 2

Handedness (% left handed) 15 15
IQ total composite** 88 (12) 100 (11)
IQ nonverbal composite* 91 (16) 104 (15)
IQ verbal composite** 87 (11) 97 (16)
Single word decoding** 79 (9) 107 (13)

Notes: *P < 0.01; **P < 0.001; continuous variables presented as mean (standard

deviation, SD).

Data unavailable: IQ verbal (dyslexia = 2; control = 1); IQ nonverbal (dyslexia = 1).

Decoding and IQ data presented as age-corrected standard scores.

966 | Cerebral Cortex, 2018, Vol. 28, No. 3



the left post-central cortex, F1,69 = 9.34, P < 0.01, right hemisphere
rostral middle frontal, F1,69 = 12.70, P < 0.01, and right precuneus,
F1,69 = 10.08, P < 0.01. Nonverbal IQ accounted for additional vari-
ance in cortical thickness only within the left parietal–occipital–
parietal ROI, F1,69 = 8.54, P < 0.01. Finally, to evaluate the continuous
association between decoding skill and cortical thickness across
the entire sample, we conducted partial correlations for each ROI,
controlling for age and sex (Table 4). Decoding standard scores
were significantly associated with cortical thickness across all
regions of interest (P < 0.001 for all regions).

LGI Analysis

Figure 1C depicts results from the whole-brain LGI analysis com-
paring typically decoding readers to children with dyslexia, con-
trolling for age. Clusters surviving multiple comparison correction
are outlined in green. Children with dyslexia demonstrated a pat-
tern of increased gyrification compared with typical decoders in
left hemisphere inferior parietal, lateral occipital, inferior tem-
poral, and fusiform cortices. An additional region of increased
gyrification was noted in the right hemisphere superior frontal

Figure 1. Results from whole-brain vertex-wise analysis of cortical metrics between children with dyslexia compared with typically decoding peers, controlling for

age (vertex-wise threshold of P < 0.01) for (A) cortical thickness and (C) LGI (C). Statistical maps are depicted on the inflated surface to allow visualization of sulci

(dark gray) as well as gyri (light gray). Regions that remained significant following a cluster-based multiple comparison correction procedure are outlined in green

(cluster-wise threshold, P < 0.05). (B) Spatial overlap (purple) of regions demonstrating reduced cortical thickness (blue) and increased LGI (red) among children with

dyslexia compared with typically decoding peers, controlling for age. All labeled clusters were significant based on a voxel-wise threshold of P < 0.01 and remained

significant following multiple comparison correction using a cluster-wise threshold of *P< 0.05 (corresponding to clusters outlined in green in A and C).

Table 2 Descriptive report of clusters showing a significant difference (P < 0.01) between reading groups on cortical thickness and LGIs correc-
ted for multiple comparisons

Cluster size CWP MNI coordinates Mean metric (SD) Effect size

(mm2) (P value) X Y Z Dyslexia Control (Cohen’s d)

Cortical thickness
LH par-occ-temp 16 288 <0.001 −19 −84 38 2.43 (0.13) 2.58 (0.18) 0.96
LH parietal 2.41 (0.15) 2.59 (0.16) 1.16
LH occipital 2.04 (0.11) 2.20 (0.19) 1.03
LH temporal 2.83 (0.13) 3.02 (0.18) 1.21

LH post central 3554 <0.001 −11 −37 75 2.14 (0.13) 2.29 (0.14) 1.11
LH anterior cingulate 2158 <0.001 −12 12 39 3.04 (0.19) 3.24 (0.20) 1.03
RH occipitoparietal 6225 <0.001 26 −71 29 2.03 (0.13) 2.21 (0.19) 1.11
RH inferior temporal 3012 <0.001 54 −38 −16 2.96 (0.14) 3.16 (0.15) 1.38
RH orbitofrontal 3009 <0.001 32 56 −10 2.69 (0.16) 2.89 (0.21) 1.07
RH paracentral 2589 <0.001 16 −57 23 2.78 (0.14) 2.97 (0.15) 1.31
LGI
LH parietal 1797 0.003 −40 −77 13 3.30 (0.19) 3.19 (0.20) 0.56
LH temporal 1521 <0.001 −46 −26 −24 2.78 (0.13) 2.67 (0.13) 0.85
RH superior frontal 1021 0.039 12 51 32 2.24 (0.09) 2.17 (0.11) 0.70

Notes: MNI coordinates refer to vertex with greatest difference in cortical metric between reading groups within cluster; mean metric is the group average of all verti-

ces within each cluster; CWP, cluster-wise P value; LH, left hemisphere; RH, right hemisphere.
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cortex. Table 2 reports the size of each resulting cluster from
whole-brain LGI analyses, the MNI coordinates for the location of
maximum significance, and the effect size of each cluster based
on Cohen’s d (ranging from 0.56 to 0.70).

Similar to the thickness analyses, regional differences in LGI
between reading groups remained significant when follow-up
ANCOVAswere run including age, sex, and nonverbal IQ as covari-
ates (Table 3). The main effect of sex and the sex by reading group
interaction were not significant across all models evaluating LGI.
Age accounted for a significant degree of additional variance in
the model assessing LGI within the left parietal ROI, F1,69 = 16.37,
P < 0.001, such that LGI values decreased with increasing age.
Finally, to evaluate the continuous association between decoding
skill and gyrification across the entire sample, we conducted par-
tial correlations for each ROI, controlling for age and sex (Table 4).
Reduced gyrification was associated with higher decoding ability
in the left temporal and right inferior frontal regions (P < 0.05),
with associations within the left parietal cortex approaching sig-
nificance (correlation = −0.201, P = 0.085).

Conjunction of Cortical Thickness and LGI Analyses

To assess the spatial overlap of cortical thickness and LGI differ-
ences between children with dyslexia compared with typically
decoding peers, significant clusters from each whole-brain ana-
lysis that survived multiple comparison correction were com-
bined in a conjunction map presented in Figure 1B. Regional
findings of increased LGI in the dyslexia group substantially
overlapped with areas showing reduced cortical thickness in left
hemisphere inferior parietal, lateral occipital, inferior temporal,
and fusiform areas. An additional cluster of increased LGI in the
dyslexia group was also noted in the right superior frontal cor-
tex, but was situated slightly more medially to a prominent
cluster of reduced cortical thickness in this area.

Supplementary Whole-Brain Analyses

Additional supplemental analyses evaluated the influence of left-
handedness and the inclusion of older participants on whole-
brain analyses results. As demonstrated in Supplementary

Figure 1, a similar pattern of cortical thinning and increased gyri-
fication in dyslexia compared with controls (controlling for age)
was observed when left-handers were excluded from analyses,
and when the analyses were restricted to include only a younger
subset of participants aged 6–11.

Discussion
Consistent with our hypothesis, we found that children with
dyslexia demonstrated thinner cortex compared with typically
decoding peers within several regions of the known reading net-
work including bilateral occipitoparietal and inferior temporal
cortices. Notably, regional cortical thinning was accompanied
by increased local gyrification in the left inferior occipitotem-
poral cortex, an area consistently identified in both functional
and structural neuroimaging studies of children with dyslexia
as a key region mediating poor reading. Because gyral patterns
are largely determined prior to birth (Armstrong et al. 1995),

Table 3 Results of ANCOVA of between-subject effects of ROI mean cortical metrics

Overall model fit Reading group Gender Group by
gender

Age Nonverbal IQ

F5,69 Adjusted R2 F1,69 η2 F1,69 η2 F1,69 η2 F1,69 η2 F1,69 η2

Cortical thickness
LH par-occ-temp 5.33* 0.226 6.98* 0.092 1.08 0.015 0.12 0.002 0.39 0.006 8.54* 0.110
LH parietal 8.48** 0.336 27.89** 0.288 6.74 0.089 0.23 0.003 5.03 0.068 1.23 0.017
LH occipital 4.62** 0.196 13.75** 0.166 1.57 0.022 <0.01 <0.001 1.66 0.023 0.55 0.008
LH temporal 6.56** 0.273 25.21** 0.268 2.91 0.040 0.42 0.006 1.43 0.020 0.40 0.006

LH post central 6.62** 0.275 18.57** 0.212 <0.01 <0.001 1.18 0.017 9.34* 0.119 0.16 0.002
LH anterior cingulate 6.55** 0.273 16.78** 0.196 3.51 0.048 0.42 0.006 6.31 0.084 0.09 0.001
RH superior parietal 6.15** 0.258 15.83** 0.187 5.46 0.073 <0.01 <0.001 2.55 0.036 0.57 0.008
RH inferior temporal 8.43** 0.334 38.23** 0.357 1.28 0.018 0.26 0.018 1.29 0.018 4.76 0.065
RH rostral middle frontal 6.89** 0.285 17.50** 0.202 0.03 <0.001 1.01 0.014 12.70* 0.155 0.26 0.004
RH precuneus 9.87** 0.375 29.41** 0.299 3.86 0.053 0.10 0.001 10.08* 0.127 <0.01 0.001
LGI
LH parietal 5.06** 0.215 8.56* 0.111 1.1 0.016 0.07 0.001 16.37** 0.192 0.15 0.002
LH temporal 3.98* 0.168 16.27** 0.191 0.11 0.002 0.17 0.002 4.21 0.058 2.20 0.031
RH superior frontal 2.78* 0.107 8.03* 0.104 2.64 0.037 0.68 0.010 2.94 0.041 0.09 0.001

Notes: *P < 0.01; **P < 0.001; η2 = partial eta-squared; one dyslexic and one control not included due to missing nonverbal IQ data.

Table 4 Partial correlations between decoding standard score and
cortical metrics in the whole sample (N = 76), controlling for sex
and age

Partial correlation P value

Cortical thickness
LH par-occ-temp 0.451 <0.001
LH parietal 0.491 <0.001
LH occipital 0.468 <0.001
LH temporal 0.463 <0.001

LH post central 0.445 <0.001
LH anterior cingulate 0.439 <0.001
RH superior parietal 0.543 <0.001
RH inferior temporal 0.415 <0.001
RH rostral middle frontal 0.487 <0.001
RH precuneus 0.532 <0.001
LGI
LH parietal −0.201 0.085
LH temporal −0.252 0.031
RH superior frontal −0.312 0.007
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regionally atypical gyrification observed in children with dys-
lexia within key areas of the ventral processing stream may
underlie developmental deficits in single word decoding skills.

The Role of Ventral Occipitotemporal Cortex in Reading
and Dyslexia

A primary finding of this study was the convergence of reduced
cortical thickness and increased local gyrification within the
left occipitotemporal cortex in children with dyslexia compared
with controls. Written text initially undergoes visual processing
within the occipital lobe, where more complex visual features
activate ventral occipitotemporal regions along a posterior-to-
anterior gradient, culminating within the visual word form area
(VWFA, Cohen et al. 2000, 2002; Dehaene et al. 2002). Subse-
quent to the visual recognition of letter forms, a dual-route cas-
caded model of reading hypothesizes a convergence of ventral
route processing (occipitotemporal areas supporting whole-
word recognition for irregular words) with that of the dorsal
route (temporoparietal regions involved in phonological decod-
ing for unfamiliar or pseudowords) to accomplish fluent read-
ing (Coltheart et al. 2001). Despite key regions of the ventral
stream demonstrating thinner and more gyrified cortex in chil-
dren with dyslexia, we observed few differences in cortical
metrics within the temporoparietal junction, an area previously
highlighted in models of dyslexia as the primary site of site-
sound convergence, and one that has been particularly implicated
in reading disability (Shaywitz and Shaywitz 2005). However, the
role of the temporoparietal junction in developmental dyslexia
has become increasingly less clear as recent pediatric neuroima-
ging studies have failed to demonstrate consistent findings
within this region (Richlan et al. 2011, 2013).

Given converging evidence of atypical structure and func-
tion of the ventral occipitotemporal cortex in pediatric dyslexia,
revised reading models have proposed alternative hypotheses
of how cortical regions within the reading network interact to
accomplish fluent reading (Kronbichler et al. 2007; Schurz et al.
2010; Dehaene and Cohen 2011; Price and Devlin 2011; Seghier
et al. 2012). In particular, less emphasis is placed on temporo-
parietal regions as a primary site of phoneme–grapheme con-
version (i.e. decoding), although its role in phonological
awareness is maintained. Instead, dysfunction of the ventral
occipitotemporal cortex is increasingly supported as a site of
central disruption to reading network proficiency, including
pseudoword processing (Simos et al. 2013).

In contrast to a dual-route model, the importance of the
ventral pathway in reading is central to the Interactive Account
reading model (Price and Devlin 2011). This model situates
occipitotemporal cortex as an important integration site for visual
inputs of bottom-up word forms (orthography) and top-down
“predictions” automatically supplied by higher level cognitive
input (i.e. phonological rules and semantics). When applied to
dyslexia, Price and Devlin’s model postulates that the abnormally
low occipitotemporal functional activation consistently observed
across prior fMRI studies of children with dyslexia (Richlan et al.
2009, 2011) likely results from impoverished connectivity between
this region and top-down left hemisphere language regions
(e.g. semantics and phonology), ultimately leading to imprecise
decoding and laborious word reading. Our findings of thinner and
more gyrified cortex in children with dyslexia lend additional
support to this hypothesis, showing that structural abnormalities
of ventral occipitotemporal regions were associated with poor
decoding in dyslexia. A recent meta-analysis of structural VBM
studies reported reliable findings of reduced occipitotemporal

graymatter volume among children with dyslexia compared with
typical readers—particularly within the left fusiform gyrus
extending into the left inferior temporal gyrus (Linkersdorfer
et al. 2012). Additional studies have similarly reported reduced
regional gray matter volume in this area (Kronbichler et al. 2008;
Raschle et al. 2011), thinner cortex (Altarelli et al. 2013), as well
as altered functional activation during reading-related tasks
(Richlan et al. 2009, 2010). Our results support and extend this
emerging trend of abnormal structure and function of ventral
occipitotemporal cortex in dyslexia to also include convergent
cortical thinning and increased gyrification.

Additional Regions of Reduced Cortical Thickness
in Children with Dyslexia

In addition to findings of thinner and more gyrified cortex
within occipitotemporal regions in children with dyslexia, thin-
ner cortex was also observed in right orbitofrontal, left anterior
cingulate, left superior parietal, and right medial parietal corti-
ces. While the orbitofrontal cortex is not directly implicated in
reading per se, Eckert et al. (2005) identified this site as an area
of reduced gray matter in their meta-analysis. This region has
a role in conflict resolution and in flexible learning from prob-
abilistic feedback (Tsuchida et al. 2010), as well as in affective
reinforcement (reward/punishment) and decision-making
(Kringelbach 2005). In light of the Interactive Account of reading
in the brain, both of these skills are likely instrumental in the
development of top-down predictions guiding effective decod-
ing in beginning readers, supported by extensive white matter
pathways connecting orbitofrontal cortex with both the ventral
visual stream (inferior temporal areas) and regions of dorsal
stream temporoparietal cortex (Cavada et al. 2000).

Similarly, our observation of reduced cortical thickness
within the left anterior cingulate may also reflect poor learning
specific to the development of reading skills in dyslexia. An
early positron emission tomography study revealed associa-
tions between reduced metabolism in the middle anterior cin-
gulate and both attentional control and response monitoring
during speech production (Paus et al. 1993). Furthermore, atyp-
ical anterior cingulate gray matter has also been noted in chil-
dren with dyslexia when compared with age-matched typical
readers (Krafnick et al. 2014) as well as in a sample of pre-
readers who later received a diagnosis of dyslexia (Clark et al.
2014). Consistent with other functional and structural imaging
studies, findings of aberrant cortical metrics within higher level
executive areas among poor readers may contribute to the inef-
ficient acquisition of reading-related skills, such as learning
strategies required for developing phonological awareness and
complex irregular phoneme–grapheme convergence rules, as
well as inefficient response monitoring and conflict resolution.

Finally, while the intraparietal sulcus has been implicated in
some reading studies, it lacks specificity to reading tasks,
instead functioning more generally within the domain of atten-
tion and mental effort as evidenced by marked deactivation in
dyslexic compared with typical readers (Shaywitz and Shaywitz
2008). A recent meta-analysis of pediatric fMRI studies of dys-
lexia showed bilateral inferior parietal underactivation com-
pared with baseline, which was attributed to a failure to
disengage the default mode network (Richlan et al. 2011).
However, more ventral occipitoparietal lesions have also been
associated with selective deficits in processing relative letter
order during word encoding, suggesting an additional role of
visual encoding that may impact reading ability (Friedmann
and Gvion 2001).
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Cortical Gyrification: Ontogeny and Development

The present study demonstrated increased gyrification in chil-
dren with dyslexia within left ventral occipitotemporal, left
inferior parietal, and right anterior/superior frontal cortices.
Partially consistent with the present findings, atypical sulcal
patterns identified by graph theory (more sulci of smaller size)
have also been noted in left occipitotemporal and temporopar-
ietal regions among children with dyslexia as well as a pre-
reading group at increased genetic risk of reading disability (Im
et al. 2015). Late postnatal gestation periods are particularly
vulnerable to disruptions in the gyrification process, where spe-
cific events during this developmental period have been linked
to anomalous cortical folding and subsequent adverse behav-
ioral outcomes (Dubois et al. 2008). Given that temporal and
frontal lobes are the last to develop, these areas may be par-
ticularly vulnerable to even mild disruptions in late gestational
development. These are the same regions in which we
observed regionally atypical gyrification metrics among chil-
dren with dyslexia in the current study; thereby supporting the
notion that aberrant neurodevelopment likely contributes to
the development of reading disability in children.

In general, gyrification is thought to enhance neural effi-
ciency by minimizing axonal distance between neighboring
communicative brain areas, thus enhancing neural signal
transduction speed. In humans, gyrification is greatest in
parieto-occipito-temporal and prefrontal regions, consistent
with preferentially dense cortico-cortical connections in these
areas (Zilles et al. 1988). The ventral occipitotemporal cortex in
particular is well connected to disparate regions within the
reading network, as recently supported by a diffusion tensor
imaging study demonstrating extensive short and long-range
white matter pathways emanating from this region, including
portions of the inferior longitudinal fasciculus, inferior frontal
occipital fasciculus, and ventral occipital fasciculus (Yeatman
et al. 2013). Although increased gyrification serves to enhance
local communication between neighboring cortical regions, it
may come at the cost of reducing effective long-range connect-
ivity to disparate cortical hubs within the reading network.
Indeed, a recent study eloquently demonstrated the import-
ance of underlying structural connectivity to reading develop-
ment within a subregion of the ventral occipitotemporal cortex
that selectively responds to letter forms termed the VWFA.
Although preferential fMRI activation to letter forms in the
VWFA were not observed in children prior to reading onset, the
white matter connectivity of this region to distant left hemi-
sphere reading areas did predict subsequent reading-related
fMRI activations in the VWFA after reading acquisition at age 8
(Saygin et al. 2016). These findings provide compelling evidence
that the functional differentiation and development of the
VWFA is heavily dependent on the preexisting connectivity of
this region to other reading areas. Thus, atypical neurostructur-
al integrity within ventral occipitotemporal regions (including
aberrant gyrification and cortical thinning observed in the pre-
sent study) may impact the functional development of this
region to accommodate reading in dyslexia.

Consideration of the Effects of Reading Experience
in Dyslexia

While intrinsic vulnerabilities in cortical morphology may underlie
poor reading development, reading is also an acquired cognitive
skill dependent on both language development and experientially
driven neuronal plasticity. While reading acquisition certainly

stands to influence cortical development through experience-
dependent learning, genetic and maturational processes may
facilitate or impede the initial acquisition of reading skills. Are
these anatomical differences due to aberrant structural develop-
ment, or are they secondary changes from an impoverished
reading experience? Although the present study cannot fully
resolve these issues, our findings of atypical gyrification in ven-
tral reading areas tend to support a neurodevelopmental vulner-
ability in developmental dyslexia, whereas regionally thinner
cortex in dyslexia may be associated with either a developmen-
tal etiology or an impoverished reading experience.

From a developmental perspective, the few longitudinal
studies of children imaged prior to the onset of formal reading
instruction are informative. Prereading children with a positive
family history of developmental dyslexia exhibit reduced gray
matter volume in left occipitotemporal and bilateral temporo-
parietal regions; areas that also showed reduced functional
activations during a phonological processing task (Raschle et al.
2011, 2012). Along similar lines, children who were later identi-
fied with developmental dyslexia in adolescence had thinner
cortex prior to reading acquisition in left hemisphere lingual
gyrus, Heschl’s gyrus, middle cingulate and medial frontal
regions, as well as right orbitofrontal cortex (Clark et al., 2014).
Interestingly, longitudinal analyses revealed overall stable cor-
tical thickness in dyslexic children within these regions over
time, while typical readers start out with a thicker cortex that
gradually thins to match that of dyslexic readers.

Despite evidence supporting a neurodevelopmental etiology
of dyslexia, children who struggle to read do not have access to
print and thus lack opportunities for practice that may mediate
experientially driven cortical development (Torgesen et al. 2001).
Prior studies have demonstrated strong evidence for neuroplasti-
city related to reading acquisition and print exposure (Carreiras
et al. 2009). Similarly, Goldman and Manis (2013) reported read-
ing skill to positively predict cortical thickness within the left
hemisphere reading network in typical readers, with increased
print exposure accounting for additional variance in thickness
beyond reading skill alone. Overall, it is likely that a combination
of both neurodevelopmental and experiential factors contribute
to the pattern of neurostructural findings in children with dys-
lexia; although increased gyrification may reflect atypical pre-
natal neurodevelopment, findings of thinner cortex may stem
from either intrinsic vulnerability of these cortical regions or an
impoverished reading experience leading to fewer experientially
driven changes. Disentangling the relative contributions of these
factors is a pressing topic for future research.

Limitations

While structural imaging protocols were selected to minimize
distortions, certain anatomical regions are more susceptible to
artifacts and signal degradation based on proximity to the air-
filled cavities. Further, linear transformations of raw data are
necessary for standard-space alignment of volumes to perform
vertex-wise analyses. While this process inherently results in
some alignment error, contemporary spherical alignment and
transformation techniques based on cortical sulcal/gyral pat-
terns utilized in FreeSurfer aim to minimize these issues and
provide good registration between subjects. Second, due to the
large number of statistical tests required to perform a vertex-
wise analysis across the entire cerebral mantle, the number of
chance false positive findings is increased. However, all reported
results were corrected for multiple comparisons using a cluster-
based Monte Carlo procedure with a conservative vertex-wise
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threshold of P < 0.01, and a cluster-wise threshold of P < 0.05.
Replication of results in independent data sets would also be
useful to assess the validity of findings. An additional limitation
is introduced by combining participants from 3 different studies.
However, for all 3 of the studies, the ascertainment criteria
involved selection from schools participating in intervention
studies from the same group of researchers, and all studies
adopted consistent neuroimaging parameters with all images
acquired on the same scanner. There was some variation in
measures used to assess reading and IQ, but each of these mea-
sures is widely used and accepted to index the same constructs.
Finally, despite prior reports of sex-specific effects when asses-
sing cortical thickness in dyslexia (Altarelli et al. 2013; Clark
et al. 2014), the present study found no group by sex interac-
tions for any of the cortical regions of interest. Although Clark
et al. noted differences in cortical thickness only in males
within the left orbitofrontal and superior temporal cortices,
Altarelli et al. found thickness differences in the left ventral
occipitotemporal cortex only in females. In the latter study, des-
pite female-specific effects being replicated in 2 independent
data sets, cortical analyses were restricted to a very small
(10mm radius) ROI, questioning whether this interaction would
hold across broader cortical areas. Further, the sample sizes of
studies reporting sex-specific effects were relatively small (no
analysis exceeding over 20 participants per group) and restricted
in age range, highlighting the need for additional replication of
sex-specific findings in dyslexia within larger samples.

Conclusions
Children with dyslexia demonstrated a pattern of thinner cortex
in several regions previously associated with the reading net-
work. Most notably, regional cortical thinning within the left
ventral occipitotemporal cortex was also accompanied by incre-
ased gyrification. Although there have been published reports
supporting induced changes in brain morphology related to read-
ing experience and print exposure, these differences cannot
adequately explain dyslexia when appropriately characterized
by an initial deficit in word reading acquisition. Dyslexia shows
a strong genetic component, with atypical cortical metrics
observed in those with a family history of reading impairment,
as well as in prereaders who were subsequently diagnosed with
dyslexia. Most likely, there is an interaction between genetics
and environmental factors or experience, illustrating the chal-
lenge and complexity in identifying underlying mechanisms of
disordered reading. Overall, this is the first known study employ-
ing vertex-wise whole-brain analysis to measure both cortical
thickness and gyrification in children with dyslexia. In particular,
this is the only known study applying contemporary 3D LGI pro-
cedures in this population. Although identification criteria of
dyslexia are variable across previously published studies which
may partially explain between-study result variance (Jednorog
et al. 2015), this study identified children with reading disability
using single word decoding performance consistent with con-
temporary definitions. The convergence of thinner and more gyr-
ified cortex in the left occipitotemporal cortex supports the role
of the ventral stream for successful decoding in children. Future
longitudinal studies utilizing multi-modal imaging techniques
incorporating reading-related behavior are needed to fully grasp
the neural basis of developmental dyslexia.
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