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Abstract

The neural correlates of developmental dyslexia have been investigated intensively over the last two decades and reliable
evidence for a dysfunction of left-hemispheric reading systems in dyslexic readers has been found in functional
neuroimaging studies. In addition, structural imaging studies using voxel-based morphometry (VBM) demonstrated grey
matter reductions in dyslexics in several brain regions. To objectively assess the consistency of these findings, we performed
activation likelihood estimation (ALE) meta-analysis on nine published VBM studies reporting 62 foci of grey matter
reduction in dyslexic readers. We found six significant clusters of convergence in bilateral temporo-parietal and left occipito-
temporal cortical regions and in the cerebellum bilaterally. To identify possible overlaps between structural and functional
deviations in dyslexic readers, we conducted additional ALE meta-analyses of imaging studies reporting functional
underactivations (125 foci from 24 studies) or overactivations (95 foci from 11 studies ) in dyslexics. Subsequent conjunction
analyses revealed overlaps between the results of the VBM meta-analysis and the meta-analysis of functional
underactivations in the fusiform and supramarginal gyri of the left hemisphere. An overlap between VBM results and
the meta-analysis of functional overactivations was found in the left cerebellum. The results of our study provide evidence
for consistent grey matter variations bilaterally in the dyslexic brain and substantial overlap of these structural variations
with functional abnormalities in left hemispheric regions.
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Introduction of different ages and of different languages (for reviews see, e.g.,
[1,11]). Converging evidence from these studies indicates that
dyslexia is associated with functional underactivations in two
posterior neural systems of the left hemisphere. The first system is
located dorsally in a temporo-parietal region, including the

Developmental dyslexia is a severe difficulty in learning to read
accurately and fluently that affects 5-17% of all children and often
persists into adulthood (e.g., [1]). The most widely accepted
explanation for the origin of this disorder is an underlying deficit in
the representation and processing of speech sounds [2-4]. This
phonological deficit is associated with deficient grapheme-
phoneme decoding skills that are crucial in the beginning stages
of reading development. Early difficulties in phonological reading
In turn are assumed to exert a negative Impact on the

posterior part of the superior temporal gyrus and the supramar-
ginal and angular gyri of the inferior parietal lobule, and is
assumed to be involved in grapheme-phoneme decoding. The
second neural system is located ventrally in an occipito-temporal
region including the extrastriate fusiform and the inferior temporal

. . > . gyrus. This region, often referred to as the Visual Word Form
establishment of orthographic representations required for fluent Area (VWFA; [12]; but see also [13]), is considered to graduall
and effortless reading. Although phonological deficits can be found ’ ! ’ 5 7

in the majority of persons with reading difficulties, dyslexia is
a heterogeneous condition [5,6]. Several other sensorimotor
deficits have been associated with the disorder resulting in the
emergence of alternative theories describing phonological deficits
as secondary consequences of basal auditory [7], visual [8],
attentional [9] and/or motor problems [10].

Opver the last two decades, numerous neuroimaging studies have
examined functional brain abnormalities in persons with dyslexia

specialize for the fast and effortless processing of familiar visual
words or frequent letter strings within words during the first years
of reading experience (e.g., [1]). A common developmental
interpretation is that underactivations of the ventral system,
representing inferior automaticity of the reading process, are the
secondary result of primary dysfunctions in the dorsal system that
are associated with problems in phonological reading [1,14]. Two
further areas have been proposed to exhibit differences between
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dyslexic and normal readers: Overactivations in bilateral inferior
frontal gyri, along with other regions of the right hemisphere, have
been postulated to represent compensatory processes (e.g., [11]).
However, these results have been inconclusive and sometimes
contradictory as other researchers reported no activation differ-
ences (e.g., [15]) or even underactivations (e.g., [16]) in the left
inferior frontal gyrus in dyslexic readers. Finally, based on
behavioral and brain activation differences between dyslexic and
normal readers in tasks involving motor skills, the cerebellum has
been proposed to play a major role in the origin of dyslexia
(“cerebellar deficit hypothesis™; [10,17]).

In three recent coordinate-based meta-analyses, the results of
studies showing functional differences between dyslexic and
normal readers have been quantitatively analyzed. To detect
topographic convergence between studies, coordinate-based meta-
analyses use the reported 3D coordinates of voxels of peak
statistical difference as input foci. These foci are modeled as
Gaussian probability distributions centered at the given coordi-
nates and combined to three-dimensional brain maps that
represent the likelihood of activation across studies, at each voxel,
and that can be tested for significance. In the first meta-analysis,
Maisog et al. [18] used activation likelihood estimation (ALE; [19])
to analyze nine studies comparing adult dyslexics with control
participants in reading tasks involving words, pseudowords, or
letters. In addition to functional underactivations in the occipito-
temporal (i.e., ventral) and temporo-parietal (i.e., dorsal) reading
systems described above, they also reported maxima of under-
activations in the inferior frontal gyrus, precuneus, and thalamus
of the left, and the fusiform, postcentral, and superior temporal
gyri of the right hemisphere. Maxima of consistent overactivations
were found in the thalamus and the anterior insula of the right
hemisphere. In a second ALE meta-analysis that used foci from 17
original studies examining children and adults, Richlan and
colleagues [20] reported similar results regarding underactivations
of the two posterior reading systems. They also found that
underactivations in the inferior frontal gyrus were accompanied by
overactivations in the primary motor cortex and the anterior
insula of the left hemisphere and bilateral subcortical structures.
The authors interpreted these results as compensatory reliance on
silent articulatory access to phonological word representations. In
their recent meta-analysis using signed differential mapping (SDM;
[21]), Richlan et al. [22] statistically compared the results of two
meta-analyses including nine studies with adult and nine studies
with child participants respectively. Meta-analyses of studies with
both children and adults showed underactivations in the occipito-
temporal reading system suggesting an early dysfunction of this
region. For adult studies, this cluster of underactivation was
relatively enlarged. With respect to the temporo-parietal system,
underactivations in the superior temporal gyrus were only found
for adult studies, while underactivations in the inferior parietal
lobule were only found for studies of children.

In addition to differences in functional activation, several studies
have examined neuroanatomical variations in dyslexic readers
over the last years. First evidence came from a series of post-
mortem studies on the brains of diagnosed cases of developmental
dyslexia [23-26]. These studies demonstrated neuronal ectopias
and architectonic dysplasias mainly in perisylvian regions of the
left hemisphere which were interpreted as the results of disturbed
neuronal migration during the prenatal stage. Further findings
were an atypical symmetry of the planum temporale and
deviations in thalamic structures consisting in disorganization
and smaller neurons in the magnocellular layers of the lateral
geniculate nuclei bilaterally and smaller neurons in the left medial
geniculate nucleus. Galaburda’s case studies constitute an impor-
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tant step in the search for a neurophysiological basis of dyslexia.
Nevertheless, the results have to be interpreted with caution as the
number of analyzed brains was quite small (ranging from one to
five between studies) and some of the individuals had further
neurological issues.

In vivo neuroimaging studies using manual volumetric mea-
surements that concentrated mainly on the perisylvian language
regions of the left-hemisphere, especially the planum temporale,
yielded inconclusive results (for reviews, see [27,28]). The advent
of newly developed analysis techniques such as voxel-based
morphometry (VBM; [29]) enabled an objective localization of
structural differences with high spatial resolution. Furthermore,
VBM studies report results in standard stereotactic space, thereby
allowing for directly comparing findings from different studies as
well as linking them to the results of functional imaging studies.
Over the last ten years, a growing number of VBM studies has
been published and structural differences in grey matter density or
volume between dyslexic and normal readers have been identified
in several brain regions. Locations most frequently reported to
exhibit grey matter reductions in dyslexic readers include bilateral
posterior temporal, temporo-parietal, and occipito-temporal
regions, and the cerebellum, thereby closely resembling the above
mentioned reading systems that showed functional disturbances in
dyslexics. These results have been narratively reviewed in two
recent publications [27,30] but up to date no quantitative meta-
analysis objectively measuring convergence between the studies
has been published. Furthermore, no attempt has yet been made
to objectively compare the results of dyslexia studies using
structural imaging to those using functional imaging.

The present study aims at closing this gap by quantitatively
meta-analyzing the results of published VBM studies comparing
dyslexic and control participants. A main goal was to objectively
identify areas showing consistent neuroanatomical differences
across the studies and to specify the broad anatomical description
of grey matter abnormalities in dyslexic persons by providing
results in a standard stereotaxic space. Quantitative meta-analyses
of neuroimaging data allow to assess convergence between studies
independently from differences regarding acquisition and analysis
methods or heterogeneity of subject characteristics, which is
especially important for the study of disorders as heterogenous as
dyslexia. An additional goal of this study was to identify possible
overlaps between structural and functional brain variations in
dyslexia by quantitatively comparing the results of the meta-
analysis of VBM studies to results of meta-analyses of functional
imaging studies showing under- or overactivations in dyslexic
readers. To this end, we conducted three ALE meta-analyses, 1.c.
one on VBM studies reporting grey matter reductions in dyslexic
readers, including 62 foci from nine studies; a second meta-
analysis of functional imaging studies reporting underactivations in
dyslexics, including 125 foci from 24 studies, and a third meta-
analysis of functional imaging studies reporting overactivations in
dyslexics, including 95 foci from 11 studies.

Materials and Methods

Study Selection

For the VBM meta-analysis, relevant publications were
identified by PubMed searches using the keywords dyslexia plus
morphometry, voxel-based or voxelwise, as well as by exploration
of additional publications from the reference lists of obtained
articles. Studies were included in the analysis if they (1) used voxel-
based morphometry, (2) reported group comparisons between
dyslexic and control participants with respect to local changes in
grey matter density or volume, (3) reported results in a standard
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reference space (Talairach or MNI) and (4) used the same
threshold throughout the whole brain. Based on these criteria,
nine studies were selected [16,31-38]. Together, these studies
included data from 277 participants (139 dyslexics and 138
controls) and reported 62 foci of grey matter reduction in dyslexic
readers. Data are current with December, 2011. Only three of the
nine studies reported grey matter increases in dyslexics. Five of the
nine studies examined adult and four examined child or adolescent
participants. Due to the small overall number of VBM studies, we
included studies with participants from all age groups into the
meta-analysis (cf. [20] for a similar approach). For an overview of
the main characteristics of the included VBM studies, see Table 1.

For the selection of publications to be included in the meta-
analyses of functional imaging studies, we aimed at consistency
with the three previously published meta-analyses. The studies
analyzed in Maisog et al.’s meta-analysis [18] represent a subset of
the studies analyzed in Richlan et al’s first meta-analysis [20]
which in turn represent a subset of the studies analyzed in Richlan
et al.’s second meta-analysis [22], with older studies [39-41] using
the same participants being replaced by more recent ones [42—44].
Therefore, we included the 17 published papers [42-58] from
Richlan et al.’s second [22] and four papers from Richlan et al.’s
first meta-analysis [20], which were excluded in the second study
because they examined adolescent participants [33,59-60].

To identify further studies published in the meantime, we
conducted a PubMed search with the same keywords (dyslexia plus
imaging) as used by Richlan and colleagues and applied the same
selection criteria as used by the previous meta-analyses [18,20,22]:
Studies were included in the analysis if they (1) investigated
reading or reading-related tasks in alphabetic languages (2) with
visually presented words, pseudowords, or single letters in the
participants native language, (3) reported group comparisons
between dyslexic and control participants (4) in a standard
stereotactic space (Talairach or MNI) and (5) used the same
threshold throughout the whole brain. As we included studies with
participants of all age groups in the VBM meta-analysis, we did
not introduce any restrictions on the age of participants in the
selection of functional imaging studies (in accordance with [20];
but in contrast to [18,22]). Following these criteria, three
additional studies could be identified [62-64].

According to the approach used by Richlan et al. [20,22], if
a study reported differences between dyslexic and control
participants for more than one contrast (i.e., contrast of an
activation condition against simple fixation or a low-level visual
control task), only foci from one such contrast, typically involving
the task putting highest demands on phonological processing, were
included. For the 21 studies analyzed in the previously published
meta-analyses, foci of under- and overactivation from the same
contrasts used by Richlan and colleagues [20,22] were selected,
while the three newly selected studies reported foci of functional
differences only for one contrast respectively. In total, the 24
selected studies included data from 736 participants (371 dyslexics
and 365 controls) and reported 125 foci of underactivations in
dyslexic readers. Out of these 24 studies, 11 reported 95 foci of
overactivations. The main characteristics of the included func-
tional imaging studies are listed in Table S1.

ALE Meta-Analysis Procedure

We performed three separate ALE meta-analyses one on VBM
studies reporting grey matter reductions in dyslexic readers,
a second on imaging studies reporting functional underactivations
in dyslexics, and a third on imaging studies reporting functional
overactivations in dyslexics. As only three VBM studies reported in
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sum only 14 foci of grey matter increase in dyslexic participants,
we did not perform an additional meta-analysis of those studies.

The meta-analyses were carried out using GingerALE
software, version 2.1.1 ([65], available from http://brainmap.
org/ale/). Prior to analysis, foci reported in Talairach space in
the original studies were transformed into MNI space using the
tal2icbm algorithm [66]. For each study, the reported foci were
modeled as centers of three-dimensional Gaussian probability
distributions with  FWHMSs determined on the basis of the
number of participants in the respective study (see [67]). The
probability values of all foci in a given study were then
combined to a modeled activation (MA) map. To control for
within-experiment effects, the MA value of each voxel was
computed by taking the maximum probability associated with
any one of the foci reported in the respective study [68].
Finally, voxel-wise ALE scores, representing the convergence
between studies at the corresponding location, were calculated
by taking the union of the individual MA maps.

In order to determine the probability of the ALE values under
the null-hypothesis of spatial independence between the studies,
a null-distribution was derived analytically (see [69]). Based on
these probabilities, the ALE maps for the three meta-analyses were
thresholded at a false discovery rate (FDR) of p<<0.05 and a cluster
threshold of 125 voxels. To examine possible overlaps between the
significant clusters from the VBM meta-analysis and those from
the functional meta-analyses, two formal conjunction analyses
were performed by multiplying binarized versions of the
thresholded ALE maps.

Results

ALE Meta-Analysis of VBM Studies

In the meta-analysis of VBM studies reporting grey matter
reductions in dyslexic readers, we found six clusters of significant
convergence between the studies (see Table 2; Figure 1). The
largest cluster was located in the fusiform gyrus of the left
hemisphere extending into the left inferior temporal gyrus. Further
clusters were found bilaterally in the supramarginal gyrus and in
the cerebellum. In the right hemisphere, the supramarginal cluster
extended into the parietal operculum and was accompanied by an
additional cluster in the posterior portion of the superior temporal

gyrus.

Overlap between Structural and Functional Alterations

Expectedly, the two meta-analyses of functional imaging studies
reporting over- or underactivations in dyslexic readers yielded
similar clusters of convergence as the previously published meta-
analyses by Maisog et al. [18] and Richlan et al. [20,22]. As the
focus of the present study lies on the meta-analysis of VBM studies,
these results will not be discussed in detail (see Table S2 for an
overview).

The two formal conjunction analyses revealed three regional
overlaps between the thresholded ALE maps from the VBM meta-
analysis and those from the meta-analyses of functional imaging
studies (see Table 2; Figure 1). The conjunction between the VBM
meta-analysis and the meta-analysis of functional underactivations
identified a large overlap of 95 voxels in the left fusiform gyrus
(Figure 1, bottom row, middle panel). The supramarginal cluster
from the VBM meta-analysis was located anterior and inferior, but
in direct connection, to an extensive temporo-parietal cluster
showing functional underactivation in dyslexics. There was a slight
overlap of one voxel between the clusters in the left supramarginal
gyrus (Figure 1, bottom row, left panel). The conjunction between
the VBM meta-analysis and the meta-analysis of functional
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overactivations identified a large overlap of 99 voxels in the left
cerebellum (Figure 1, bottom row, right panel).

Discussion

The present study provides the first quantitative summary of
published findings on grey matter variations in dyslexic readers, by
conducting an ALE meta-analysis of nine published studies
reporting grey matter reductions in dyslexics. The meta-analysis
revealed six clusters of topographic convergence that were located
bilaterally in temporo-parietal regions and in the cerebellum, as
well as in occipito-temporal regions of the left hemisphere.
Subsequent conjunction analyses identified overlaps with dyslex-
ia-related functional underactivations in the fusiform and
supramarginal gyri of the left hemisphere and an overlap with
functional overactivations in the left cerebellum.

Temporo-parietal Regions

The meta-analysis of VBM studies identified convergent grey
matter reductions in temporo-parietal regions of both hemi-
spheres. In the left hemisphere, one cluster with local maximum in
the supramarginal gyrus was found. In the right hemisphere,
a supramarginal cluster could also be identified that extended
anteriorly into the parietal operculum. An additional cluster was
found in the right superior temporal gyrus extending into the
inferior parietal lobule.

The left parietal cluster corresponds well to the anatomical
characterization of the dorsal posterior reading system which has
been described by several authors [1,70,71]. This system is
assumed to support the transformation of orthographic elements of
visual words (graphemes) into associated phonological elements
(phonemes). In the framework of the phonological theory of
dyslexia, a dysfunction of this system has been proposed as the
main biological basis of dyslexia [72]. Indeed, local grey matter
volume in this region has been demonstrated to correlate with
tasks involving phonological processing [35,36] and these correla-
tions could not be found for dyslexic readers [35]. Structural
neuroimaging studies using manual methods in temporo-parietal
regions concentrated mainly on symmetry measurements of the
planum temporale and the planum parietale. While some studies
reported greater symmetry or rightward asymmetry of the planum
temporale and greater leftward asymmetry of the planum
parietale, others could not confirm those findings (for reviews,
see [27,28]). Similar inconsistencies with regard to differences in
asymmetry of temporo-parietal regions have been reported for
other developmental disorders of speech and language, such as
specific language impairment (SLI; [73,74]) or stuttering [75]. Our
VBM meta-analysis found grey matter reductions in dyslexic
readers in areas corresponding to the planum temporale of the
right and the planum parietale of both hemispheres. While an
integration of results from micro- and macrostructural methods
has to be interpreted with caution, our findings of grey matter
decreases in the right planum temporale are not consistent with
the proposal of greater rightward asymmetry in dyslexic readers.
Likewise, as grey matter reductions affected the planum parietale
not only of the left, but also the right hemisphere, the presently
available VBM data also fail to support the proposed leftward
asymmetry of the planum parietale.

On the basis of the present data, it remains unclear whether the
grey matter reductions in temporo-parietal regions of dyslexic
readers can be interpreted as the underlying neurobiological cause
of deficient phonological processing skills in this population or
should be better understood as the result of experience-dependent
structural changes occurring in the course of school or preschool
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Table 2. Results of the ALE meta-analysis of VBM studies and the two conjunction analyses.

MNI coordinates of local maxima

Conjunction analyses

VBM (Contr. >Dysl.)NImaging (Contr. >Dysl.)
L supramarginal gyrus

L fusiform gyrus

VBM (Contr. >Dysl.)NImaging (Dysl. >Contr.)

L cerebellum

Region Cluster size (voxels)
X Y z

VBM meta-analysis (Contr. >Dysl.)

L supramarginal gyrus —54 —34 30 156

R supramarginal gyrus 48 —40 26 143
46 —30 24 a

R superior temporal gyrus 64 —34 18 131

L fusiform gyrus —38 —66 —14 200
—44 —60 —14 a

L inferior temporal gyrus —56 —64 -10 a

L cerebellum —26 —50 —32 158

R cerebellum 26 —54 —34 138
18 =50 —38 a

95

929

a. subpeak within cluster.
doi:10.1371/journal.pone.0043122.t002

education. Raschle et al. [36] found grey matter alterations in
temporo-parietal regions in familial dyslexic children before the
onset of formal reading instruction. These findings suggest that the
structural abnormalities are not the result but the cause of later
reading problems. However, an alternative interpretation could be
that abnormal phonological processing, possibly due to more basal
auditory deficits (e.g., [7]), leads to secondary temporo-parietal
grey matter alterations in dyslexic children even before reading
mstruction starts. The VBM meta-analysis also identified clusters
of convergence in homologous areas of the right hemisphere,
which conforms to the results of post-mortem studies by
Galaburda and colleagues, showing that cortical abnormalities
affected mainly perisylvian areas of the left hemisphere, but were
always accompanied by corresponding abnormalities in the right
hemisphere (see, e.g., [76]). Thus, our findings support the notion
that bilateral anatomical variations represent a pre-existing
neurobiological deficit of dyslexic readers, with left hemispheric
variations underlying phonological processing problems. It can be
hypothesized further that the parallel development of those
bilateral regions might be under genetic control. Variations in
genes involved in cortical development might result in micro-
structural cortical malformations through abnormal migration or
maturation of neurons [77].

The left temporo-parietal cluster from the VBM meta-analysis
was located directly anterior and inferior to an inferior parietal
cluster from the meta-analysis of dyslexia-related functional
underactivations, with an overlap of one voxel between the two
clusters. The cluster of functional underactivations also included
the posterior part of the supramarginal gyrus and extended into
the angular gyrus and the superior parietal lobule. At its inferior
border, this cluster of grey matter reductions was located in close
proximity to a large occipito-temporal cluster of functional
underactivations which extended into the superior temporal gyrus.
In the right hemisphere, the superior temporal cluster from the
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VBM meta-analysis was located lateral and superior to a cluster
from the meta-analysis of functional underactivations in the
superior temporal gyrus.

To assess age-specific contributions to the relationship between
structural and functional abnormalities, two additional meta-
analyses were conducted, dividing the studies reporting functional
underactivations in studies examining children and studies
examining adults (for details, see Method S1; Table S3). While
conjunction analyses of the results from the VBM meta-analysis
with the results from both age-specific meta-analyses did not result
in an overlap, the meta-analyses revealed that both child and adult
studies contributed to the close connection between structural and
functional deviations in left inferior parietal regions, with
children’s underactivations being more wide-spread and extending
into the angular gyrus and the superior parietal lobule. In contrast,
the proximity to superior temporal underactivations in both
hemispheres was driven by adult studies (see Table S4; Figure S1,
left side). Taken together, the small overlap in the temporo-
parietal system does not speak for a direct correspondence
between the areas showing structural and functional abnormalities
in dyslexic readers. Nonetheless, as the left-hemispheric cluster
from the VBM meta-analysis was located in close connection to
both the temporo-parietal and the occipito-temporal cluster
showing functional underactivation in dyslexics, it is tempting to
speculate that the anterior part of the temporo-parietal system
might serve as a connectional hub and that structural deviations in
this area might secondarily cause dysfunction of occipito-temporal
and temporo-parictal regions and a disruption of functional
connectivity between these areas that has been demonstrated in
dyslexics [78-80].

Occipito-temporal Regions

The largest cluster of dyslexia-related grey matter alteration
identified by the VBM meta-analysis was located in occipito-
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VBM (Contr. > Dysl.) I functional (Contr. > Dysl|.) [l VBM (Contr > Dysl) N functional (Contr. > Dysl.)
functional (Dysl. > Contr.) [l VBM (Contr > Dysl) N functional (Dysl. > Contr.

Figure 1. Results of the ALE meta-analysis of VBM studies and the conjunction analyses. Upper row-2D axial slices depicting the
thresholded and binarized ALE map for the VBM meta-analysis (red) projected onto the Colin T1-template in MNI space. Images are presented in
neurological convention (i.e., left =left) and MNI coordinates in the inferior-superior (Z) plane are provided with each slice. Lower row - cut-outs of
the axial slices display overlaps (yellow) of the VBM meta-analysis (red) with the thresholded and binarized ALE map for the meta-analysis of
functional underactivations (green) and overlaps (light blue) with the thresholded and binarized ALE map for the meta-analysis of functional
overactivations (dark blue). SMG=supramarginal gyrus; STG=superior temporal gyrus; FG/ITG=fusiform gyrus/inferior temporal gyrus;

Cereb = cerebellum.
doi:10.1371/journal.pone.0043122.g001

temporal regions of the left hemisphere comprising mainly the
fusiform gyrus and extending laterally into the inferior temporal
gyrus. It thereby closely resembles the anatomical description of
the ventral occipito-temporal reading system [70,71] and includes
the coordinates for the visual word form area (VWFA; x =43,
y = 54; z=12; Talairach space) reported by Cohen et al. [12]. The
occipito-temporal system is assumed to underlie the fast and
effortless processing of printed text in experienced readers through
direct mapping of orthographic word forms onto corresponding
phonological representations (e.g., [81]). This specialization is
assumed to develop gradually in the course of the process of
learning to read, and functional underactivations of this region in
dyslexic readers have been interpreted as the result of pre-existing
functional and/or structural disruptions of the temporo-parietal
reading system [1,80].

As previously discussed, the results of our meta-analysis cannot
answer the question whether grey matter microstructural abnor-
malities in dyslexics can be interpreted as the neurobiological
cause of reading problems or should rather be understood as
secondary, experience-dependent developmental changes. In
contrast to the temporo-parietal system, where bilateral VBM
effects were consistently observed, an occipito-temporal cluster of
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convergence between VBM studies could only be identified in the
left hemisphere. If one assumes that disturbed neuronal migration
should result in bilateral grey matter alterations in dyslexic readers,
as suggested by the findings of post-mortem studies (cf. [76]), one
might conclude that the observed structural abnormalities in left
occipito-temporal regions represent the secondary result of
disturbed reading and pre-reading experience. At least one
VBM study, however, reported lower grey matter volume also in
homologous areas of the right hemisphere [34]. Furthermore, [36]
found lower grey matter volume in occipito-temporal regions of
the left hemisphere in familial dyslexics in the last year before
entering elementary school. As argued above, grey matter
reductions might also have emerged in response to pre-school
learning experiences, but it remains possible that occipito-
temporal grey matter alterations may constitute a pre-existing
neurobiological deficit, at least in a subgroup of dyslexics. FFuture,
possibly longitudinal, studies examining structural abnormalities in
persons suffering from or at risk for developmental dyslexia are
needed to resolve this issue.

The conjunction analysis exhibited overlap between the
occipito-temporal VBM cluster and an extensive occipito-temporal
cluster showing reduced activation across functional imaging
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studies of dyslexic participants. The overlap comprised mainly the
fusiform gyrus, including the above mentioned VWFA coordi-
nates. Following the two explanatory approaches outlined above,
microstructural alterations of grey matter in this region might
either be the cause for a reduced functional responsiveness of the
corresponding neural circuits or alternatively be the secondary
result of abnormal input from and/or connectivity to temporo-
parietal regions of the left hemisphere.

The age-specific meta-analyses of functional underactivations
and conjunction analyses with the results from the VBM meta-
analysis revealed that the occipito-temporal overlap between
structural and functional deviations was driven by the studies
examining adults, with an overlap of 82 voxels between the VBM
meta-analysis and the meta-analysis of functional underactivations
in adults. The meta-analysis of functional underactivations in
children also resulted in a cluster in the fusiform gyrus, but it was
located more anterior and inferior than the cluster of grey matter
reduction (see Table S4; Figure S1, right side). The age-specific
results highlight the increasing importance of structural and
functional integrity of fusiform areas for the fast and effortless
processing of words.

Cerebellum

The VBM meta-analysis identified clusters of convergence in
the cerebellum bilaterally. Traditionally, the cerebellum has been
exclusively considered as a motor structure, controlling the
coordination of movements. Recent research, however, points to
an involvement of the cerebellum in higher cognitive functions by
means of cerebro-cerebellar circuits targeting non-motor cortical
regions (e.g., [82]). Indeed, cerebellar activation has been found by
functional imaging studies employing a variety of tasks, including
spatial processing, executive functions, working memory and
language [83]. In addition to numerous PET and fMRI studies
[84], the importance of the cerebellum for the processing of
spoken and written language has been demonstrated by clinical
studies showing phonological, semantic and syntactic impairments
in patients with cerebellar lesions [85]. Accordingly, the cerebel-
lum has been proposed to play an important role in the origin of
dyslexia. The cerebellar deficit theory by Nicolson and colleagues
[10] states that a mild dysfunction of the cerebellum leads to
deficits in motor control and skill automatization in dyslexic
readers. Supporting the theory, studies using different approaches
have found structural abnormalities in the cerebellum to be a valid
neurobiological marker for dyslexia [86-88]. A recent longitudinal
VBM study demonstrated increased grey matter volume in the
right anterior cerebellum in a group of dyslexic children following
an ecight-week reading intervention program [89]. On the other
hand, meta-analyses of functional imaging studies comparing
dyslexic and control participants did not reveal any reliable
evidence for underactivations in the cerebellum [18,20,22].
Furthermore, motor problems seem to be present only in
a subgroup of the dyslexic population (see, e.g., [6]) and it has
been suggested that they only occur in dyslexic children with
comorbid  attention-deficit hyperactivity disorder (ADHD;
[90,91]). In their more recent work, Nicolson and colleagues
[92] proposed that malfunctions in cortico-cerebellar loops might
lead to procedural learning deficits which may affect both
language and motor functions, either individually or in combina-
tion. An alternative explanation for morphometric alterations of
cerebellar regions in dyslexic readers was raised by Ramus [93].
With reference to the work of Galaburda (for an overview see
[76,77]), he suggested that a core deficit in temporo-parietal
regions of the cortex following disturbed neuronal migration may,
under specific conditions, cause additional dysfunctions in sub-
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cortical regions, resulting in optional sensorimotor symptoms in
a subgroup of dyslexic readers. Our finding of reliable structural
alterations in homologous regions of the cerebellum highlights the
importance of cerebellar deficits in dyslexia. The bilateral clusters
of grey matter reductions were located mainly in the cerebellar
lobule VI. Similar clusters were also found bilaterally by a meta-
analysis of PET studies investigating single-word reading in
normal adult participants [19] and in the right hemisphere by
a meta-analysis of verbal working memory studies [94]. The
clusters from the meta-analysis of single-word reading were located
medial, posterior and superior, the cluster from the working
memory meta-analysis superior to the clusters reported here. In
a more recent study reporting several meta-analyses of functional
imaging studies with different tasks, Stoodley and Schmahmann
[83] also found bilateral clusters in the cerebellar lobule VI for
verbal working memory and language tasks, with clusters being
located more lateral and posterior. In the same study, also for
motor tasks a right lateralized cluster (but note that all the tasks
were finger-tapping tasks performed with the right index finger) in
similar regions was reported, that extended from the anterior
lobule V. Thus, the origin and implications of the grey matter
reductions in the cerebellum found in the meta-analysis of VBM
studies remain unclear. Further studies are needed to explore these
questions in more detail.

In the left cerebellum, a large overlap between the VBM meta-
analysis and the meta-analysis of functional overactivations in
dyslexic readers was identified by the conjunction analysis.
Additional meta-analyses examining age-specific contributions to
the overlap could not be performed in this case, due to the limited
number of studies reporting functional overactivations. The
overlap between structural reduction and functional overactivation
seems counterintuitive as one would rather assume that structural
alterations of grey matter would result in decreases of functional
responsiveness in corresponding regions. We hypothesize that
increased activation in cerebellar and other sub-cortical regions in
dyslexic readers while processing reading-related stimuli might
represent increased effort, possibly due to disorganization of
cortico-cerebellar loops and/or the use of compensatory strategies
involving subvocal articulation or verbal working memory.

Inferior Frontal Regions

Our meta-analysis did not find any reliable evidence for grey
matter differences between dyslexic and normal readers in inferior
frontal regions. The role of these regions in dyslexia has been
discussed controversially — bilateral inferior frontal gyri have
been found to exhibit functional overactivations in dyslexics by
some researchers, while others reported no activation differences
or even functional underactivations, mainly in the left inferior
frontal gyrus. Some evidence for deviations in inferior frontal
regions has been found in structural imaging studies: Brown et al.
[31] reported grey matter reductions in dyslexic readers in the left
inferior frontal gyrus. In support of this finding, some studies found
grey matter density or volume in this region to be positively
correlated with behavioral performance in tasks involving phono-
logical processing [35,38,87]. In addition, neuroimaging studies
using manual morphometric measurements reported rightward
asymmetry of the inferior frontal gyrus [95] and a smaller left [86]
and right [32,86] pars triangularis in dyslexic readers. In contrast,
most published VBM studies did not identify any significant
differences between dyslexic and normal readers in inferior frontal
gyri, not even when applying small volume correction [34]. Thus,
grey matter deviations in inferior frontal regions do not seem to
play a major role in the neurobiological origin of dyslexia, but
might, at least in some dyslexics, occur as a secondary conse-
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quence of deficient input from posterior reading systems or as
a reflection of compensatory cognitive processes.

Limitations

Besides methodological issues associated with coordinate-based
meta-analyses in general [96] and inevitable drawbacks of meta-
analyses of neuroimaging data, such as differences between the
analyzed studies regarding data acquisition and processing, the
present meta-analysis has the following limitations: The diagnostic
criteria that were applied to select dyslexic participants varied
greatly between the analyzed studies. While most studies used
deviation from the norm of a standardized reading test as main
criterion (i.e., ranging from 0.67 to 2 SD below average between
studies), often combined with an intelligence test to ensure that
intelligence was in the normal range, some studies used the
stronger discrepancy criterion (i.e., discrepancy between the
individual test scores in a reading and an intelligence test) and
yet others selected participants based on evidence for a family
history of dyslexia or a childhood diagnosis. One study [36]
examined participants with familial history of dyslexia in the year
before entering school, at a point in time where a reliable diagnosis
for dyslexia cannot be made. Thus, the symptoms and possibly
also the neuroanatomy of dyslexic participants included in the
analyzed studies have to be regarded as heterogeneous. A further
issue concerns the variability between the analyzed studies
regarding the age of participants, with mean ages ranging from
5 to 30 in the VBM meta-analysis. To determine possible
developmental changes of structural differences between dyslexic
and control participants in the course of formal reading in-
struction, a comparison between separate meta-analyses of studies
examining children and those examining adults would have been
of interest, but was not possible due to the small number of studies
that would be available for each age group in this analysis. In
addition, separate analyses of studies using unmodulated (in-
dicating differences in concentration) and modulated images
(indicating differences in volume) might have provided further
information about the nature of the observed structural differences
between dyslexic and normal readers, but again could not be
performed at the moment due to the limited number of available
studies using each method. Finally, only studies from countries
with alphabetic languages were included limiting the generaliz-
ability of the results of our study to specific cultures.

Conclusion

By quantitatively integrating across individual studies, our meta
analysis provides a strong empirical basis for understanding the
neuroanatomical changes underlying developmental dyslexia.
Clusters of topographic convergence were found exclusively in
posterior brain regions, specifically in bilateral temporo-parietal
and left occipito-temporal regions, and bilaterally in the cerebel-
lum. These areas correspond well to the anatomical characteriza-

References

1. McCandliss BD, Noble KG (2003) The development of reading impairment:
a cognitive neuroscience model. Ment Retard Dev Disabil Res Rev 9: 196-204.

2. Bradley L, Bryant PE (1978) Difficulties in auditory organisation as a possible
cause of reading backwardness. Nature 271: 746-7.

3. Snowling MJ (1981) Phonemic deficits in developmental dyslexia. Psychol Res
43: 219-34.

4. Vellutino FR (1979) Dyslexia: Research and theory. Cambridge, MA: MIT
Press.

5. Heim S, Tschierse J, Amunts K, Wilms M, Vossel S, et al. (2008) Cognitive
subtypes of dyslexia. Acta Neurobiol Exp (Wars) 68: 73-89.

6. Ramus F, Rosen S, Dakin SC, Day BL, Castellote JM, et al. (2003) Theories of
developmental dyslexia: insights from a multiple case study of dyslexic adults.
Brain 126: 841-65.

PLOS ONE | www.plosone.org

Meta-Analysis Dyslexia — Structure & Function

tions of neural systems that have been proposed to play a role in
the origin of dyslexia by previous research. The analysis of
conjunctions between the results of the VBM meta-analysis and
meta-analyses of functional neuroimaging studies demonstrates
that structural alterations of the reading systems in the left cerebral
hemisphere co-occur with functional underactivations in these
systems. Functional overactivations co-localize with grey matter
reductions in the left cerebellum, possibly reflecting the compen-
satory use of articulatory strategies in dyslexic readers. In sum, our
data suggest strong convergence between structural and functional
alterations in the left hemisphere of the dyslexic brain.

Supporting Information

Figure S1 Results of the age specific conjunction
analyses. Upper row — cut-outs of axial slices display the
temporo-parietal and occipito-temporal overlaps (yellow) of the
VBM meta-analysis (red) with the meta-analysis of functional
underactivations (green) as depicted in Figure 1, bottom row.
Lower row — cut outs of axial slices display the results of the
conjunction of the VBM meta-analysis (red) with the meta-
analyses of functional underactivations in adults (light blue) and
children (dark blue) for the same regions. Overlaps between the
VBM meta-analysis and the adults meta-analysis are depicted in
magenta, overlaps between the age-specific meta-analyses are
depicted in cyan. Images are presented in neurological convention
(i.e., left=left) and MNI coordinates in the inferior-superior (Z)
plane are provided.

(TIF)

Table S1 Overview of the studies included in the meta-
analyses of functional imaging studies.

(PDF)

Table S2 Results of the ALE meta-analyses of functional
imaging studies.

(PDF)

Table S3 Overview of the studies included in the age-
specific meta-analyses of functional underactivation.

(PDF)

Table S4 Results of the age-specific ALE meta-analyses
of functional underactivation and the age-specific con-
junction analyses.

(PDF)
Method S1 Supplementary method.
(PDF)

Author Contributions

Conceived and designed the experiments: J. Linkersdorfer J. Lonnemann
SL MH CJF. Analyzed the data: J. Linkersdorfer J. Lonnemann CJF.
Wrote the paper: J. Linkersdorfer J. Lonnemann SL MH CJF.

7. Tallal P (1980) Auditory temporal perception, phonics, and reading disabilities
in children. Brain Lang 9: 182-98.

8. Stein J, Walsh V (1997) To see but not to read; the magnocellular theory of
dyslexia. Trends Neurosci 20: 147-152.

9. Hari R, Renvall H (2001) Impaired processing of rapid stimulus sequences in
dyslexia. Trends Cogn Sci 5: 525-532.

10. Nicolson RI, Fawcett AJ, Dean P (2001) Developmental dyslexia: the cerebellar
deficit hypothesis. Trends Neurosci 24: 508-11.

11. Shaywitz SE, Shaywitz BA (2005) Dyslexia (specific reading disability). Biol
Psychiatry 57: 1301-1309.

12. Cohen L, Dehaene S, Naccache L, Lehéricy S, Dehaene-Lambertz G, et al.
(2000) The visual word form area: spatial and temporal characterization of an

August 2012 | Volume 7 | Issue 8 | e43122



20.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

initial stage of reading in normal subjects and posterior split-brain patients. Brain

123: 291-307.

. Price CJ, Devlin JT (2003) The myth of the visual word form area. Neuroimage

19: 473-81.

. Pugh KR, Mencl WE, Jenner AR, Katz L, Frost SJ, et al. (2000) Functional

neuroimaging studies of reading and reading disability (developmental dyslexia).

Ment Retard Dev Disabil Res Rev 6: 207-13.

. Eden GF, Jones KM, Cappell K, Gareau L, Wood FB, et al. (2004) Neural

changes following remediation in adult developmental dyslexia. Neuron 44:
411-22.

. Brambati SM, Termine C, Ruffino M, Stella G, Fazio I, et al. (2004) Regional

reductions of gray matter volume in familial dyslexia. Neurology 63: 742-5.

. Nicolson RI, Fawcett AJ, Berry EL, Jenkins IH, Dean P, et al. (1999) Association

of abnormal cerebellar activation with motor learning difficulties in dyslexic
adults. Lancet 353: 1662-7.

. Maisog JM, Einbinder ER, Flowers DL, Turkeltaub PE, Eden GF (2008) A

meta-analysis of functional neuroimaging studies of dyslexia. Ann N'Y Acad Sci
1145: 237-259.

. Turkeltaub PE, Eden GF, Jones KM, Zeffiro TA (2002) Meta-analysis of the

functional neuroanatomy of single-word reading: method and validation.
Neuroimage 16: 765-780.

Richlan F, Kronbichler M, Wimmer H (2009) Functional abnormalities in the
dyslexic brain: a quantitative meta-analysis of neuroimaging studies. Hum Brain
Mapp 30: 3299-308.

. Radua J, Mataix-Cols D (2009) Voxel-wise meta-analysis of grey matter changes

in obsessivecompulsive disorder. Br J Psychiatry 195: 393-402.

. Richlan F, Kronbichler M, Wimmer H (2011) Meta-analyzing brain dysfunc-

tions in dyslexic children and adults. Neuroimage 56: 1735-42.
Galaburda AM, Kemper TL (1979) Cytoarchitectonic abnormalities in
developmental dyslexia: a case study. Ann Neurol 6: 94-100.

. Galaburda AM, Livingstone M (1993) Evidence for a magnocellular defect in

developmental dyslexia. Ann N'Y Acad Sci 682: 70-82.

. Galaburda AM, Sherman GF, Rosen GD, Aboitiz F, Geschwind N (1985)

Developmental dyslexia: four consecutive patients with cortical anomalies. Ann
Neurol 18: 222-33.

5. Galaburda AM, Menard MT, Rosen GD (1994) Evidence for aberrant auditory

anatomy in developmental dyslexia. Proc Natl Acad Sci U S A 91: 8010-3.
Eckert MA (2004) Neuroanatomical markers for dyslexia: a review of dyslexia
structural imaging studies. Neuroscientist 10: 362-371.

Heim S, Keil A (2004) Large-scale neural correlates of developmental dyslexia.
Eur Child Adolesc Psychiatry 13: 125-140.

Ashburner J, Friston KJ (2000) Voxel-based morphometry-the methods.
Neuroimage 11: 805-21.

Richardson FM, Price CJ (2009) Structural mri studies of language function in
the undamaged brain. Brain Struct Funct 213: 511-23.

Brown WE, Eliez S, Menon V, Rumsey JM, White CD, et al. (2001) Preliminary
evidence of widespread morphological variations of the brain in dyslexia.
Neurology 56: 781-3.

Eckert MA, Leonard CM, Wilke M, Eckert M, Richards T, et al. (2005)
Anatomical signatures of dyslexia in children: unique information from manual
and voxel based morphometry brain measures. Cortex 41: 304-15.

Hoeft F, Meyler A, Hernandez A, Juel C, Taylor-Hill H, et al. (2007) Functional
and morphometric brain dissociation between dyslexia and reading ability. Proc
Natl Acad Sci U S A 104: 4234-9.

Kronbichler M, Wimmer H, Staffen W, Hutzler F, Mair A, et al. (2008)
Developmental dyslexia: Gray matter abnormalities in the occipitotemporal
cortex. Hum Brain Mapp 29: 613-625.

. Pernet CR, Andersson J, Paulesu E, Demonet JF (2009)When all hypotheses are

right: a multifocal account of dyslexia. Hum Brain Mapp 30: 2278-92.
Raschle NM, Chang M, Gaab N (2011) Structural brain alterations associated
with dyslexia predate reading onset. Neuroimage 57: 742-9.

Steinbrink C, Vogt K, Kastrup A, Miiller HP, Juengling ID, et al. (2008) The
contribution of white and gray matter differences to developmental dyslexia:
insights from dti and vbm at 3.0 t. Neuropsychologia 46: 3170-8.
Vinckenbosch E, Robichon F, Eliez S (2005) Graymatter alteration in dyslexia:
converging evidence from volumetric and voxel-by-voxel mri analyses.
Neuropsychologia 43: 324-31.

Brunswick N, McCrory E, Price CJ, Frith CD, Frith U (1999) Explicit and
implicit processing of words and pseudowords by adult developmental dyslexics:
A search for wernicke’s wortschatz? Brain 122: 1901-17.

Meyler A, Keller TA, Cherkassky VL, Lee D, Hoeft F, et al. (2007) Brain
activation during sentence comprehension among good and poor readers. Cereb
Cortex 17: 2780-7.

Schulz E, Maurer U, van der Mark S, Bucher K, Brem S, et al. (2008) Impaired
semantic processing during sentence reading in children with dyslexia:
Combined fmri and erp evidence. Neuroimage 41: 153-168.

Meyler A, Keller TA, Cherkassky VL, Gabrieli JDE, Just MA (2008) Modifying
the brain activation of poor readers during sentence comprehension with
extended remedial instruction: a longitudinal study of neuroplasticity. Neurop-

sychologia 46: 2580-92.

. Paulesu E, Démonet JF, Fazio F, McCrory E, Chanoine V, et al. (2001)

Dyslexia: cultural diversity and biological unity. Science 291: 2165-7.

PLOS ONE | www.plosone.org

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

Meta-Analysis Dyslexia — Structure & Function

Schulz E, Maurer U, van der Mark S, Bucher K, Brem S, et al. (2009) Reading
for meaning in dyslexic and young children: distinct neural pathways but
common endpoints. Neuropsychologia 47: 2544-57.

. Blau V, van Atteveldt N, Ekkebus M, Goebel R, Blomert L (2009) Reduced

neural integration of letters and speech sounds links phonological and reading
deficits in adult dyslexia. Curr Biol 19: 503-8.

Blau V, Reithler J, van Atteveldt N, Seitz J, Gerretsen P, et al. (2010) Deviant
processing of letters and speech sounds as proximate cause of reading failure:
a functional magnetic resonance imaging study of dyslexic children. Brain 133:
868-79.

Booth JR, Bebko G, Burman DD, Bitan T' (2007) Children with reading disorder
show modality independent brain abnormalities during semantic tasks.
Neuropsychologia 45: 775-783.

Brambati SM, Termine C, Ruffino M, Danna M, Lanzi G, et al. (2006)
Neuropsychological deficits and neural dysfunction in familial dyslexia. Brain
Res 1113: 174-85.

Cao F, Bitan T, Chou TL, Burman DD, Booth JR (2006) Deficient orthographic
and phonological representations in children with dyslexia revealed by brain
activation patterns. J Child Psychol Psychiatry 47: 1041-1050.

Hoeft F, Hernandez A, McMillon G, Taylor-Hill H, Martindale JL, et al. (2006)
Neural basis of dyslexia: a comparison between dyslexic and nondyslexic
children equated for reading ability. J Neurosci 26: 10700-10708.

Ingvar M, af Trampe P, Greitz T, Eriksson L, Stone-Elander S, et al. (2002)
Residual differences in language processing in compensated dyslexics revealed in
simple word reading tasks. Brain Lang 83: 249-67.

van der Mark S, Bucher K, Maurer U, Schulz E, Brem S, et al. (2009) Children
with dyslexia lack multiple specializations along the visual word-form (vwf)
system. Neuroimage 47: 1940-9.

McCrory EJ, Mechelli A, Frith U, Price CJ (2005) More than words: a common
neural basis for reading and naming deficits in developmental dyslexia? Brain
128: 261-7.

Paulesu E, Frith U, Snowling M, Gallagher A, Morton J, et al. (1996) Is
developmental dyslexia a disconnection syndrome? evidence from pet scanning.
Brain 119 (Pt 1): 143-57.

. Richlan F, Sturm D, Schurz M, Kronbichler M, Ladurner G, et al. (2010) A

common left occipitotemporal dysfunction in developmental dyslexia and
acquired letter-by-letter reading? PLoS One 5.

Rumsey JM, Nace K, Donohue B, Wise D, Maisog JM, et al. (1997) A positron
emission tomographic study of impaired word recognition and phonological
processing in dyslexic men. Arch Neurol 54: 562-73.

Temple E, Poldrack RA, Salidis J, Deutsch GK, Tallal P, et al. (2001) Disrupted
neural responses to phonological and orthographic processing in dyslexic
children: an fmri study. Neuroreport 12: 299-307.

Wimmer H, Schurz M, Sturm D, Richlan F, Klackl J, et al. (2010) A dual-route
perspective on poor reading in a regular orthography: an fmri study. Cortex 46:

1284-98.

Georgiewa P, Rzanny R, Hopf JM, Knab R, Glauche V, et al. (1999) fmri
during word processing in dyslexic and normal reading children. Neuroreport
10: 3459-65.

Grinling C, Ligges M, Huonker R, Klingert M, Mentzel HJ, et al. (2004)
Dyslexia: the possible benefit of multimodal integration of fmri- and eeg-data.
J Neural Transm 111: 951-69.

Kronbichler M, Hutzler F, Staffen W, Mair A, Ladurner G, et al. (2006)
Evidence for a dysfunction of left posterior reading areas in german dyslexic
readers. Neuropsychologia 44: 1822-1832.

Hu W, Lee HL, Zhang Q, Liu T, Geng LB, et al. (2010) Developmental dyslexia
in chinese and english populations: dissociating the effect of dyslexia from
language differences. Brain 133: 1694-706.

Maurer U, Schulz E, Brem S, der Mark Sv, Bucher K, et al. (2011) The
development of print tuning in children with dyslexia: evidence from
longitudinal erp data supported by fmri. Neuroimage 57: 714-22.

Pecini C, Biagi L, Brizzolara D, Cipriani P, Di Lieto MC, et al. (2011) How
many functional brains in developmental dyslexia? when the history of language
delay makes the difference. Cogn Behav Neurol 24: 85-92.

. Laird AR, Fox PM, Price CJ, Glahn DC, Uecker AM, et al. (2005) Ale meta-

analysis: controlling the false discovery rate and performing statistical contrasts.
Hum Brain Mapp 25: 155-64.

Lancaster JL, Tordesillas-Gutiérrez D, Martinez M, Salinas F, Evans A, et al.
(2007) Bias between mni and talairach coordinates analyzed using the icbhm-152
brain template. Hum Brain Mapp 28: 1194-205.

Eickhoff SB, Laird AR, Grefkes C, Wang LE, Zilles K, et al. (2009) Coordinate-
based activation likelihood estimation meta-analysis of neuroimaging data:
a random-effects approach based on empirical estimates of spatial uncertainty.
Hum Brain Mapp 30: 2907-26.

Turkeltaub PE, Eickhoff SB, Laird AR, Fox M, Wiener M, et al. (2011)
Minimizing withinexperiment and within-group effects in activation likelihood
estimation meta-analyses. Hum Brain Mapp.

Eickhoff SB, Bzdok D, Laird AR, Kurth F, Fox PT (2011) Activation likelihood
estimation metaanalysis revisited. Neuroimage.

Démonet JF, Taylor MJ, Chaix Y (2004) Developmental dyslexia. Lancet 363:
1451-1460.

Sandak R, Mencl WE, Frost SJ, Pugh KR (2004) The neurobiological basis of
skilled and impaired reading: Recent findings and new directions. Scientific

Studies of Reading 8: 273-292.

August 2012 | Volume 7 | Issue 8 | e43122



72.

73.

74.

76.

77.

78.

80.

81.

82.

83.

84.

Shaywitz SE, Morris R, Shaywitz BA (2008) The education of dyslexic children
from childhood to young adulthood. Annu Rev Psychol 59: 451-475.

Webster RI, Shevell MI (2004) Neurobiology of specific language impairment.
J Child Neurol 19: 471-81.

Herbert MR, Kenet T (2007) Brain abnormalities in language disorders and in
autism. Pediatr Clin North Am 54: 563-83, vii.

. Cykowski MD, Kochunov PV, Ingham RJ, Ingham JC, Mangin JF, et al. (2008)

Perisylvian sulcal morphology and cerebral asymmetry patterns in adults who
stutter. Cereb Cortex 18: 571-83.

Galaburda AM (2005) Dyslexia-a molecular disorder of neuronal migration: the
2004 norman geschwind memorial lecture. Ann Dyslexia 55: 151-65.
Galaburda AM, LoTurco J, Ramus F, Fitch RH, Rosen GD (2006) From genes
to behavior in developmental dyslexia. Nat Neurosci 9: 1213-7.

Horwitz B, Rumsey JM, Donohue BC (1998) Functional connectivity of the
angular gyrus in normal reading and dyslexia. Proc Natl Acad Sci U S A 95:
8939-8944.

. van der Mark S, Klaver P, Bucher K, Maurer U, Schulz E, et al. (2011) The left

occipitotemporal system in reading: disruption of focal fmri connectivity to left
inferior frontal and inferior parietal language areas in children with dyslexia.
Neuroimage 54: 2426-36.

Pugh KR, Mencl WE, Shaywitz BA, Shaywitz SE, Fulbright RK, et al. (2000)
The angular gyrus in developmental dyslexia: task-specific differences in
functional connectivity within posterior cortex. Psychol Sci 11: 51-6.
Schlaggar BL, McCandliss BD (2007) Development of neural systems for
reading. Annu Rev Neurosci 30: 475-503.

Strick PL, Dum RP, Fiez JA (2009) Cerebellum and nonmotor function. Annu
Rev Neurosci 32: 413-34.

Stoodley CJ, Schmahmann JD (2009) Functional topography in the human
cerebellum: a metaanalysis of neuroimaging studies. Neuroimage 44: 489-501.
Price CJ (in press) A review and synthesis of the first 20 years of pet and fmri
studies of heard speech, spoken language and reading. Neuroimage.

PLOS ONE | www.plosone.org

10

86.

87.

88.

89.

90.

91.

92.

93.

94.

96.

Meta-Analysis Dyslexia — Structure & Function

. Murdoch BE (2010) The cerebellum and language: historical perspective and

review. Cortex 46: 858-68.

Eckert MA, Leonard CM, Richards TL, Aylward EH, Thomson ], et al. (2003)
Anatomical correlates of dyslexia: frontal and cerebellar findings. Brain 126:
482-94.

Pernet CR, Poline JB, Demonet JF, Rousselet GA (2009) Brain classification
reveals the right cerebellum as the best biomarker of dyslexia. BMC Neurosci 10:
67.

Rae C, Lee MA, Dixon RM, Blamire AM, Thompson CH, et al. (1998)
Metabolic abnormalities in developmental dyslexia detected by 1h magnetic
resonance spectroscopy. Lancet 351: 1849-52.

Krafnick AJ, Flowers DL, Napoliello EM, Eden GF (2011) Gray matter volume
changes following reading intervention in dyslexic children. Neuroimage 57:
733-41.

Raberger T, Wimmer H (2003) On the automaticity/cerebellar deficit
hypothesis of dyslexia: balancing and continuous rapid naming in dyslexic and
adhd children. Neuropsychologia 41: 1493-7.

Wimmer H, Mayringer H, Raberger T (1999) Reading and dual-task balancing:
evidence against the automatization deficit explanation of developmental
dyslexia. J Learn Disabil 32: 473-8.

Nicolson RI, Fawcett AJ (2007) Procedural learning difficulties: reuniting the
developmental disorders? Trends Neurosci 30: 135-41.

Ramus F (2004) Neurobiology of dyslexia: a reinterpretation of the data. Trends
Neurosci 27: 720-6.

Chein JM, Fissell K, Jacobs S, Fiez JA (2002) Functional heterogeneity within
broca’s area during verbal working memory. Physiol Behav 77: 635-9.

. Robichon F, Levrier O, Farnarier P, Habib M (2000) Developmental dyslexia:

atypical cortical asymmetries and functional significance. Eur J Neurol 7: 35-46.
Salimi-Khorshidi G, Smith SM, Keltner JR, Wager TD, Nichols TE (2009)
Meta-analysis of neuroimaging data: a comparison of image-based and
coordinate-based pooling of studies. Neuroimage 45: 810-23.

August 2012 | Volume 7 | Issue 8 | e43122



