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ABSTRACT

A literature review on neuroimaging research on developmental dyslexia (DD)
highlights inconsistencies regarding the structural and functional abnormalities underling
the disorder. The discrepancies in findings have been partly attributed to the
heterogeneity of DD, thus instigating researchers to study whether the disorder can be
categorized into different subtypes, reflecting distinct neural and behavioural
phenotypes.

The following fMRI study was conducted to identify subgroups of dyslexics on the
basis of their brain activation for reading aloud by using an unbiased classification
method (PCA/GMM). The study then aimed to establish structural and behavioural
differences distinguishing the subgroups. Thirty-four subjects with dyslexia and 34 non-
impaired readers were scanned using fMRI and assessed using varies psychometric tests.
A one sample t-test was used to add together functional images from subjects and treat
the inter-subject variability as error variance. =~ PCA and GMM then allowed the
identification of subgroups and assignment of subjects to the groups, while statistical
analyses highlighted brain activation and behavioural differences between the subgroups.

Three subgroups of dyslexics (D1, D2, and D3) were identified. Results showed that
D1 overactivated bilateral superior temporal gyri; whereas D2 and D3 showed abnormal
underactivations in 3 areas (bilateral temporo-parietal cortex, left occipito-temporal
cortex, and cerebellum). D3 also tended to perform worse on most psychometric tests,
and statistically worse on auditory short term memory tasks. Findings of differences in
activation patterns and behavioural performance between the subgroups dyslexic may
support the existence of subtypes of dyslexia, where one subgroup reflects compensated

dyslexics while the another is characterized by auditory short term memory deficits.
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I.  INTRODUCTION

The goal of the following introduction is to provide the reader with a basic
knowledge and general overview of dyslexia. In order to clearly and concisely
describe this neuro-behavioural condition and the background instigating the present
research project, the introduction has been subdivided into three parts: 1) overview of
dyslexia; 2) review of neuroimaging research on dyslexia, with an emphasis on
functional and structural imaging, as well as inconsistencies of findings; and also 3) a

review of the literature on subgrouping individuals with dyslexia.

1) Overview of Dyslexia

Dyslexia derives from the Greek word dys-, meaning “impaired”, and lexis
meaning “word”. Dyslexia is a specific learning disability that manifests itself as a
difficulty with reading and spelling in individuals with average or above average
intellectual abilities. It is characterized by deficits in recognizing, decoding, and
spelling words, thus affecting reading accuracy and fluency (Shaywitz et al., 2003).

Dyslexia was first noted in 1887 by Rudolf Berlin when describing a case of a
young boy of average intelligence affected by a severe impairment in reading. The
disorder began to be recognized and then termed “word blindness” by Pringle
Morgan in 1986, date after which research on dyslexia began to become more
prominent (Shaywitz et al., 2003).

In terms of prevalence and features, epidemiological studies show that dyslexia is
one of the most common neuro-behavioural disorders, equally affecting boys and
girls with prevalence between 5 to 17.5% (Interagency Committee on Leaning

Disability 1987; Shaywitz 1998). Dyslexia is also a persistent, chronic and
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heterogeneous condition (Shaywitz et al., 2003) as well as a familial and heritable
disorder. Shaywitz et al. (1998) in fact found that 23% to 65% of children of parents
with dyslexia have the disorder as well as 40% of siblings of dyslexics. Twin studies
have furthermore shown a greater concordance rate for dyslexia among monozygotic
twins (68%) than among dizygotic twins (38%) (Francks et al., 2002). Lastly in
terms of the general aspects of dyslexia, affected individuals often show
abnormalities and impairments not only in reading and spelling, but also in non-
reading domains, including speech, visual, tactile and hearing impairments, writing
shortfalls, short term memory skills, and motor skills deficits (Ramus et al., 2003).

Several theories attempt to explain dyslexia by approaching the topic from
different perspectives and backgrounds.  The phonological theory, currently
receiving the greatest support among researchers, postulates that the core deficit of
individuals with dyslexia is in phonological processing. The theory is based on the
idea that reading requires learning the grapheme-phoneme correspondence,
specifically learning that letters correspond to precise sounds. The phonological
theory is supported by evidence for poor performance of dyslexics on phonological
tasks, poor verbal short-term memory and impaired automatic naming skills.
Evidence also arises from anatomical and imaging studies, supporting the view for a
deficit in regions that are associated with phonological processing (Ramus et al.,
2003).

Other theories on dyslexia include the rapid auditory processing theory,
sustaining auditory deficits causing phonological, thus reading, impairments in
dyslexia; the visual theory, supporting visual impairments in the magnocellular
system to be responsible for the difficulties in reading letter and words; the

cerebellar theory claiming that cerebellar anomalies lead to impaired articulation and
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phonological representations as well as impaired automatization skills; and finally,
the magnocellular theory, an integrated theory on DD sustaining a dysfunction in the
magnocellular pathway affecting the visual, auditory and tactile systems and
explaining the cerebellar alterations found in dyslexics in terms of the connections
between the magnocellular system and the cerebellum. Therefore, the theory
accounts for the visual, auditory, tactile, motor, and phonological deficits that have
been reported over the centuries of research on dyslexia. Although, there are a
number of weaknesses that have been raised for each model (Ramus et al., 2003), all
of them point to important factors which may not be exclusive of each other and may
even represent different subtypes of dyslexia (Ramus et al., 2003).

In conclusion, DD is a common disability affecting reading fluency and accuracy
in individuals with otherwise average or above average intelligence. An agreement
among researchers views DD as a prevalent and lifelong condition, presenting a core
deficit at a phonological processing level. Since 1986 increasing attention has been
devoted to the study of dyslexia and with the advent of neuroimaging more is to

come.

2) Literature review of neuroimaging research on dyslexia:

Current research on dyslexia is strongly focused on studying the neural basis
underlying the disorder. The majority of neuroimaging studies investigating brain
anomalies in dyslexia rely on methods consisting of either a comparison between
dyslexic and non-impaired readers or between two groups of dyslexics following a
subdivision based on behavioural performances (e.g. compensated versus persistently

impaired dyslexics, surface dyslexics versus phonological dyslexics, etc.) or based on
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other factors (e.g. socio-economic status). Independent of the methods and
approaches used, neuroimaging studies have drawn attention to different brain
regions involved in dyslexia. The following paragraphs will provide an up to date
review of the most relevant a) functional and b) structural imaging studies on
dyslexia, as well as a review of the ¢) limitations and inconsistencies in

neuroimaging research on dyslexia.

a. Functional imaging studies on dyslexia

The functional imaging studies reviewed below include positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI)
experiements on dyslexia. Despite controversy regarding the areas involved in
dyslexia and the interpretation of the results, converging evidence indicates the
functional involvement of at least three regions in dyslexia located in the left
hemisphere: 1) left inferior frontal region; 2) temporo-parietal system
involving angular gyrus, supramarginal gyrus and posterior portions of the
superior temporal gyrus; and the 3) occipito-temporal system involving
portions of the middle temporal gyrus and middle occipital gyrus (Shaywitz et

al. 2002).
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Figure 1. Neural systems for reading (Adopted from Shaywitz et al., 2003)
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When comparing dyslexic to non-impaired readers during reading tasks, a
significant number of functional studies have disclosed underactivations in the
temporo-parietal cortex (Hoeft et al., 2006; Meyler et al., 2007; Rumsey et al.,
1997, 1998, 1999; Shawitz et al., 2002), while many other have also
highlighted underactivations in the occipital-temporal cortex, including the
posterior middle temporal cortex and the inferior fusiform area (Brambati et
al., 2006; Brunswick et al., 1999; Hoeft et al., 2007; McCroy et al., 2004;
Shaywitz et al., 2003; Shaywitz et al., 2007). Many of the functional deficits in
these regions have been found both in adults and children affected by dyslexia
as well as when dyslexics are compared to either an age-matched or reading-
matched control group. The deficiencies in the left temporo-parietal and
occipito-temporal regions in dyslexia furthermore have been uncovered across
different languages. Krnobichler et al. (2006) in fact found underactivation of
the left occipito-temporal cortex and left supramarginal gyrus as well as an
overactivation of the inferior frontal region in German dyslexics. Paulesu et al.
(2001) on the other hand found underactivation in the left middle inferior and
superior temporal cortex and in the middle occipital gyrus across samples of
Italian, English, and French dyslexic participants. The authors thus suggest
that a phonological processing deficit is universally present in dyslexia and is
present in both shallow and deep orthographies.

In conclusion, functional imaging studies on dyslexia clearly indicate
differences in brain activations between dyslexics and nonimpaired readers
during reading tasks. Abnormally low activations in the temporo-parietal and
occipital-parietal regions as well as hyperactivation of frontal regions are

among the most common findings when reviewing the literature on functional
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imaging studies on dyslexia. The majority of these investigations are based on
a comparison between dyslexic readers and non-impaired readers, either
matched by age or by reading abilities, or a comparison between different
groups of dyslexics, with common interpretations associating the temporo-
parietal region to phonological processing, the occipito-temporal area to
orthography, and frontal overactivation to compensatory mechanisms. Despite
some consistencies between studies, however, there is still a great deal of

variability regarding the areas of activation and the interpretation of results.

b. Structural imaging studies on dyslexia

In addition to functional imaging investigations on dyslexia, there are
several structural studies that have been conducted to identify abnormalities in
the morphology and structure of the brain of individuals with dyslexia.
Structural investigations on dyslexia include post-mortem and histological
studies as well as experiements using voxel-based morphometry (VBM),
diffusion tensor MRI (DTI), or volumetric analysis.

The post-mortem investigations by Galaburda and colleagues were among
the first studies highlighting structural abnormalities in dyslexia and leading to
the foundation of further research on dyslexia. Their study of 100 brains of
individuals with dyslexia revealed asymmetry anomalies of the planum
temporale, cortical scars, dyslamination and ectopias (Galaburda et al., 1985).
Other post-mortem and histological studies on dyslexia has overall highlighted
different anomalies, including neuronal abnormalities in the auditory cortex
(Galaburda & Kemper 1979), perisylvian cortex (Galaburda et al., 1985),

lateral (Livingstone et al., 1991) and geniculate nuclei medial (Galaburda et al.,
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i
1994) primary visual cortex (Jenner et al., 1999) and cerebellum (Finch et al.,
2002).

The advances in the field of neuroimaging allowed further investigations on
the brain structure and morphology of those affected by dyslexia. Overall,
structural imaging on this disorder pinpoint to relatively consistent findings for
abnormalities in the temporo-parietal cortex, inferior temporal gyrus, corpus
callosum, and cerebellum (Eckert et al., 2004).

Several Voxel-based Morphology (VBM) studies on dyslexia has yielded to
anomalies in the temporal gyri and in the occipital-temporal cortex.
Vinckenbosch et al. (2005), for instance, used VBM to find reduced gray
matter density in the middle and inferior temporal gyri, increased grey matter
density in the bilateral precentral gyri, as well as a positive correlation between
grey matter denisity in these regions and performance on a rhyme judgement
task. Brambati and colleagues (2004) also used VBM and found similar
reductions of grey matter volume as well as Silani and colleagues, who showed
morphological abnormalities of gray and white matter densities in the same
regions across 3 different groups of nationalities (Italians, French, and English
dyslexics), thus sustaining the view of a universal neurological basis for
dyslexia in these regions. Kronbichler et al. (2006) confirmed grey matter
abnormalities 1n the left occipito-temporal cortex in dyslexic Germans, with the
cerebellum showing the most prominent difference in grey matter volume.
Finally, the VBM study by Hoeft et al. (2007) yielded to reduction in gray
matter volume in the left parieto-temporal region as well.

Aside from grey matter anomalies in dyslexia, a number of other studies

were able to detect abnormalities in white matter tracts as well. Several
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