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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

11
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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.,

12"
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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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diffusion tensor imaging (DTI) studies on dyslexia found left temproro-parietal
white matter deficits, both in terms of reduced anisotropy and anomalies in the
corpus callosum (Klingber et al., 2000; Deutsch et al., 2005; Kingber et al.,
2000; Beaulieu et al., 2005; Niogi & McCandliss, 2006; Dougherty, 2007; Von
Plessen et al., 2002). Volumetric analyses have also found alterations in the
brains of those affected by dyslexia, including anomalies in the cerebellum
(Rae et al., 1998, 2002; Kibby et al., 2008).

In conclusion, structural imaging studies on dyslexia provide evidence and
some consistency regarding dysfunctions in different areas of the brain of
individuals with dyslexics, with common findings including structural grey and
white matter anomalies in the temporo-parietal, cerebellum, and corpus

callosum in dyslexia.

c¢. Limitations and inconsistencies in neuroimaging studies on dyslexia

As one may infer from the above review, neuroimaging has been an
extremely useful tool in studying and examining the brain of individuals
affected by dyslexia and reading impairments. Nevertheless, the literature on
neuroimaging investigations on dyslexia also discloses limitations and
inconsistencies in findings and interpretation of findings. As reading relies on
a widespread distribution of neural circuits, the structural and functional
discrepancies can be partly attributed to the heterogeneity of reading networks
and of DD in terms of its cognitive and neural profiles as well as to other
aspects described below. The following paragraphs in fact, succinctly describe
the difficulties and inconsistencies between studies encountered during

functional and structural research on DD respectively.




Functional imaging enables us to study the brain areas that are recruited for

reading and the deficient patterns associated with dyslexia. To gather the
information regarding brain regions involved in reading, participants are
required to engage in a reading task during scanning. Although there has been
some consistency in showing underactivation in left temporo-parietal, occipito-
temporal, and cerebellar regions, there is also a great deal of inconsistencies
and none of the results survive an unbiased correction for multiple comparisons
across the whole brain (Kherif et al. 2008). Heterogeneity of reading networks
and DD, inter-subject variability, differences in stimulus presentation,
discrepancies in performance between dyslexics and controls, and difficulties
in interpreting results account for some of the inconsistencies in functional
imaging.

It has been noted that due to the heterogeneity of dyslexia and of reading
networks, even within the same sample of readers there may be differential
brain activations when subjects are performing the same language task. Inter-
subject variability may then interfere with results and the variation may be
interpreted as error variance rather than meaningful variance; this aspects also
ties in the fact that functional imaging, as a quite sensitive tool for detecting
change, may furthermore pick up on irrelevant noise (Kherif et al. 2008). The
use of different tasks to assess abnormalities in brain activations during reading
also is a source for inconsistencies of findings. As explained by Hoeft et al.
(2006), poorer reading abilities or in-scanner performance may be accounting
for the differences in activation levels between dyslexics and non-impaired
readers. Finally, interpretation of results is also a great source of debate;

functional data in fact is difficult to interpret as results can be attributed to the
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disorder per se’ as much as to differences in stimuli, performance levels or
compensatory mechanisms. Controlling for stimulus presentation,
performance levels of correct trials, as well as combining data from different
sources of investigation may allow us to partly overcome some of the
inconsistencies in results and the limitations of functional studies on dyslexia.

Compared to functional imaging, structural imaging has the advantage of
not requiring the subject to engage in any cognitive task. Results and
differences between groups thus may be relatively more easily interpreted in
terms of the neural basis underlying dyslexia. Nevertheless, it is still difficult
to infer whether the differences and abnormalities are a cause or a consequence
of the disorder. Moreover, recent evidence sustains structural brain alterations
with experience (May et al.,, 2007), which may then interfere with the
interpretations regarding structural differences between dyslexics and controls.
Structural imaging research on dyslexia is then also intertwined with
difficulties in interpretation of results.

In conclusion, what is important to understand is that there is significant
variability in structural and functional results of studies on DD. As a whole,
some of the reasons for inconsistencies in neuroimaging may lie in the
variability of impairments in dyslexia and widespread distribution of reading-
related brain sites (Silani et al., 2005), inter-subject variability, as well as the
use of different techniques across studies (including stimuli presentation and
performance levels). Other possible explanations for discrepancies in results
are attributable to the different inclusion criteria that studies have used to select
their participants. The studies that have been reviewed examined samples of

dyslexics that presented with wide ranges of reading impairments, which in
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turn may lead or explain some of the weak or inconsistent effects found (E.g.
Eckert et al., 2004; Kibby et al., 2007; Phinney, 2007; Zadina, 2006). In light
of the wide range of deficits in DD and inconsistencies of neuroimaging
findings, questions across the literature arise concerning the existence of
subtypes of dyslexia, in turn explaining the variability of results between
studies. The hope is that more consistency in findings may be achieved if

focusing on samples of subtypes of dyslexics with more homogenous profiles.

3) Summary of studies on sub-grouping dyslexics:

The heterogeneity of dyslexia might partly be responsible for the inconsistencies
in neuroimaging findings. Therefore, several attempts to confirm whether there are
different subtypes of dyslexia associated with distinct profiles may allow
comparisons between more homogenous subgroups of dyslexics to non-impaired
readers. A strong debate however still pervades the literature concerning the
existence or not of different subtypes of dyslexia and an even greater controversy
exists regarding what those subtypes might be and how to classify dyslexic readers.
The final goal of categorizing dyslexics and study their neural and behavioural trails
is fundamental as it relates to the possibility of designing then more efficient
interventions to better meet the needs of the subgroups of individuals.  The
following paragraphs aim to describe the empirical efforts, started around the 1970s,
that have been made in an attempt to confirm the existence of subgroups of DD.

A classic categorization of dyslexia was proposed by Castle & Coltheart (1993),
whom classified dyslexia in two subgroups: surface and phonological dyslexia. The
majority of their sample of dyslexics showed a phonological deficit (55%),

characterized by a greater impairment for nonword reading than for irregular words.
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Surface dyslexics accounted for 30% of the total sample and showed the reversed
pattern, specifically a greater impairment for irregular word reading than for
nonword reading. The authors concluded by supporting the view of dyslexia as a
non homogeneous disability and claiming that their results support the existence of
distinct subtypes of DD and the notion of a clear dissociation between reading
patterns.

While results from Murphy and Pollatsek (1994) however were not in agreement
with the differentiation of phonological and surface dyslexia, other experiments have
been conducted and confirmed the existence of possible variants of dyslexia. The
results of Castle & Coltheart (1993) supporting the existence of a phonological and
surface distinction of dyslexia were in fact also replicated by Manis et al. (1994),
Wolf et al. (1994), and Stanovich et al. (1997). Stanovich and colleagues (1997)
referred to one group as having a “specific” reading disability with a core deficit in
phonological processing and to the other subgroup as the “garden-veriety” poor
readers with a wider spectrum of language impairment. ~ Wolf et al. (1994) also
reached similar conclusion when the research team identified distinct subgroups of
children with reading disability: those characterized by a phonological deficit, those
identifiable for their impairment in rapid naming, or those characterized by both
deficiencies. In 2004, Lachmann and colleagues also pinpointed to the existence of
two subgroups of dyslexics, with one group demonstrating greater impairments in
non-word reading, whereas the other one showing mostly word-reading deficits.

Other empirical studies attempting to demonstrate the existence of subtypes of
dyslexia have used novel approaches to classify subgroups of dyslexics. Morris et al.
(1998), for instance, relied on several tasks assessing cognitive and language

functions in children with dyslexia and cluster analysis to identify hypothetical
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subtypes of this disorder. Seven subtypes were revealed by cluster analysis; two
subgroups were globally deficient in language skills, four presented prominent
deficits in phonological awareness and in rapid naming and verbal short-term
memory, whereas one group showed impairments on verbal and nonverbal tasks in
terms of rate and accuracy scores.

Cluster analysis was also used by Heim et al. (2008) to identify congnitive
subgroups of dyslexics. Three subgroups of dyslexics characterized by different
cognitive deficits were identified: group 1 was characterized by poor phonological
awareness; group 2 by poor phonological awareness, auditory discrimination, and
magnocellular dysfunctions; whereas group 3 demonstrated the most prominent
deficit in attentional reorienting. King et al. (2007) on the other hand, confirmed the
existence of different types of dyslexic phenotypes using resampling and gap
statistics. Four clusters were identified, with 80% of the dyslexic subjects belonging
to one of the first three clusters: a phonological deficit cluster, a rapid-naming
cluster, a cluster characterized by both deficits and the fourth cluster showing neither
deficit.

While some experiments identified different subgroups of dyslexics on the basis
of behavioural impairments (e.g. Castle & Coltheart, 1993), other studies have
compared subgroups of dyslexics based on other factors. Shaywitz et al. (2003), for
instance, subgrouped dyslexics into compensated versus persistently poor dyslexic
readers. The study found a divergence in brain activation patterns between the two
subgroups of dyslexics; based on the differences in brain activation, risk factors, and
compensatory resources between the subgroups, the authors sustained two possible
types of reading disability: a genetic type with higher IQ scores and an

environmental influenced type with lower IQ scores.

191
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As shown, the literature on subgrouping dyslexic readers is quite extended and
results vary significantly in terms of numbers of subgroups found and their
characteristic impairments. The variability in findings reflects differences between
studies in terms of definitions, goals, methods and tasks, as well as conclusions of
investigations focused on classifying dyslexics. The debate on the categorization of
dyslexics is therefore an on ongoing issue as well as the exploration of reliable

methods to identify subtypes of dyslexia.

In conclusion, the present introduction, consisting of a general overview of
dyslexia, a review of neuroimaging research, and a description of subgrouping
techniques and findings, aspired to introduce the reader to the background that has
prompted the present research project. In particular, the review of functional,
structural and subgrouping studies aimed to show a) the approach of studying
dyslexia (either through comparison between dyslexics and non-impaired readers or
between subgroups of dyslexics based on behavioural traits), b) the inconsistencies in
findings and the possibility that methodological issues as well as the heterogeneity of
dyslexia might play a role in this matter, and c) the dispute regarding the existence of
subgroups of dyslexia and what those subtypes may be.

Due to the heterogeneity of DD, inconsistencies, and the debate regarding
subtypes of dyslexia, the current fMRI study used a novel and unbiased approach to
identify subgroups of dyslexics to consent the identification of more homogenous
samples of dyslexics to study. The goal was to identify subgroups of dyslexics based
on brain activations during reading aloud familiar words, and then to determine any

neural and behavioural differences between the subgroups.
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Once functional and behavioural data were collected, the study involved running a
one sample t-test, applying Principle Component Analysis (PCA) and Gaussian
Mixture Modelling (GMM) and running statistical analyses to identify subgroups of
dyslexics and define the differences in brain activation and behaviour between them.
The PCA/GMM procedure is a novel clustering approach that does not rely on a
priori knowledge of the subgroups. Subjects assigned to the subgroups were
hypothesized to display similarities in brain activations to members of their subgroup

but differences compared to those belonging to other subgroups.
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. METHODS

1) Aim

The present fMRI study aimed to 1) identify subgroups of dyslexics based on
brain activation while reading familiar words, using Principle Component Analysis
(PCA) and Gaussian Mixture Modelling (GMM); 2) establish neural differences that
characterize the subgroups using conventional ANOVA; and 3) investigate
behavioural differences that distinguish and describe each subgroup using Mann-
Whitney U statistical analysis. My role within the present research project included
behavioural assessments of the subjects recruited in 2008 and behavioural data

analysis.

2) Participants

The study involved a total of 68 right-handed subjects, 34 dyslexic readers (20
males, 14 females, aged 16-28 years, and mean age 20 years) and 34 non-impaired
readers (19 males, 15 females, aged 16-51 years, and mean age 20.8 years).
Functional and behavioural data from twenty subjects had been collected in 2004 for
another study on dyslexia, while the rest of the participants were recruited in January
2008. Recruitment of subjects occurred through a number of sources, including
referrals from psychologists, dyslexic organizations, university services, and ads; the
diagnosis of dyslexia on the other hand had been determined by education
psychologists’ reports prior to subjects’ enrolment in our study. Inclusion criteria
included right-handed and MRI compatible (i.e. no braces and aged 13 years old and
over) subjects, with no neurological, psychiatric diseases, or attention deficit

disorders, and already in possess of an assessment of dyslexia before enrolment.
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Informed consent was then obtained from each subject prior to the initiation of the
investigation. A demographic description of the subjects participating in the study
can be found in Table 1. There were no differences in gender, age, or 1Q scores

between the control group and the dyslexic sample.

NON-IMPAIRED SUBJECTS DYSLEXIC SUBJECTS
# SUBJECTS +3 "
s 20.8(7) 20(3)
AR 1.4 (1) 1.4(0)
WAIS 1l
via 122 (16) 107 (13)
PIQ 112 (10) 109 (13)
FSIQ 120 (14) 108 (11

TABLE 1. Group demographics. Values presented are means and standard deviations (SD)
(for non-impaired and dyslexic subjects) for age, gender, and for the Wechsler Adult
Intelligence Scale 11l (WAIS Ill), which includes verbal 1Q (VIQ), performance 1Q (P1Q), and
full scale 1Q (FSIQ).

3) Design and Procedures

Participants were administered a series of psychometric tests, assessing IQ levels
as well as reading and other abilities. One structural and four functional brain
images were then obtained from each subject while they engaged in a task involving
reading real words. The experiment lasted approximately 6 hours for both the
behavioural assessment and scanning of each subject, all of whom were compensated

in monetary terms (60 pounds) at the end of their participation. The next paragraphs
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illustrate a detailed description of the a) behavioural assessment and b) functional

imaging procedures followed in this study for data collection.

a. Behavioural assessment

Intelligence quotient (IQ) measurements were obtained using the Wechsler
Adult Intelligence Scale III (WAIS), which calculates verbal and non-verbal 1Q
scores (appendix 2 on page 55 reports the subtests constituting the WAIS III).
Reading accuracy and reaction times were assessed using the Wide Range
Achievement Test (WRAT), Wechsler Test of Adult Reading (WTAR), and the
National Reading Test (NART). The behavioural assessment also examined
word and nonword spelling abilities (using the WRAT), phonological skills
(using the Phonological Assessment Batter, PhAB; spoonerism and nonword
repetition tasks), and auditory perception skills (using the Psycholinguistic
Assessment of Linguistic Processing in Aphasia, PALPA). A list of the
behavioural tests with a description of the skills they are aimed to assess can be

found in the appendix on page 555 (Appendix 1 and 2).

b. Functional imaging

In the current fMRI study, one structural and four functional images for
each subject were collected using a 1.5T MRI scanner (Siemens Medical
Systems). The structural image was obtained to assure that the subjects were
neurologically normal, while functional images of the brain were acquired as
subjects read familial words. Each participant was trained and given
instructions prior to scanning, while also reminded about minimizing head and

lip movements during the brain image acquisitions.
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Stimuli: The activation task during scanning involved reading aloud 96 high
frequency words made of 3-7 letters with regular spelling to sound
relationships (e.g. “cat”, “ship”). The study included also other paradigms,
namely articulatory and visual tasks (picture naming and saying “1,2,3” in
response to meaningless symbols or non-objects) to separate brain activations
specific for reading from those recruited for articulation and visual processing.
A video projector, panel and a system of mirror fastened to a head coil, helped
present items centrally on the screen inside the scanner. Participants were fully
instructed outside and inside the scanner, to read words on the screen
clockwise, starting from the top, while making as little lip and head movements
as possible. In order to detect the areas of activation for reading familiar words
relative to rest, a baseline /fixation condition was also employed. A total of
sixteen blocks of reading, eight blocks of picture naming, eight blocks of
saying “1,2,3” to meaningless items, and twelve bocks of fixation were
presented to the subjects, the order of which was fully counterbalanced. Traids
of blocks lasted 18 seconds with 12 stimuli per block. = Words were in lower

case Arial font, with a maximum visual angle on the retina of 4.9° x 1.2°.

c¢. Data analysis

Functional imaging analysis: Because of frequent movement artefacts,

images from each run were motion corrected. Criteria for rejection were
motion exceeding 1.5 mm translation. Data analysis was performed using
SPMS5 (Statistical Parametric Mapping), which allowed for spatial
transformation, temporal pre-processing transformation to remove noise and

signal drift, and statistical analysis.
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Functional imaging analysis included several stages: 1) running a one
sample t-test to compare images for reading aloud to fixation, to sum over
functional images from subjects, to identify reading activation at multiple
levels, and to treat inter-subject variability as error variance; 2) applying PCA
to treat error variance; 3) utilizing GMM to identify subgroups of dyslexics and
categorize subjects to the subgroups; and finally 4) running a conventional
ANOVA to examine regional differences between the subgroups in terms of
brain activations when reading aloud. In other words, ANOVA was used to
establish the existence of any specific neural profiles that distinguished the
subgroups on a voxel by voxel basis.

PCA, a statistical approach used for dimension reduction in a data set, was
used and applied to the inter-subject variability to identify the main source of
variance. The GMM is a simple hierarchical Bayesian technique that has
already been reported and validated as a cluster classification and assignment
tool by Noppeney et al. (2006) and Kherif et al. (2008). In the present study, it
allowed us to recognize a precise number of subgroups among the sample of
dyslexics and then to assign the subjects to each of those groups. Following
subjects’ assignment to subgroups, it was hypothesized that the subjects in one
subgroup would display similarities in activation patterns between each other,
but dissimilarities compared to subjects in other subgroups.

The novelty of this approach relies on the fact that the PCA/GMM
procedure is an unbiased approach, as it does not depend on a priori
knowledge to identify subgroups of dyslexics. As highlighted in the
introduction, the majority of studies on subgrouping dyslexics have relied on a

subdivision in terms of behavioural performance (surface versus phonological
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dyslexics or persistent versus compensated dyslexics for example) or of other
previously established criteria, such as socioeconomic status. Figure 2

reproduces an archetype of the PCA/GMM analysis approach used in this

study.

PCA/ GMM METHOD

Figure 2. Functional imaging analysis involving running a one sample t-test,
Principal Component Analysis (PCA) and Gaussian Mixture Modelling (GMM) to
identify subgroups and assign subjects to the subgroups

Behavioural analysis: Once the subgroups and their activation differences

had been identified, the study investigated any behavioural differences between
the subgroups. Behavioural data was analyzed using SPSS 14.0 (Statistical
Package for Social Sciences) for Windows. Because the distribution of the

behavioural data was not normal, conventional ANOVA to compare the




Neural & Behavioural Differences Among Subgroups of Dyslexics  Benedetta Monzani
]
behavioural performance on the psychometric tests between the subgroups
could not be used. Instead, to assess whether the different subgroups displayed
different phenotypes or behavioural profiles we used a non-parametric test,
specifically the Mann-Whitney U statistical test. As a well established non-
parametric analysis, the Mann-Whitney U analysis tests the null hypothesis of
an equal probability distribution between two independent populations. The
results of the analysis aim to estimate the probability that performance on one
task in one subgroup exceeds performance in a second subgroup. The analysis
yields to mean rank differences between subgroups on each variable test and p
values reflecting the probability to reject the null hypothesis, thus the

significance of differences between the two subgroups.




lll. RESULTS

Identification of subgroups of dyslexics: A one sample t-test analysis revealed

brain activations for correct responses during reading relative to fixation for each
subject. The PCA was then applied to the treat the inter-subject variability and the
GMM identified as well as assigned subjects to the subgroups. The GMM identified
three subgroups of dyslexics based brain activation for reading tasks (D1, D2, and
D3), comprising respectively of 16, 2, and 16 subjects with dyslexia.

Functional results: Once identified the 3 subgroups of dyslexics, we ran a

conventional ANOVA to investigate differences in brain activation at a voxel level
characterizing each subgroup during reading. Correction (p value < 0.05) for
multiple comparisons across the whole brain yielded to significant differences in
brain activations between between the subgroups. Compared to controls and other
subgroups, D1 over-activated bilaterally the superior temporal gyri (STG) (x= -56,
y=-14, z= 2; and x= 60, y= -16, z= -10) (p < 0.05). Compared to controls and D1,
both D2 and D3 subjects showed statistically significant reductions in activation
levels in three areas, namely in the bilateral temporo-parietal cortex, left occipito-
temporal cortex, and cerebellum. Comparisons between D2 and D3 revealed on the
other hand differences in the medial occipital cortex (p<0.05 corrected for the whole
brain), with subjects in D2 presenting deactivation in this area (x= 4, y= -72, z= -4;
x= -2, y= -76, z= 30; and x= 20, y= -72, z= 20) and with subjects in D3 showing
over-activation.

In conclusion, our results showed abnormalities in activation patterns that varied

according to the dyslexic group. Thus, the a priori hypothesis regarding differences
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in brain activation between subgroups of dyslexics was confirmed by our results. In

other words, different brain activation patterns distinguished the three groups.

SUBGROUP UNDERACTIVATIONS OVERACTIVATIONS
D1
(versus controls, D2 & D3) Nothing significant Bilateral STG
Bilateral T-P
D2 & D3
(versus controls & D1) Cerebellum Nothing significant
Left OT

TABLE 2. Brain regions showing abnormal activations (underactivation or overactivation)
between dyslexic subgroups when compared to controls and to each other; (p value < 0.05;
corrected for entire brain or in left occipito-temporal at 48, -56, -16). D1, D2, D3= dyslexic
subgroup 1, 2, and 3; STG= superior temporal gyrus; T-P= temporo-parietal cortex; OT=

occipito-temporal cortex.
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Behavioural Results: Aside from establishing neural differences between the

3 subgroups of dyslexics, the present study assessed whether the different
subgroups were associated with distinct patterns of behaviour. Due to the fact
that the behavioural data was not normally distributed, a non-parametric test
(Mann-Whitney U test) was used, instead of conventional ANOVA, to analyse
and compare behavioural performance between 2 subgroups (D1 and D3) on
every psychometric test administered to the subjects. The reason why subjects
belonging to the D2 group were not included in the analysis and comparison
reflects the fact that D2 comprised only two subjects with full behavioural data,
thus constituting an excessively small sample size to analyse appropriately and
possibly representing outliers within the dyslexic sample. The behavioural
analysis included two main comparisons using the Mann-Whitney U test: a
comparison between dyslexic versus control groups and a comparison between
D1 versus D3 subjects, in an attempt to delineate behavioural differences
respectively between the dyslexics relative to controls and, more importantly,
between D1 and D3 subjects.

Compared to controls, dyslexics (both D1 and D3) showed impairments on
most psychometric tests. Specifically, dyslexics showed deficits in performance
in the following tests: spelling words (accuracy), word and nonword reading and
spoonerisms (in terms of both accuracy and reaction times), reaction times for
picture and digit naming; DI and D3 both showed also worse accuracy in
nonword decision tasks compared to controls and commonly showed difficulties
in terms of reaction time and accuracy for the PALPA nonword test.

The comparison between D1 and D3, to find behavioural traits defining each

subgroup, also yielded differences. In terms of age, gender, and performance IQ,
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the two subgroups of dyslexics showed no statistically significant differences,
aside from a possible tendency for worse performance in arithmetic in DI
subjects compared to D3, which did not reach significance (p = 0.07). However,
the Mann-Whitney U test did show statistically significant differences in
accuracy during non-word repetition (p = 0.03) (table 5), with D3 subjects
performing worse relative to D1 subjects. The behavioural analysis also found a
tendency for a possible difference between the subgroups in word spelling (p =
0.06) and lexical decision nonword tasks, however the difference did not reach
significance.

In order to assess whether the non-significant results could have been driven
by outliers in the subgroups, we plotted the distribution for each group on
different tasks. A few outliers were revealed when plotting the distribution, but
results did not change when these were omitted from the analysis. It is of
importance also to mention that, although the Mann-Whitney U test highlighted a
significant difference between D1 and D3 only in non-word repetition tasks,
performance means (see table 5) show that subjects in the D3 subgroup tended to
perform overall worse on most tests, except on arithmetic.

In conclusion, few statistically significant differences were highlighted
following a non-parametric behavioural analysis using Mann-Whitney U tests to
compare D1 and D3 on every psychometric test administered to the subjects.
The analysis showed significantly worse performance on the part of subjects in
the D3 subgroup during non-word repetition tests tapping into auditory short term
memory skills. D3 subjects also showed a tendency, not reaching significance
however, for lower performance in word spelling and lexical non-word decision

tasks.

34L

—



Neural & Behavioural Differences Among Subgroups of Dyslexics  Benedetta Monzani
e e o T R e e = E e

CONTROLS D1 D3 D1vs. D3
# SUBJECTS 34 16 16
AGE 20.8 20.1 20.2 ns (p =0.76)
GENDER 1.4 1.5 1.4 ns (p=0.48)
PIQ 112 109 109 ns (p=0.81)

TABLE 3. Description of the number of subjects in each group (controls, D1, and D3) and means
calculated for age, gender and performance 1Q for control subjects, dyslexics belonging to the
subgroup D1 and those belonging to D3. There were no statistically significant difference between
dyslexics and controls and between subgroups of dyslexics in terms of age, gender and performance
IQ. ns= non-significant difference between D1 and D3, with p values written within parenthesis.

TESTS CONTROL D1 D3 D1 versus D3
Accuracy 36 (4) 33(4) | 32(5) ns (p=0.9)
Word Reading
(WRAT)
RT 1.4s 1.8s 1.9s ns (p=0.67)
Accuracy 19 (2) 17(3) 17 (2) ns (p=0.89)
Nonword Reading
RT 1.5s 2.2s 2.3s ns (p=0.67)
Boston naming Accuracy | 28 (2) 26(1) | 26(3) ns (p=0.96)
Accuracy 50 (1) 50 (1) 50 (1) ns (p=0.63)
Rapid picture naming
(PHAB)
RT 31s 37s 365 ns (p=0.48)
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Accuracy 50 (0) 50 (0) 50 (1) ns (p=0.63)
Rapid digit naming
(PHAB)
RT 18s 22s 24s ns (p=0.50)
Accuracy 10 (2) 8(2) 8 (3) ns (p=0.64)
Spoonerisms
RT 6s 10s 11s ns (p=0.70)
Accuracy | 36 (1) 33(5) | 35(1) ns (p=0.58)
PALPA (non-words)
RT 0.63s 1.8s 0.64s ns (p=0.17)
Accuracy 35(1) 33 (4) 34 (1) ns (p=0.28)
PALPA (words)
RT 0.74s 1.5s 0.71s ns (p=0.11)
Accuracy 31(4) 25(5) | 28(4) ns (p=0.17)
PALPA (rhyme)
RT 4.02s 3.73s 3.9s ns (p=0.56)
Accuracy 36 (3) 37 (3) 34 (4) | D3 Worse (p=0.03)
Non-word repetition
RT 2.4s 2.5s 2.7s ns (p=0.66)
Word Spelling Weak significance
Accurac 32 (4 26 (4 23:(5
(WRAT) ¥ (4) 4) 5} 1 B3 Worse (p=0.06)
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