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This thesis investigates the relationship between functional and structural hemispheric
asymmetries, by analysing brain anatomy, neurophysiology, neurocognitive and behavioural
quantitative laterality measures, in a dyslexia family-based study. The main hypothesis
developed and tested in the thesis is that atypical functional and structural hemispheric
asymmetries might be the extended endophenotype of a disruption of the NODAL signalling
pathway, at the level of the PCSK6 gene, becoming clinically visible during brain development
as neurocognitive disorders. In this context, the putative association of PCSK6 rs11855415
genetic variant with developmental dyslexia is used as genotype-phenotype association
model, according to which the PCSK6 rs11855415-related structural and functional
hemispheric asymmetries are studied as its extended endophenotype, and investigated via a
multimodal integrated neuroimaging approach. Within this multidimensional study, different
levels of data were acquired from each participant, including: DNA sampling for genotyping,
magnetic resonance imaging scans of the brain, magnetoencephalography assessment of
receptive language, neurocognitive and handedness testing. By deriving and integrating
quantitative measures of grey matter asymmetries, hemispheric language lateralisation and
handedness dominance in children with developmental dyslexia and their siblings or twins, this
thesis builds a prototypical model of the postulated extended endophenotype of functional and

structural hemispheric asymmetries related to PCSK6 rs11855415 genetic variant.
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To my other Half, Filippo,

to our perfect hemispheric asymmetries that make us One.

“La dissymeétrie, je la vois partout dans l'univers.

L’univers est dissymétrique.”

Louis Pasteur, 1883
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Chapter 1: Introduction

This doctoral research was part of the ChildBrain project, an Innovative Training Network
(ITN) and European Training Network (ETN) of the Marie Sktodowska-Curie Actions (MSCA),
funded by the Framework Programme for Research and Innovation ‘Horizon 2020’ of the
European Commission (H2020-EU.1.3.1.; grant agreement ID 641652), to support excellence
and worldwide mobility in research (ChildBrain project websites: http://childbrain.eu/;
https://cordis.europa.eu/project/id/641652).

The purpose of the ChildBrain ITN was to train 15 Early Stage Researchers (ESRs) in the
field of neurosciences, with the aim of developing innovative brain imaging-based tools to
improve diagnosis and treatment of developmental neurocognitive disorders. To accomplish
such goal, a cross-disciplinary and trans-sectorial European training network of experts from
academia (University of Jyvaskyld, University of Leuven, Aston University, University of
Munster, Radboud University) and industry (lcoMetrix NV, BESA GmbH, MEGIN Oy) was
established for hosting and training the ESRs. Each ESR was assigned to one of the following
work packages (WPs): 1) the ‘Childhood neurodevelopmental disorders WP’, to research on
the neural underpinnings of dyslexia, attention deficit hyperactivity disorder, epilepsy and
hearing loss; 2) the ‘Brain development WP’, to look at the neural correlates of typical brain
development; 3) the ‘Brain research methods WP’, to develop new multimodal data analysis
and child-adjusted methodologies.

In quality of ESR number 4 of the ChildBrain project, my research fell within the scope of
the first WP, with focus on multimodal neuroimaging clinical applications in neurocognitive
disorders in collaboration with the ITN and partner institutions. The core topic of my
investigations was the cerebral lateralisation in atypical neurodevelopment, in particular the
structural and functional hemispheric asymmetries potentially related to a genetic variant of
PCSK®6, that was found to be associated with greater right-hand skills in developmental
dyslexia (Scerri et al., 2011; Brandler et al., 2013; Brandler and Paracchini, 2014).

Asymmetries between the two halves of the body as well as between the two hemispheres
of the brain are a core principle and a fundamental organisational property of all vertebrates
(Ocklenburg et al., 2013; Strockens et al., 2013; Guntlurkin and Ocklenburg, 2017). Despite
the importance of the asymmetric nature of the human brain, its neurobiological meaning has
not been fully understood yet, in particular with regard to the ontological relationships ‘body-
brain asymmetries’ and ‘functional-structural hemispheric asymmetries’.

This introduction will, firstly, present the most recent insights from the literature (Brandler
et al., 2013; Brandler and Paracchini, 2014; Schmitz et al., 2017, 2019) on the potential shared
ontogenesis between structural and functional hemispheric asymmetries, and between brain

and visceral asymmetries via the NODAL signalling pathway, in order to provide the conceptual



background for the hypothesis of the thesis. Against such backdrop, it will be then introduced
the research question, regarding the PCSK6 gene’s putative role in the embryological
neurodevelopment of atypical functional and structural brain asymmetries; and, ultimately, it
will be outlined how we are going to explore this hypothesis, by analysing the extended

endophenotype of a genotype-phenotype model applied to developmental dyslexia.

1.1 The Embryology of Brain Asymmetries

1.1.1 Structural Asymmetries

The very first asymmetry is detected in humans at the end of 5 gestational weeks, with the
heart starting to loop towards the left side (Steding, 2009). This is followed by a rostrocaudal
embryonic twist, that initiates asymmetries at the level of other organs (Kathiriya and
Srivastava, 2000), such as the liver (Hutchins and Moore, 1988), the stomach and the lungs,
respectively at 6, 7 and 8 gestational weeks (Steding, 2009), for a complete establishment of

visceral asymmetries at the end of the embryonic period.

In a similar way to the visceral organs that develop from an initial condition of symmetry,
the brain differentiates from the neural tube, an unpaired structure starting to grow ventrally
into prosencephalon, mesencephalon and rhombencephalon at 6 gestational weeks, and
forming the cerebral hemispheres approximately 2 weeks later (Chi et al., 1977a; Steding,
2009). The first cerebral structure to appear asymmetrical is the choroid plexus (enlarged on
the left), at the beginning of the foetal period (Abu-Rustum et al., 2013), in line with the ‘left-
faster-than-right' maturation rates of the diencephalon, temporal lobe, basal ganglia and
choroid plexus at 9-16 gestational weeks (De Kovel et al., 2018). This early hemispheric
asymmetry was suggested to potentially be at the origin of a leftward shift in the balance of
neurophysiology of peptides, cytokines and growth factors synthesised by cerebrospinal fluid
(Corballis, 2013). This shift of chemical activity towards the left might also contribute to
progressively determine the typical leftward asymmetry of the brain (Hering-Hanit et al.,
2001; Kivilevitch et al., 2010; Andescavage etal.,, 2017), in particular at the level of the
occipital (Weinberger et al., 1982) and temporal lobes, with the planum temporale becoming

importantly asymmetrical at the 31st gestational week (Chi et al., 1977b; Kasprian et al., 2011).

1.1.2 Functional Asymmetries

Within the same epoch in which structural hemispheric asymmetry emerges, signs of motor
asymmetry have been detected by a number of ultrasound studies. Three foetuses out of four
show a strong preference of right arm movements from the 10th gestational week (Hepper
et al., 1998; McCartney and Hepper, 1999), as well as a strong preference for head-turning
toward the right side that persists after birth (Hepper et al., 1990, 1991; Dunsirn et al., 2016).



The preferred head turning direction has been shown to predict hand use in reaching tasks in
infancy (Coryell and Michel, 1978; Michel, 1981; Konishi et al., 1986), and it correlates with
handedness laterality quotient (Ocklenburg and Guntlrkin, 2009) and handedness in
childhood (Hepper etal.,, 1990, 1991, 1998, 2005). Kinematic analyses of foetal arm
movements also confirmed the consistency of prenatal hand preference until school age
(Parma et al., 2017).

Perceptional asymmetries, such as the right ear advantage for dichotically presented
syllables (Entus, 1980; Bertoncini et al., 1989), can be detected already in newborns and
infants, suggesting an early lateralisation of receptive language processing. A more sustained
left posterior temporal and left frontal activations have been observed in preterm infants at 28-
30 gestational weeks, tested with linguistic discrimination tasks (Mahmoudzadeh et al., 2013),
and in the first postnatal week in response to language stimuli (Pena et al., 2003; Gervain
et al., 2008). Differently, productive language lateralisation (e.g. coordination of the speech
articulators) develops later with language acquisition, throughout infancy and childhood
(Minagawa-Kawai et al., 2011; Bishop, 2013; Haag et al., 2010).

1.1.3 Asymmetrical Gene Expression

Investigating gene expression differences between the left and right frontal and temporal
cortices, a consistent asymmetrical expression of LMO4 was observed in the foetal perisylvian
cortex (Sun et al., 2005). Similarly, functional gene groups involved in the nervous signal
transmission (Karlebach and Francks, 2015) and in brain asymmetry foetal development, such
as AR, LEFTY1 and PCSK6, were also found lateralised at the early foetal stage (Muntané
etal., 2017). Interestingly, in line with the foetal preference of right arm movements,
pronounced foetal gene expression asymmetries were seen in the spinal cord (Ocklenburg et
al., 2017), suggesting that asymmetrical gene expression at this level might contribute to

induce the early motor asymmetries observed after the 10" gestational week.

1.2 A Possible Shared Ontogenesis with Visceral Asymmetries

Previous genetic models postulated the existence of one single gene encoding for the two
major functional hemispheric asymmetries of handedness and language (Annett,
1964; McManus, 1985). Nowadays, the sequencing of the human genome is revealing a far
more complex scenario behind the causative mechanisms of functional hemispheric
asymmetries, but there is new room to reconsider the Annett's theory of a common
embryological development between handedness and language lateralisation, within the
context of a potential shared ontogenesis between brain and visceral asymmetries, via the
NODAL signalling pathway (Brandler et al., 2013; Brandler and Paracchini, 2014; Schmitz

et al., 2017, 2019). Such mechanisms would take place at the level of primary cilia, that are



hair-like structures, 3-15 um long, projecting from the eukaryotic cell surface and particularly
represented in the brain, with multiple functions in the development and functioning of the

central nervous system (Trulioff et al., 2017).

1.2.1 The NODAL Signalling Pathway

Structural visceral asymmetries in vertebrate embryos are preceded by a cascade of
molecular events, that lead to the development of specific and typical asymmetries along the
left-right axis, thus breaking the antecedent symmetric condition. In this process, the NODAL
signalling pathway plays a key role at the level of the primitive pit, called node, that is transiently
present at the midline during gastrulation. The node contains two types of primary cilia:
posteriorly angled clockwise rotating cilia, that create a leftward flow, and mechanosensory
immotile cilia at the edge of the node, detecting the asymmetric nodal flow (Tabin and Vogan,
2003; Babu and Roy, 2013), that is then transduced to an increase of intracellular calcium ions
on the left side (Figure 1.1a). This mechanism is able to trigger leftward asymmetrical
expression within the node of genes like LEFTY2, PITX2 and NODAL (Takao et al., 2013).
NODAL gene encodes for the homonymous intercellular signalling protein, NODAL, of the
transforming growth factor beta (TGF-beta) family (Zhou et al., 1993), that is cleaved into its
active form by the PCSK6 endoprotease (Figure 1.1b). To specify whether a cell is meant to
develop or not on the left side of the embryo, the left-sided expression of NODAL is then
transmitted from the node anteriorly to the lateral plate mesoderm (LPM), by another TGF-beta
protein called growth/differentiation factor 1 (GDF1) (Rankin et al., 2000). The activation of the
NODAL signalling pathway in the left LPM is only possible with the simultaneous asymmetric
expression of NODAL, LEFTY2, and PITX2 genes, since LEFTY2encodes for a protein
inhibiting the NODAL pathway in the right LPM (Meno et al., 2001; Sakuma et al., 2002), while
PITX2 encodes for a transcription factor that is asymmetrically expressed from the 5"

gestational week (Piedra et al., 1998).
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Figure 1.1: Establishment of left/right (LR) asymmetry during development: a) cross-section of the
developing embryo during gastrulation; b) zoomed in representation of NODAL signalling at the
surface of a cell on the left side of the node. Figure and caption from Brandler and Paracchini 2014.



The first insights on the possible NODAL involvement not only in visceral but also in brain
asymmetries came from the knock-out of Pcsk6 gene in mice, leading to left/right phenotypes
(Constam and Robertson, 2000; Barth et al., 2005), such as heterotaxia (or situs inversus,
consisting in the reversal of visceral asymmetries), and midline disorders, like agenesis of the
corpus callosum, where PCSKG6 is highly expressed in the human brain (Johnson et al., 2003).
Along the same lines, findings from studies using frequent situs inversus (fsi) line of zebrafish
(Concha et al., 2000) as well as human neurcimaging (Berretz et al., 2019) have supported
the hypothesis that hemispheric asymmetries might be influenced by the same genes
underlying visceral asymmetries (Concha et al., 2000). Zebrafish of the mutant line fsi showed
concordance of visceral-brain asymmetry, including alteration of some functional lateralisation
(Barth et al., 2005); furthermore, the condition of situs inversus was found in association with
atypical right-hemispheric language dominance at the magnetoencephalography, and with a

reversed brain petalia asymmetry at the magnetic resonance imaging (lhara et al., 2010).

Interestingly, grey matter asymmetries in both temporal and frontal lobes have been
recently shown to be associated with the same intronic 33bp variable-number tandem repeat
(VNTR) polymorphism in PCSK6 (rs10523972) (Berretz et al., 2019) that was previously found
to be associated with degree of handedness, in a cohort of 1113 healthy adults (Arning et al.,
2013). These results provided further support to the putative role of PCSK6 in the biological
mechanisms underlying the establishment of brain lateralisation and thus handedness (Arning
et al., 2013), also supporting the assumption that degree of handedness, instead of direction,
might be a more appropriate indicator of hemispheric dominance. Further insights on the
possible role of PCSK6 in brain asymmetries, with reference to both handedness and
language, came from a genome-wide association study for a quantitative measure of relative
hand skill (Scerri etal., 2011), that revealed a significant association of the PCSK6 rs11855415
variant with increased relative right-hand skills in dyslexic individuals. This finding was later
replicated by Brandler et al. (2013) in three independent dyslexia cohorts, with the most
strongly associated PSCK6 variant being rs7182874; in the same study, no association was

found in a sample from the general population.

1.3 Ciliopathies, Asymmetries and Dyslexia

Ciliogenesis is of particular importance for the neurodevelopment, as primary cilia are a
core actor in cortical morphogenesis (Marshall and Nonaka, 2006). More than 1000 ciliary
proteins are involved in cilium assembly and functioning (Davis and Katsanis, 2012), and
mutations in their genes can lead to a broad spectrum of genetic syndromes, known as
ciliopathies. Such disorders display a wide array of clinical phenotypes, where situs inversus,
abnormal corpus callosum and neurocognitive impairment are common features. Primary

ciliary dyskinesia, hydrocephalus, Joubert syndrome, Meckel-Gruber syndrome, acrocallosal



syndrome are just few examples within the broad clinical spectrum of ciliopathies. Because of
its highly heritable nature and the implication of its candidate genes in ciliogenesis, also
developmental dyslexia has been proposed as disorder to be included under the umbrella of
‘ciliopathies’, at the mild end of the spectrum (Kere, 2014). In line with this, defects at the level
of primary cilia have been recently hypothesised to comprise the missing link between atypical
left/right asymmetry and impaired neurodevelopment in neurocognitve disorders, such as
dyslexia, autism and schizophrenia, where abnormal functional and structural brain

asymmetries are often displayed (Trulioff et al., 2017).

1.3.1 Dyslexia as Neurological Model for Asymmetries

Reading disability, known as developmental dyslexia, is a neurodevelopmental specific
learning disorder, exhibited in 5 - 15% of school-age children (Habib and Giraud, 2013;
Schulte-Kdrne, 2014). This is characterised by a specific difficulty in achieving reading fluency,
resulting from underlying impairments in word decoding and recognition and/or spelling and
reading comprehension (Lyon, 2003; Fletcher et al., 2007; International Dyslexia Association,

2002; American Psychiatric Association, 2013).

Developmental dyslexia is known to be neurobiological in origin and highly heritable (40—
84%) (Astrom et al., 2007; DeFries et al., 1987; Eicher and Gruen, 2013). Linkage studies
(Démonet et al., 2004; Fisher and DeFries, 2002; McGrath et al., 2006) have so far found nine
loci (DYX1-DYX9) and six candidate genes in association with dyslexia: DCDC2 and
KIAA0319 within the DYX2 locus on chromosome 6p21; DYX71C1 on chromosome 15g21
within DYX1 locus; C20RF3 and MRPL19 in the DYX3 locus on chromosome 2p16-p15; and
ROBO1 on chromosome 3p12-q12 within the DYX5 locus (Carrion-Castillo et al., 2013; Cope
et al., 2005; Eicher et al., 2014; Massinen et al., 2009; Meng et al., 2005; Schumacher et al.,
2006; Taipale et al., 2003). Three out of nine dyslexia candidate genes, DYX71C1, DCDC2 and
KIAA0319, have been found implicated in ciliary growth in the developing neocortex
(Chandrasekar et al., 2013; Massinen et al., 2011; Brandler and Paracchini, 2014). In line with
this, the emerging evidence from genome-wide association studies (GWASs) (Scerri et al.,
2011; Brandler et al., 2013; Brandler and Paracchini, 2014) that the genetic variant rs11855415
of PCSKG is highly associated with increased relative right-hand skills in dyslexia, on the one
hand, supports the hypothesis that dyslexia might be a mild ciliopathy (Kere, 2014), and, on
the other hand, offers a putative genetic substrate to the primary ciliary mechanisms possibly

involved in abnormal neurodevelopment and atypical left/right asymmetry (Trulioff et al., 2017).

The causative role of atypical asymmetries in dyslexia had been largely debated over the
last century, with Orton (1925) being the first to claim a poorly lateralised brain as a possible
cause for reading disability; a hypothesis on which Annett (1985) later built up her genetic

theory of a postulated ‘right shift’ factor underlying atypical language and handedness



lateralisation in dyslexia. Because of the lack of appropriate noninvasive technique to assess
language dominance, in alternative to the presurgical procedure of Wada test (requiring the
injection of anaesthetic into one carotid artery, to cause the transient inactivation of the
corresponding hemisphere) (Abou-Khalil, 2007), most studies at that time used handedness
like a proxy measure for language (Bishop, 2013), and showed that dyslexic children were
more likely to be non-right-handed compared to controls (Eglinton and Annett, 1994).
Nevertheless, handedness is an indirect indicator of hemispheric dominance, and the actual
relationship with language laterality is significant but not precise, with 96% of right-handers
versus 73% of left-handers showing left hemisphere language dominance (Rasmussen and
Milner, 1975; Knecht et al., 2000). The first reliable evidence of a weaker language
lateralisation in children and adults with developmental dyslexia in comparison to typically
developing individuals, was established at a later date, based on functional neuroimaging
techniques, like functional transcranial Doppler ultrasound (Knecht et al., 1998; Illingworth and
Bishop, 2009), functional magnetic resonance imaging (Badcock et al., 2012; Park et al., 2012;
Sun et al., 2010), and magnetoencephalography (Papanicolaou et al., 2003; Simos et al.,
2000; Breier et al., 2003; Sarkari et al., 2002).

As far as dyslexia-associated structural hemispheric asymmetries are concerned, evidence
of atypical lateralisation (rightward asymmetry or symmetry) has been mainly shown at the
level of language-related regions, in the temporal (planum temporale and superior temporal
gyrus), frontal (prefrontal regions) and parietal (planum parietale and angular gyrus) lobes, by
a plethora of magnetic resonance imaging studies over the last 40 years (Hier et al., 1978;
Galaburda and Kemper, 1979; Galaburda, 1989; Galaburda et al., 1985, 1990; Haslam et al.,
1981; Rumsey et al., 1986, 1997; Larsen et al., 1990; Hynd et al., 1990; Duara et al., 1991,
Kushch et al., 1993; Dalby et al., 1998; Leonard et al., 1993; Schultz et al., 1994; Jernigan et
al., 1991; Plante et al., 1991; Gauger et al., 1997; Beaton, 1997; Shapleske et al., 1999; Eckert
and Leonard, 2000; Habib, 2000; Chiarello et al., 2006; Leonard and Eckert, 2008).

The evidence that dyslexia is associated with both atypical structural and functional
hemispheric asymmetries, and with genes implicated in both ciliogenesis and left/right
asymmetries, makes it a good neurological model to study in vivo the still unclear links
between: 1) handedness and language; 2) functional and structural brain asymmetries; 3)
atypical hemispheric asymmetries and neurodevelopmental disorders; 4) NODAL signalling
pathway and hemispheric asymmetries; 5) primary cilia and neurodevelopmental disorders.
Each of these links can be either seen as an independent, compartimentalised and stand-
alone relationship, similarly to what has been done over the last century, or differently, it can
be looked at with a holistic eye, and considered as a small part of a big puzzle, impossible to
see without putting together all the single pieces and looking at them as a whole. The latter is

the kind of approach through which this thesis dives into the big puzzle of hemispheric



asymmetries, from genes to brains to minds, by using developmental dyslexia and PCSK6 as,
respectively, putative neurological and genetic terms of a genotype-phenotype model, of which

we want to investigate the endophenotype.

1.4 Hypothesis and Study Design

The main hypothesis of the thesis is that atypical structural and functional hemispheric
asymmetries might be the extended endophenotype of a disrupted NODAL signalling pathway,
that might become clinically visible as developmental neurocognitive disorders. To test this,
the putative association of the PCSK6 rs11855415 genetic variant with developmental dyslexia
will be used as genotype - clinical phenotype association model, while the related structural
and functional hemispheric asymmetries will be studied as its postulated extended

endophenotype, and investigated via a multimodal integrated neuroimaging approach.

1.4.1 Hemispheric Asymmetries as Extended Endophenotype

The concept of endophenotype (term derived from the ancient Greek endo- that means
“‘internal”’, and therefore invisible) was first used in insect biology, as opposite to the concept
of exophenotype (term derived from the ancient Greek exo- that means “external”’, and
therefore visible) (John and Lewis, 1966). Over time, the terminology has been better defined
according to stringent and precise criteria, to help the identification of endophenotypes, in
particular in the field of neuropsychiatry (Glahn et al., 2014). Definition criteria of an
endophenotype are: (1) heritability; (2) association with the disorder in the relevant population;
(3) state-independence (presence in an individual regardless the presence of the disorder); (4)
co-segregation with the disorder within the family; (5) presence in non-affected family members
at a higher rate than in the general population; 6) reproducibility of measurement (Gershon
and Goldin, 1986; Gottesman and Gould, 2003; Leboyer et al., 1998; Lenox et al., 2002).
Therefore, the use of the term has been clearly confined to the concept of a measurable trait
unobservable by the unaided eye, positioned along the pathway that runs between the
genotype and phenotype level, closer to the underlying genetic mechanisms than the clinical
phenotype, with a presumed effect size of genetic variations larger than on clinical phenotype
(Gottesman and Gould, 2003; Prasad and Keshavan, 2008). Critically, co-segregation and
heritability criteria distinguish an endophenotype from the more general definitions of
biomarker or intermediate phenotype, which are, respectively, any biological associated
measure, and a mild, incomplete expression of parent phenotypes (Lenzenweger, 2013; Glahn
et al., 2014; Gould and Gottesman, 2006), despite some authors used the term intermediate

phenotype as synonymous to endophenotype (Meyer-Lindenberg and Weinberger, 2006).

The combination of functionally related endophenotypes into a network-dimension, where

the included traits are linked to each other by established or putative functional mechanisms,



has been proposed by Prasad and Keshavan (2008), and introduced with the concept of
“‘extended endophenotype”. Definition criteria of an extended endophenotype are: (1) each trait
of the extended endophenotype should meet the criteria of the endophenotype; (2) the
extended endophenotype should involve different levels of investigation and analysis (e.g.
structural and physiological, cognitive and physiological, neurochemical and physiological); (3)
the included endophenotypes should co-occur within the families of affected individuals, and
should be correlated within the same individual; (4) the included endophenotypes should be
mechanistically related (e.g. deficit of declarative memory, abnormal hippocampal functioning,
gamma band oscillatory changes, abnormal prefrontal BOLD response) (Prasad and
Keshavan, 2008).

In line with what suggested by Prasad and Keshavan (2008), the combined study of
functional and structural hemispheric asymmetries as extended endophenotype may help
towards: 1) the delineation of the pathway from NODAL to clinical phenotype; 2) the delineation
of subpathways connecting structural asymmetries to functional laterality, as well as language
to handedness; 2) the deconstruction of the diagnostic phenotype of dyslexia into biologically
more meaningful phenotypes and endophenotypes; 3) the development of more rational and
targeted interventions; 4) the identification of potential “branch points” for other related

neurodevelopmental disorders.

This thesis will analyse the extended endophenotype of neuroimaging-derived functional
and structural hemispheric asymmetries (Figure 1.2), by examining co-segregation between
brain anatomy and neurophysiology quantitative measures. The empirical chapters will
investigate two of the three putative PCSK6-related endophenotypes: Chapter 3 will focus on
structural asymmetries of cortical and subcortical grey matter, through two magnetic
resonance imaging (MRI) studies; Chapter 4 will look at receptive language lateralisation,
through two studies using magnetoencephalography (MEG); across both experimental
chapters, PCSK6 genotype and dyslexia affection status will be used as independent
variables, whose asymmetry effect on language lateralisation and grey matter asymmetries

will be tested (e.g PCSK®6) or controlled for (e.g. affection status).

1.4.2 A Multimodal Neuroimaging Approach

An integrated multimodal neuroimaging approach has been applied to characterise the
postulated extended endophenotype, by using a range of research tools, from behavioural and

neuropsychological batteries, to MRl and MEG.

Different dimensions of data have been acquired from each participant, according to a
multilevel data acquisition. This started with DNA sampling for genotyping, along with the
administration of neuropsychologal batteries, to define neurocognitive and handedness

profiles; these tests were then followed by MRI scans of brain anatomy and connectivity, and



at last by MEG recording of resting state and receptive language paradigms, for a total of 6

dimensions of data, and 6 levels of acquisition (as shown in Figure 1.3).

Such multidimensional strategy entailed that subjects tested in a certain level of the
acquisition pipeline had also been tested in the previous levels, but not necessarily would have
been tested in the following ones. Due to the multi-stage, prospective and potentially narrowing
data collection, sample size decreased by progressing of levels, until the last level of

acquisition including only those subjects who completed each level of the study.
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Figure 1.2: DIimensions of the PCSK6 rs11855415-related extended endophenotype:
Endophenotype 1 is represented by brain structural asymmetries (studied in Chapters 3 and 5),
Endophenotype 2 by language lateralisation (studied in Chapters 4 and 5), and Endophenotype 3
by handedness dominance (studied as secondary focus across Chapters 3, 4 and 5).
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Figure 1.3: Structure of the multidimensional-multilevel-multimodal data acquisition, where each
dimension of data is acquired in progressive levels, by using different modalities: from DNA sampling
to neuropsychology and behavioural tests, magnetic resonance imaging (MRI) and
magnetoencephalography (MEG). *Dimensions on which the empirical chapters focus.




The endophenotype criteria of Gottesman and Gould (2003) will be tested using a family-
based study design (Glahn and Blangero, 2011), through which the hypotheses of pleiotropy,
heritability, association with the disorder, co-segregation within families, and the presence of
common genetic factors between candidate endophenotypes and phenotype can be confirmed
at once, or inferred using genetic correlations (Glahn et al., 2014). However, the criterion of
state-independence (Gottesman and Gould, 2003) cannot explicitly be tested with this kind of
studies, since it would require repeated measurements, but it can be assumed if the trait is

present in unaffected family members (Glahn et al., 2014).

The postulated extended endophenotype of quantitative structural (MRI-derived) and
functional (MEG-derived) hemispheric asymmetries will be studied in a PCSK6-genotyped
paediatric population, through a dyslexia case-sibling association study, including twins when
present. According to this study design, each dyslexic child is associated to one or more
unaffected siblings or twins: eligible cases were considered children who underwent a
complete dyslexia assessment and received a positive diagnosis at our Developmental
Dyslexia Assessment Unit (DDAU), as well as those siblings whose diagnostic condition of
dyslexia was already noted; eligible controls were considered the unaffected siblings/twins who
reached the age of diagnosis without showing signs of reading disability, as well as children
who underwent the DDAU assessment resulting not to be affected by a specific learning
disability.

To investigate the hypothesised PCSK6-related asymmetry effects, this case-sibling
population was then grouped by PCSK6 genotype into carriers vs non-carriers, and matched
by dyslexia affection status, to ensure the state-independence of significant PCSK6-related
asymmetries. To control for asymmetry confounding factors, participants were also matched
by age and gender, since structural and functional cerebral lateralisation processes continue
after birth throughout the lifespan and are also modulated by gender (Zhong et al., 2017). For
example, a putative disproportional age representation towards adolescence, or a male over-
representation in the group of carriers, may potentially lead to a significantly high level of
asymmetries, likely to be misinterpreted as related to PCSK6, should age and gender be not

adequately controlled as asymmetry confounders.

The choice of a family-based study to investigate endophenotypes helps, on the one hand,
to address the population stratification bias, thus avoiding possible spurious associations that
may be detected with cases and controls coming from different source populations with varying
allele frequencies (Cardon and Palmer, 2003); and, on the other hand, it increases the chance
of including individuals who carry the genetic variant of interest. However, the advantage of
this study design can result in subjects being potentially overmatched on many variables, with

a potential loss of power up to 50% than if using unrelated individuals (Witte et al., 1999).



This issue has been partially circumvented by the fact that our study follows up on genome-
wide association studies’ findings, according to which the PCSK6 rs11855415 genetic variant
was found to be highly associated with increased relative right-hand skills in dyslexic
individuals (Scerri et al., 2011; Brandler et al., 2013), with average effect size of the minor

allele being 0.35 standard deviations (Scerri et al., 2011).

Furthermore, the choice of sampling individuals from a dyslexia case-sibling population
improves the study’s power of identifying meaningful genotype-endophenotype correlations, if
compared either to a population-based design or to a family-based study preceding a GWAS.
The strategy of using previous GWAS’ findings as hypothesis to be tested via a family-based
study increases the power of the observed biological endophenotype effects, and also helps

to sidestep phenotype integrity (Pal and Strug, 2014; Alhusaini et al., 2016).



Chapter 2: General Materials and Methods

2.1 Ethics Statement

Written informed consent was given by the parents/caregivers and by every child
participating in one or more parts of the ChildBrain multimodal study. The consent was
obtained according to the Declaration of Helsinki and it was approved by the Aston University
Ethics Committee (ethics n. 372, n. 408, n. 488, n.1220).

2.2 Participants and Data Acquisition

The Dyslexia and Development Assessment Unit (DDAU) of the Aston Brain Centre (ABC)
assesses for dyslexia approximately 60 children per annum and maintains a database of
families that are in principle interested in participating in the ABC neurodevelopmental
research studies.

For the ChildBrain multimodal study, a total of 221 children, between 6 and 17 years of age
(mean age of 12.6 years) have been recruited between May 2013 and November 2018.

Following the psychological assessment at the DDAU of the child who was affected or likely
to be affected by dyslexia, probands as well as his/her siblings/twins were invited to participate
in the genetic-cognitive subset of our research study, that took place on the same day of the
assessment, when possible.

A follow-up was then conducted with families via email, in order to: 1) provide all the relevant
information concerning neuroimaging research investigations; 2) establish willingness to
participate into one or more parts of our three-fold study, including genetics,
magnetoencephalography and magnetic resonance imaging investigations; 3) book an
appointment at the ABC to complete the study with probands and, when available, their
siblings/twins. Further informed consents, specific for neuroimaging investigations, were
signed by participants and their carers in person on the second meeting day.

During each part of the multimodal study, participants were allowed to have breaks at any
time, and, at the end of their tasks, they received a personal award certificate for having done
science at the ABC and contributing to advance brain research.

They were also debriefed with contact information, in case they wished to enquire further
about the developments of ChildBrain project at any stage; this included information about the
Marie Curie ITN project and its specific websites, through which outputs and findings of the
study are disseminated as they become available.

Each participant was paid with £10 Amazon voucher for each part of the multimodal study
(minimum £10, maximum £30), as reimbursement of their time and efforts; travel costs for the

family were paid at standard University rates. In addition to the Amazon vouchers, each



participant received via email screen-shots of the 3 orthogonal projections (axial, sagittal,
coronal views) for each of the MRI sequences performed at the Aston MRI Unit, so for the T1-
weighted imaging (T1) and, when available, the diffusion tensor imaging (DTI).

Cognitive, behavioural, genetic and neuroimaging data were acquired as described in the

following sections.

2.2.1 Psychological Assessment

According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) of the
American Psychiatric Association (APA, 2013), four criteria need to be met to make diagnosis
of specific learning disorder: a) persistency of the symptoms for at least 6 months, despite
specific intervention; b) academic skills that are substantially below what is expected for the
child’s age, with negative effect on school achievement; c) school-age onset of the difficulties,
even if the disorder could fully manifest later; d) learing difficulties unrelated to other
conditions, such as intellectual disability, sensory problems, neurological pathologies,
economic/environmental  disadvantage, lack of instruction, or difficulties in
speaking/understanding the language. Furthermore, the severity of the learning disorder (mild,
moderate, high severity) is expressed based on the level of support needed by the patient to
fulfil the required tasks at school/ home/ workplace (mild/ moderate/ high level of support)
(Petretto and Masala, 2017).

Differently from the DSM-5 approach, previous international diagnostic guidelines from both
the DSM-4 (APA, 1994) and the 10™ revision of the International Statistical Classification of
Diseases and Related Health Problems (World Health Organization, 1992) agreed on
considering the “principle of discrepancy” as the core diagnostic criterion for dyslexia, with
regard to the discrepancy between the level of general cognitive ability and the specific learning
abilities, as well as between the level of achievement in specific academic skills and the level
of schooling (Petretto and Masala, 2017). The main consequence of eliminating the
discrepancy criterion between general cognitive and specific learning abilities is indeed the
high heterogeneity of intellectual abilities displayed by dyslexic individuals, ranging from high,
average to below average (excluding only intellectual disability). Therefore, although the
psychometric assessment of intelligence is not central to make diagnosis anymore, an
accurate neuropsychological and psychometric evaluation is still crucial for a deeper
understanding of the heterogeneity of the functional profiles of dyslexic patients, in order to

support their potentials and define interventions (Petretto and Masala, 2017).

At the Aston Brain Centre’s DDAU, children with specific learning disorders underwent a
careful phenotypic assessment conducted by the Educational Psychologist (EP), using a
standard battery of reading-related psychometric tests: British Ability Scales (BAS), Wechsler
Intelligence Scales for Children (WISC), Wechsler Abbreviated Scale of Intelligence (WASI),



Wechsler Individual Achievement Test (WIAT), Wide Range Achievement Test (WRAT3) of
single word reading and spelling. The assessment took place in English, therefore the first

language of participants had to be English, as inclusion criterion.

On the same day, whether possible, those children who consented for being enrolled in the
ChildBrain multimodal study were also administered the Test of Word Reading Efficiency
(TOWRE), contextually with handedness tasks and saliva collection, as described in the next
paragraphs (2.2.2 and 2.2.3).

Furthermore, parents/ carers of each child enrolled in the ChildBrain study completed some
questionnaires: the Child Communication Checklist (CCC), to evaluate child expressive
language ability; the Child Behaviour Checklist (CBCL) and the ASEBA Brief Problem Monitor
(BPM)’s Internalizing, Externalizing, Attention Problems and Total Problems scales, to assess
comorbid attention-deficit hyperactivity disorder (ADHD) symptoms (Achenbach et al., 2011),

that are estimated to be present in one-third of people with learning disabilities (APA, 2013).

In addition, neuropsychological differences in hemispheric functioning were evaluated by
analysing verbal intelligence quotient (VIQ) and performance intelligence quotient (PIQ)
subtests. Subtracting the P1Q from VIQ, we derived the VIQ-PIQ discrepancy as measure of
hemispheric asymmetries. The expected population mean of both VIQ and PIQ is 100, hence

their expected discrepancy in a normal population is zero (Wechsler, 1981; Kaufman, 1990).

2.2.2 Handedness Assessment

Hand preference of each participant was assessed with the Annett Handedness
Questionnaire (Annett, 1970). From the Annett’'s 12-item questionnaire, we derived the so-
called Laterality Quotient (LQ), using the Oldfield’s formula (Oldfield, 1971):

LQ = [(Right-Left) / (Right+Left)] x 100

The LQ ranges from —-100 to +100, where positive values indicate right-handedness,
negative values left-handedness, higher absolute values indicate more consistent handedness
and lower absolute values more ambidexterity or inconsistent handedness.

In order to investigate different aspects of handedness, three further measures were
calculated based on each individual LQ, following the protocol of Arning et al. (2013): a)
handedness direction, grouping participants into right-handers (RH, with LQ between 1 and
100) and left-handers (LH, with LQ between -100 and 0); b) categories of handedness
consistency, classifying participants into six groups: consistent left-handers (LQ = -100),
inconsistent left-handers (LQ = -99 to -50), ambidexter with a tendency towards left-

handedness (LQ = -49 to 0), ambidexter with a tendency towards right-handedness (LQ = 1 to



49), inconsistent right-handers (LQ = 50 to 99) and consistent right-handers (LQ = 100); ¢) a
dichotomous measure of degree of handedness (handedness consistency), independent from
individual hand preference, grouping participants according to consistent (LQ either 100 or -

100) or inconsistent (all other LQs) handedness.

To also gain a quantitative measure of hand skill, the classic pegboard task was used. In
this simple motor task, participants had to move ten pegs from holes on the lower side of the
pegboard to its upper side. This was repeated three times with the left hand and three times
with the right hand, and the time needed to perform the task with each hand was recorded. As
quantitative measure of hand skill asymmetries, we calculated the so-called Peg Quotient

(PegQ), using the following formula:

PegQ = 2 x (Left-Right)/ (Left + Right)

In the PegQ formula, Left is the average time in seconds needed to perform the task with
the left hand, and Right is the average time in seconds needed to perform the task with the
right hand (Ocklenburg et al., 2016). A positive PegQ indicates a superior relative right-hand

skill, while negative PegQ indicates a better relative left-hand ability (Scerri et al., 2011).

2.2.3 DNA Collection and Genotyping

Saliva samples were collected from participants, by using the non-invasive Oragene Kkit.
This procedure simply required the child to 'spit' into a plastic container, which was anonymised
with a unique participant code, and sent for DNA extraction, storage and genotyping to Dr
Silvia Paracchini's laboratory, at the School of Medicine, University of St Andrews, United
Kingdom. Genotypes were generated on the lllumina OmniExpress SNP array (730,525
markers), that is a 24-sample BeadChip belonging to the Next-Gen genome-wide association
study (GWAS).

Following the manufacturer's protocol, samples were analysed using the Illumina
HumanOmniExpress BeadChip process and genome build GRCh37/hg19. All data collected
was evaluated using lllumina’s GenomeStudio v2011.1 software. It was followed the quality
control protocol set out by Anderson et al. (2010), excluding individuals with: discordant sex
information, a low genotyping success rate (£98%), duplicate identity or assigned to the wrong
individuals (identity by state IBS metric 20.1875).

After DNA analysis, participants were stratified by genotype in two groups: (1) the ‘non-
carriers’, being the subjects without the minor rs11855415 allele (T/T); and (2) the ‘carriers’,
being the subjects showing the minor rs11855415 allele, in either homozygosity (A/A) or
heterozygosity (A/T).



2.2.4 MRI Data Acquisition

This step required participants to have an MRI scan at the Aston MRI centre, which took
approximately 15 minutes. Before undertaking the scan, children were screened for any
contra-indicators, by using the Aston Brain Centre standard primary and secondary screening
forms.

The MRI brain scanning was performed with the 3 Tesla Trio Magnetom MRI scanner from
Siemens Medical Systems. During the examination, each child laid supine in the scanner,
keeping the eyes closed or, upon request, watching videos on a little mirror (provided by the
manufacturer) placed in front of the eyes and reflecting the images projected on an MRI-safe
screen located at the opposite end of the scanner, by a projector placed outside the MRI room.
Scanner noise was attenuated with earplugs, and headphones were used for audio and
communication. Head motion was limited with foam padding (provided by the manufacturer)
placed around the head; the necessity of head immobility was emphasized and encouraged
with each subject. MRI image datasets were acquired with a standard T1-weighted high-
resolution anatomic scan of magnetization-prepared rapid gradient echo (MPRAGE)
sequence: Repetition Time (TR)=1900ms, Echo Time (TE)=3.37ms, Inversion Time
(T1)=1100ms, Flip Angle=15°, Field of View (FoV)=256mm, Averages=1, matrix=256x256,
slice thickness of 1 mm. Structural MRI acquisition of each subject was conducted with the
same slice orientation, paralleled to the anterior commissure and commissural posterior line.
Before proceeding with saving the images acquired, we confirmed whether they were

uncontaminated with major head motion.

The MRI data were copied from the MRI scanner, and imported to a personal computer
running a Linux operating system. Proper MRI images input format for off-line MRI analyses
were obtained by using DCM2NII in MRIcron (Rorden et al., 2007), which converted DICOM
(Digital Imaging and COmmunications in Medicine) files to NIfTI (Neuroimaging Informatics
Technology Initiative) format. Images were then analysed by using FMRIB Software Library
(FSL v6.0, https://fsl.fmrib.ox.ac.uk), Childmetrix (Icometrix https://icometrix.com/), and
Statistical Parametric Mapping Software (SPM12, https://fil.ion.ucl.ac.uk/spm/) in the MATLAB
R2017a environment (The MathWorks® Inc., Natick, MA.), as detailed in Chapter 3
(Paragraphs 3.2.2 and 3.3.2).

2.2.5 MEG Data Acquisition

Magnetoencephalography (MEG) data were recorded at the Wellcome Trust Laboratory for
MEG studies at the ABC, in a magnetically shielded room, by using an Elekta Neuromag
TRIUX whole-head system (Helsinki, Finland), with 204 planar dc-SQUID gradiometers and
102 magnetometers, at sampling rate of 2000 Hz and band-pass filter of 0.1-660 Hz.

Participants seated comfortably inside the scanner in an upright position, with five coils placed



on the head, three on the forehead and one on each mastoid, for continuous head position
monitoring. The translation between the MEG coordinate system and the individual structural
MRI space was made by digitising three head position fiducials with a Polhemus Fastrack
device, at the nasion, left and right pre-auricular points. Polhemus was also used to define and
measure the individual surface head shape, and to localise the electromagnetic head coils with
respect to the surface. Visual and auditory stimuli were presented using Presentation®
software (Neurobehavioral Systems, Inc.) and projected (by a projector placed outside the
shielded room) on a translucent screen, positioned at a distance of 85 cm from the child,

subtending a 3-degree visual angle.

The high-resolution anatomical MRI scans acquired at the Aston MRI Unit were used for
co-registration with MEG data. MaxFilter software (Elekta Neuromag Oy, version 2.2.10) with
transformation to default head position and temporal extension of signal space separation
(tSSS) (Taulu and Hari, 2009) was used respectively to: decrease variance between-subjects,
due to the head positions inside the helmet being variable; and remove signal artefacts, due
to movements during the recording. MaxFiltered data were visually inspected to make a
comparison between default and original head position, and to identify “bad channels” to be
removed if present. MEG data were then analysed in the MATLAB R2017a environment (The
MathWorks® Inc., Natick, MA.), by using FieldTrip toolbox (Oostenveld et al., 2011;
http://fieldtriptoolbox.org/) and Statistical Parametric Mapping (SPM12)
(http://fil.ion.ucl.ac.uk/spm/), as described in Chapter 4 (Paragraphs 4.3.2, 4.3.3,4.4.2,4.4.3,
444,445,44.06).



Chapter 3: Magnetic Resonance Imaging Studies

3.1 Introduction

Quantitative neuroanatomical imaging-derived traits show moderate-to-high heritability in
affected and healthy populations (Peper et al., 2007; Glahn et al., 2007; Goldman et al.,
2008; Den Braber et al., 2013), and are often used in imaging genomics, as quantitative
endophenotypes for genome-wide mapping studies (Thompson et al., 2014; Alhusaini et al.
2016). In particular, neuroimaging measures fit particularly well in the concept of atypical
hemispheric asymmetries as extended endophenotype, being able to provide quantitative
information (e.g. volume, shape, cortical thickness and surface) about brain structures that are
believed by some authors to underpin functional hemispheric asymmetries (Ocklenburg et al.,
2016; Hervé et al., 2013; Amunts, 2010).

3.1.1 Brain Asymmetries and Quantitative MRI Traits

According to the Ocklenburg’s triadic model, there are three independent structural
determinants of functional asymmetries: the corpus callosum, white matter intrahemispheric
networks and grey matter asymmetries (Figure 3.1) (Ocklenburg et al., 2016). This paradigm
assumes that stronger grey matter asymmetries lead to stronger functional asymmetries,
where increase of grey matter would correlate to the increase of the function, and viceversa a

decreased grey matter would yield a reduction of functional efficacy (Ocklenburg et al., 2016).

° Left  Right

C
Intrahemispheric asymmetries

Figure 3.1: The Ocklenburg’s triadic model. The structural determinants of functional asymmetries
according to this model are: structural grey matter asymmetries (SGMA) (bottom right), corpus
callosum (top) and asymmetries of infrahemispheric white matter pathways (bottom left). Figure
and caption from Ocklenburg et al. 2016.



The most prominent of the human grey matter asymmetries is within the planum temporale,
a leftward asymmetric intrasylvian region in the superior temporal sulcus, involved in language
perception (Galaburda et al., 1990; Steinmetz et al., 1991; Chance, 2014). However, the extent
to which its asymmetry correlates to functional language lateralisation is still unclear
(Ocklenburg et al., 2016). A positive correlation between planum temporale and lateralisation
induced by dichotic listening has been observed in right-handed males, but not in left-handed

males and females (Dos Santos Sequeira et al., 2006).

Moreover, the transverse temporal gyrus, the pars opercularis of the inferior frontal gyrus
and the insula, in addition to the planum temporale, showed significant leftward volumetric
lateralisation in both left- and right-hemispheric language dominant individuals (Greve et al.,
2013), but only the insular volume has been found to be significantly larger in the left, rather
than in the right, hemispheric dominants (Greve etal.,, 2013), and also correlated with
functional lateralisation in the dichotic listening as well as in a word generation fMRI task
(Greve et al., 2013; Chiarello et al., 2013).

Interestingly, grey matter asymmetries in temporal and frontal lobes have been recently
found to be associated with an intronic 33bp VNTR polymorphism in PCSK6 (rs10523972)
(Berretz et al., 2019), also shown to be associated with handedness direction in a cohort of
healthy adults (Arning et al., 2013). These recent findings corroborate the hypothesis of a role
of PCSK6 in hemispheric asymmetries, and complement previous observations from genome
wide association studies on the association between PCSK6 rs11855415 and increased

relative right-hand skills in dyslexic individuals (Scerri et al., 2011; Brandler et al., 2013).

Against such backdrop, quantitative MRI-derived endophenotypes will be examined in this
chapter, with the ultimate goal of investigating whether NODAL signalling pathway may
influence atypical structural hemispheric asymmetries. Based on previous GWAS’ findings
about dyslexia, PCSK6 and functional hemispheric asymmetries, such as handedness (Scerri
et al., 2011; Brandler et al., 2013), the first MRI study will explore the hypothesis of a putative
correlation between brain structural measures, such as voxel-based grey matter morphometry
and asymmetry, and the minor allele of PCSK6 rs11855415 variant, in a small population of
dyslexic children and matched siblings/twins. The second study will follow up on the
preliminary results of the first exploratory study, by applying an innovative paediatric MRI
analysis tool in a larger cohort of dyslexic children and matched siblings/twins, and exploring

structural brain asymmetry dimensions in relation to the PCSK6 rs11855415 minor allele.

Different softwares and analysis pipelines are used in the two studies, contextually with
ChildBrain secondments and different phases of training during the PhD. MRI data analyses
will be described in detail in the specific sections of each MRI study (paragraphs 3.2.2 and
3.3.2).



3.2 A Voxel-Based Morphometry Exploratory Study

This MRI study preliminarily investigates whether atypical grey matter asymmetries might
be associated to PCSK6 rs11855415 variant in dyslexic children and matched-siblings. As
described in the Introduction Chapter 1, the hypothesis of PCSK6-associated atypical cortical
asymmetries has been driven by the findings of previous genome-wide association studies,
showing a significant association between greater functional hemispheric asymmetries and the
minor allele of PCSK6 rs11855415 variant, in cohorts of dyslexic individuals (Scerri et al., 2011;
Brandler et al., 2013).

The related SPM analysis training was conducted at the University College London
Wellcome Trust Centre for Neuroimaging. Prof Mark A. Eckert provided guidance about image
processing, during my secondment in his laboratory at the Medical University of South

Carolina. The entire training was funded by the ChildBrain MSCA-ITN research programme.

3.2.1 Participants

In this early exploratory study, brain MR images from 7 children, carrying the PCSK6
rs11855415 minor allele in homozygosity (A/A) or heterozygosity (A/T), were compared to the
scans of 7 non-carriers (T/T). The two groups were matched by age, gender and affection
status, in order to investigate the state-independent PCSK6-related endophenotype.

Participants were sampled from the Aston Brain Centre multimodal database, containing all
the PCSK6-genotyped dyslexic children and their affected/unaffected relatives who underwent
an MRI scan at the Aston MRI Centre. A total of 14 MR images from PCSK6-genotyped
children were initially identified, including 4 dyslexic and 10 typical readers, 4 females and 10
males, between 7.5 and 17.8 years of age (mean 12.6 years + 2.9). Among the carriers, only
one child showed an homozygotic genotype, so it was not possible to look for a potential
additive effect of the minor allele (A) in homozygosis, or for a possible linear effect from T/T to
A/T to A/A on structural asymmetries, in line to what was previously shown in relation to

functional asymmetry by Scerri et al. (2011) and Brandler et al. (2013).

3.2.2 MRI Data Analysis
3.2.2.1 Tissue-type Segmentation and Volume Quantification

To examine the total volumes of grey matter (GM) and white matter (WM) in both groups,
the following FSL v6.0 (FMRIB Software Library, https://fsl.fmrib.ox.ac.uk) analysis pipeline
was applied: 1) T1-weighted MRI images were brain-extracted using BET (Smith, 2002) to
remove skull and skin tissues; 2) tissue-type segmentation was performed by using FAST
(FMRIB's Automated Segmentation Tool) (Zhang et al., 2001) package, that segments a 3D

image of the brain into different tissue types, whilst also correcting for spatial intensity



variations (also known as bias field); 3) the tissue volume quantification was conducted with
‘fslstats’, that estimates the total tissue volume for a given class of the Partial Volume Estimate

(PVE) components, namely, GM, WM, and cerebrospinal fluid (CSF).

3.2.2.2 Voxel-based Grey Matter Morphometry Analysis

To investigate voxel-based differences of GM morphometry between carriers and non-
carriers, structural data were analysed with FSL-VBM8 (Douaud et al.,, 2007;
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki’/FSLVBM), an optimised VBM protocol (Good et al., 2001)
using FSL tools (Smith et al., 2004). The resulting images were averaged and flipped along
the x-axis to create a left-right symmetric study-specific GM template, to reduce the effect of
inter-subject brain variability during the registration procedure. As second step, all native GM
images were non-linearly registered to this study-specific template, and modulated by using
the Jacobian of the warp field, in order to correct for local expansion or contraction, due to the
non-linear component of the spatial transformation from native space to registration template.

The modulated GM images were then smoothed with an isotropic Gaussian kernel of 8mm,
for the Threshold Free Cluster Enhancement (TFCE)-based analysis (Smith and Nichols,
2009). Finally, differences in cerebral GM density (or voxel intensity, that is the GM
concentration per unit of intracranial volume, and accounts for brain size differences and
volume changes from spatial transformation) between carriers and non-carriers were assessed
by voxel-wise General Linear Model (GLM); the hypothesis of the two-sample t-test was ‘group
1 (non-carriers) > group 2 (carriers)’. We then run permutation-based non-parametric testing
(5000 permutations) (Nichols and Holmes, 2002), correcting for multiple comparisons across

space, by cluster-size shareholding at p-values<0.05.

3.2.2.3 Voxel-wise Grey Matter Asymmetry Analysis

To investigate volumetric hemispheric asymmetries of the GM in each subject, and then
test the potential effect of PCSK6 (comparing carriers with non-carriers), we followed the SPM
12-step asymmetry analysis pipeline by Kurth et al. (2015). The processing steps are briefly
explained below: 1) the first step (estimate and write) involved bias-correcting the raw T1-
weighted images for inhomogeneities, extracting the brain, and segmenting it into GM, WM
and CSF volume probability maps; 2) then, the SPM’s image calculator ‘ImCalc’ was used to
flip the images at midline; 3) a symmetric DARTEL study-specific template was created from
the original and flipped GM and WM segments; 4) the module ‘Create Warped’ was used to
warp the original and flipped tissue segments (created in Step 2) to the symmetric DARTEL
template (created in Step 3); 5) a right-hemispheric mask in symmetric template space was
created in MRIcron, to limit the analysis to the right hemisphere; 6) to calculate the Asymmetry
Index (Al), we used the MATLAB script ‘calculate’, which generated the masked Al images

from the original warped GM images and the right hemispheric mask; 7) the module ‘Smooth’



was used to smooth all the Al images created in Step 6, with ‘8 8 8’ as size of the smoothing
kernel; 8) to generate the study-specific ‘mean template’ in symmetric space, the PVE label
images were created, flipped and warped, to finally create the mean of all warped PVE label
images, further adjusted to restrict the template to the right hemisphere, for projecting the
resulting significance clusters; 9) we created and explicit binary mask using ‘ImCalc’, to restrict
the statistical analysis to brain regions expected to contain true signal ; 10) we then proceeded
with the statistical analysis of the smoothed Al images, by using the module ‘Factorial design
specification’, specifying one-sample t-test (to look at the interhemispheric differences in the
whole sample) and two-sample t-test (to look at the interhemispheric difference between
carriers and non-carriers) as statistical models, and applying the mask created in Step 9; the
hypothesis for the two-sample t-test was ‘group 1 (non-carriers) > group 2 (carriers)’; 11) for
better interpretation of the resulting significance maps, we correct them for multiple
comparisons at the cluster level, enabling SPM’s nonstationary correction; to save only the
significant clusters, we run the function ‘Threshold and transform spmT-maps’; 12) to calculate
the mean Al and hemispheric grey matter volumes (in mm®) of the significance asymmetric
cluster on the right and left hemisphere, we run the MATLAB script ‘extract’ for each subject.
Positive high Al values indicate a rightward asymmetry, while negative Al values indicate a
leftward asymmetry (Figure 3.2).

According to this protocol, voxel-wise asymmetry is quantified before conducting statistical
analysis, in order not to affect the results by side effects of smoothing. In symmetric space,
asymmetry can be quantified also by calculating the simple left-right difference; however, this
difference would reflect symmetric changes in brain size, while Al safeguards against

symmetric scaling effects, being a normalised asymmetry measure.

Gray matter content Asymmetry index (Al)

Al= (original — flipped)
0.5 x (original + flipped)

O Rightward asymmetry
@ Leftward asymmetry
@ Leftward asymmetry (noise)

Figure 3.2: The Asymmetry Index (Al) Model. On the left, model of voxel-wise GM content with 1= 100%
GM and 0 = no GM. More GM in the right hemisphere (rightward asymmetry) will lead to positive Al
values on the right and negative values on the left (yellow Al values). More GM in the left hemisphere
(leftward asymmetry) will lead to negative Al values on the right and positive values on the left (pink Al
values). Small hemispheric differences in regions with low GM content (e.g., due to noise) can produce
the same results (orange Al values) as extreme hemispheric differences (pink Al values). To solve this
ambiguity, it is important to do a cluster-specific extraction of volume and Al value. Figure and caption
from Kurt et al., 2015.



3.2.3 Statistics

Statistical analyses were conducted by using different methods. In the FSL-VBM analysis,
the GLM was used to compare voxel-wise differences in GM density between carriers and non-
carriers; non-parametric statistics were also performed using ‘randomise’ with 5000
permutations and using the TFCE option. In the SPM voxel-wise asymmetry analysis,
differences between carriers and non-carriers were examined via the GLM in SPMS; all
findings resulting from the group comparisons were corrected for multiple comparisons on
cluster level. The rest of the statistical analysis was performed in SPSS® version 23 statistical
software (IBM, Armonk, NY, USA), where group comparisons were done by two-sample (-
tests, and correlations were revealed by bivariate Pearson’s correlation (including continuous
and dichotomous categorical variables). Given the exploratory nature of this statistical

analysis, further correction for multiple comparisons was not applied.

3.2.4 Results

3.2.4.1 Handedness

The analysis of handedness measures (LQ and PegQ), comparing carriers to non-carriers,
did not reveal significant differences between the groups.

3.2.4.2 White Matter and Grey Matter Volumes

Both GM and WM total volumes, as well as the GM/ WM ratio, were found increased in the
carriers compared to the non-carriers, but only the GM volumetric difference between the

groups reached the uncorrected significance threshold of 0.05 (p=0.024).
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Figure 3.3: Partial Volume Quantification Results: a) FSL internal brain tissues segmented, white matter
(WM) in blue, liquor in green and grey matter (GM) in yellow; b) box-plot of GM total volume in carriers and
non-carriers; c¢) box-plot of WM total volumes in carriers and non-carriers.



3.2.4.3 Voxel-based Grey Matter Morphometry

The VBM analysis comparing carriers to non-carriers showed a significantly different cluster

of GM density in the pars opercularis of the right inferior frontal gyrus (IFG) (red area in Figure

3.4a,b,c). In this brain region, carriers exhibited a lower density of GM compared to the non-
carriers (p<0.05).

Figure 3.4: FSL-VBM output of the GM density cluster in coronal (a), axial (b), sagittal (c) views.

3.2.4.4 Voxel-wise Grey Matter Asymmetry

The voxel-wise GM asymmetry analysis between the right and the left hemisphere showed
a significant rightward asymmetric cluster (AC) at the level of the Inferior Frontal Sulcus (IFS)
(yellow area in Figure 3.5a,b,c) (p<0.05) in the entire group. The analysis of the hemispheric
asymmetries comparing carriers to non-carriers did not evidence any significant difference;

neither the Al nor the volume of the AC differed significantly between carriers and non-carriers.

(d ) Asymmetry Index by PCSK6 Genotype

Figure 3.5: Asymmetry analysis results
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3.2.4.5 Interphenotypic Correlations

In each group, we looked for possible interphenotypic associations between behavioural,
cognitive, handedness and neuroimaging measures.

As far as carriers were concerned, they exhibited three statistically significant positive
correlations: 1) between WM and GM total volumes (r=0.773, p = 0.042); 2) between the AC’s
GM volume of the right hemisphere and the LQ (r = 0.903, p = 0.036); 3) between the AC’s
GM volume of the left hemisphere and the ASEBA Brief Problem Monitor (BPM) Attention
problems score (r = 0.811, p = 0.050). Furthermore, they showed two statistically significant
negative correlations: 1) between the AC’s GM volume of the right hemisphere and the BPM
Internalising problems score (r = -0.821, p = 0.045); 2) between the Al and the BPM Total
problems score (r=-0.814, p = 0.049).

As far as the non-carriers were concerned, they presented three statistically significant
positive correlations: 1) between WM and GM total volumes (r = 0.839, p = 0.018); 2) between
GM total volume and the BPM Internalising problems score (r = 0.819, p = 0.024); 3) between
the AC’s GM volume of the left hemisphere and gender (r = 0.773, p = 0.041). Furthermore,
non-carriers showed a highly significant positive correlation between WM total volume and the
BPM Internalising problems score (r = 0.886, p = 0.008), and a statistically significant negative
correlation between WM total volume and GM/WM ratio (r = -0.795, p = 0.032).

All significant correlations are outlined in Table 3.1. A scatterplot matrix (SPLOM) of
significant correlations is provided for each group (Figures 3.6 and 3.7); separate scatterplots

of asymmetry-related correlations exhibited by carriers are also displayed (Figure 3.8a,b,c).

Table 3.1: Significant interphenotypic correlations observed in carriers and non-carriers, with
respective r coefficient, p-value and sample size.

Significant Correlations r coefficient p-value Sample Size
Carriers
WM - GM 0.773 0.042* 7
ACRH -LQ 0.903 0.036* 5
AC RH-BPM| -0.821 0.045* 6
AC LH-BPM A 0.811 0.050* 6
Al-BPM T -0.814 0.049* 6

Non-carriers

WM - GM 0.839 0.018* 7
WM - GM/WM -0.795 0.032* 7
WM - BPM | 0.886 0.008** 7
GM —-BPM | 0.819 0.024* 7
AC LH - Gender 0.773 0.041* 7

WM = white matter volume in mm?3 GM = grey matter volume in mm?3; AC = asymmetric cluster’s grey matter
volume in mm?3; RH = right hemisphere; LH = left hemisphere; LQ = laterality quotient; Al = asymmetry index;
BPM I, A, T = Brief Problem Monitor Internalising, Attention, Total problems scores. *Correlation significant
at 0.05 (2-tailed, uncorrected). **Correlation significant at 0.01 (2-tailed, uncorrected).
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Figure 3.6: Scatterplot matrix (SPLOM) of significant interphenotypic correlations observed in
carriers. Histograms of the variables are shown in the diagonal. WM = white matter volume in mm?>;
GM = grey matter volume in mm3 AC = asymmetric cluster; RH= right hemisphere; LH = left
hemisphere; LQ = laterality quotient; Al = asymmetry index; BPM I, A, T = Brief Problem Monitor
Internalising, Attention, Total problems scores. *Correlation is significant at the 0.05 level (2-tailed,
uncorrected). **Correlation is significant at the 0.01 level (2-tailed, uncorrected).
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Figure 3.7: Scatterplot matrix (SPLOM) of significant interphenotypic correlations observed in non-
carriers. Histograms of the variables are shown in the diagonal. WM = white matter volume in mm?;
GM = grey matter volume in mm?®; AC = asymmetric cluster; LH = left hemisphere; BPM | = Brief
Problem Monitor Internalising problems score. *Correlation is significant at the 0.05 level (2-tailed,
uncorrected). **Correlation is significant at the 0.01 level (2-tailed, uncorrected).
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Figure 3.8: Scatterplots of the significant correlations observed in carriers, between asymmetry and
behavioural measures: a) positive correlation between handedness laterality quotient (LQ) and the
volume of the asymmetric grey matter (GM) cluster on the right (R) hemisphere; b) negative correlation
between the latter and Brief Problem Monitor (BPM) Internalising (I) problems score; c¢) negative
correlation between the asymmetry index and BPM Total (T) problems score.

3.2.5 Discussion

Conscious of the main caveat of this exploratory study, represented by its limited power due
to the small sample of subjects examined, we must interpret any preliminary finding cautiously.
At the same time, these insights can be used to drive future steps and expand research
questions, in particular with regard to the PCSK6-related grey matter asymmetries (see the

next MRI study, presented in paragraph 3.4).

On the basis of previous GWASSs (Scerri et al., 2011; Brandler et al., 2013) that showed a
significant association between the minor allele of PCSK6 rs11855415 and increased relative
right-handedness in dyslexia, we wanted to test whether atypical structural hemispheric
asymmetries might be a state-independent endophenotype of PCSK6 rs11855415, and
therefore present also in those unaffected siblings carrying the minor allele.

In terms of handedness, we did not confirm the endophenotype hypothesis, as there was
no difference in PegQ and LQ between carriers and non-carriers.

To some extent, even their neuroimaging-derived profiles, in terms of voxel-wise GM
hemispheric asymmetries, were similar in both groups. In fact, the whole population exhibited
a significant rightward asymmetric GM cluster in the IFS, with comparable asymmetric cluster’s
hemispheric volumes as well as asymmetry indices, between carriers and non-carriers.
However, the right volume of the asymmetric cluster in the IFS was positively correlated with
handedness LQ in carriers; therefore, the higher is the right volume, the higher will be the
handedness LQ and the degree of right-handedness. Such correlation might therefore
represent a feature of the postulated extended endophenotype, potentially linking PCSK6
genotype to dyslexia phenotype via handedness, in line with previous findings on PCSK6-
associated increased relative right-hand skills in dyslexia (Scerri at al., 2011; Brandler et al.,
2013). Nevertheless, the handedness aspect of the PCSK6-related extended endophenotype



has not been fully addressed in the thesis, since the main research focus is on the
neuroimaging-derived endophenotypes.

Although we did not observe a significant difference in terms of voxel-wise GM asymmetries
between carriers and non-carriers, we found a significantly higher total volume of GM as well
as a significantly lower density of GM in the pars opercularis of the right IFG, in carriers
compared to non-carriers. Previous VBM studies explored GM volume in dyslexic subjects
carrying a deletion within other dyslexia candidate genes implicated in ciliogenesis, such as
DCDC2 (Meda et al., 2008), and also found an increased GM total volume in carriers compared
to non-carriers, as well as regional volumetric differences at the level of many structures, such

as the inferior, middle and superior frontal gyrus (Meda et al., 2008).

In our study, the IFG volumetric difference associated to the minor allele was interestingly
very close to where both carriers and non-carriers displayed the IFS righward asymmetric
cluster. Therefore, both morphometry and asymmetry analyses pointed towards the inferior
frontal lobe (inferior frontal gyrus and sulcus) as a key region for PCSK6, although showing
significant similarities between the groups in terms of asymmetry (both groups presented a
rightward GM asymmetric cluster in the IFS), and significant differences in terms of
morphometry (carriers presented a lower GM density in the IFG compared to non-carriers).
Thus, these preliminary findings may be suggestive of a crucial involvement of the inferior
frontal lobe in the postulated PCSK6-associated structural endophenotype.

Interestingly, the right opercular portion of the IFG is the right homologous of what the
Broca’s area is on the left hemisphere. Broca’s region includes pars opercularis and pars
triangularis of the left IFG, both of which contribute to verbal fluency, respectively from the
production and semantic processing standpoint (Fauci et al., 1998). The right pars opercularis
has been instead implicated in impulse control in the go/no go tasks (Aron, Robbins and
Poldrack, 2004), as well as in risk aversion (Christopoulos et al., 2009). Abnormalities at this
level may therefore lead to behavioural problems, due to an increase of impulsivity and risk
attitudes (Knoch et al., 2006; Fecteau et al., 2007). This seems to be concordant with our
asymmetry findings, according to which carriers showed significant negative correlations
between the volume of the asymmetric cluster on the right hemisphere and the BPM
Internalising problems score, as well as between the asymmetry index and the score of BPM
Total problems. In contrast, a positive correlation was found between the asymmetric cluster’s
volume on the left hemisphere and the BPM Attention problems score. It seems therefore that
PCSK6-related hemispheric asymmetries at this level may not only have effects on functional
asymmetries, such as handedness and language, but also on behavioural problems. As such,
it would be of great interest to explore further these hemispheric asymmetries in relation to the
comorbidity between dyslexia and attention deficit hyperactivity disorder (ADHD), to
understand whether PCSK6 might influence also behavioural traits like inattention, impulsivity

and hyperactivity, via atypical structural asymmetries.



3.3 Structural Asymmetries in the Aston Brain Centre PCSK6 Cohort

This second MRI study builds on the preliminary findings of the exploratory VBM study
presented in the previous section, with the aim of investigating further the postulated
asymmetry endophenotype, by examining the entire Aston Brain Centre MRI cohort of PCSK6-
genotyped children.

This was a collaborative research with lcometrix (Leuven, Belgium), an industrial company
expert in brain imaging artificial intelligence solutions, and member of the ChildBrain Network.
My ChildBrain secondment at Icometrix was supervised by Dr Dirk Smeets, and conducted in
collaboration with Thanh Van Phan, ChildBrain Early Stage Researcher number 11 and PhD
candidate at the Katholieke Universiteit Leuven, who developed Childmetrix tool to optimise

paediatric MRI analyses.

3.3.1 Participants

Participants were selected from the Aston Brain Centre multimodal database, containing all
the PCSK6-genotyped dyslexic children and their affected/unaffected siblings/twins who
underwent an MRI scan at the Aston MRI Centre, as well as handedness and reading
assessment at the Aston DDAU. A total number of 47 children between 6 and 17.8 years of
age (mean 11.9 years = 1.3) were included: 19 females and 28 males; 27 dyslexic and 13
typical readers; 3 left-handed and 41 right-handed; 19 with consistent handedness and 25 with
inconsistent handedness; 29 non-carriers (T/T) and 17 carriers (A/T, A/A) of the minor allele
(A) of PCSK6 rs11855415 variant. Among the carriers, only two children showed homozygotic
genotypes (A/A), so it was not possible to look for a potential additive effect of the minor allele
in homozygosis; neither to investigate whether there was a linear effect from T/T to A/T to A/A,
with the latter genotype potentially corresponding to a stronger structural asymmetry, in line
with what was previously shown in terms of functional asymmetry by Scerri et al. (2011) and
Brandler et al. (2013).

Cases with missing values (e.g. undefined handedness scores, or undetermined
genotypes for contaminated saliva samples) were excluded on an analysis-by-analysis basis

(pairwise deletion).

3.3.2 MRI Data Analysis
3.3.2.1 Volumetric Analysis in Childmetrix

Childmetrix is an MRI analysis tool, suitable for paediatric brain imaging data (Phan et al.,
2018), based on the age-specific independent paediatric population-based atlases of the
Neurolmaging & Surgical Technologies Lab of the Montreal Neurological Institute (MNI)

(Evans and Group, 2006; Almli et al., 2007; Fonov et al., 2009); these atlases were created by



averaging 324 brain scans of healthy children enrolled in the National Institutes of Health-

funded MRI study of normal brain development (http://nist.mni.mcgill.ca/?p=974).

In such multi-atlas system, five age groups between 4.5 and 18.5 years are represented:
pre-puberty (4.5-8.5 years), pre- to early puberty (7-11 years), pre- to mid-puberty (7.5-13.5
years), early to advanced puberty (10-14 years) and post-puberty (13-18.5 years). Each atlas
consists of a brain template, a brain mask and probability maps for the three main tissues (GM,
WM and CSF). Label maps of cortical regions from Mindboggle adult atlas (Klein et al., 2012;
https://mindboggle.info/) and of subcortical regions from the Child and Adolescent
Neurodevelopment Initiative (CANDI) Share atlas (Kennedy et al., 2012), were also added to
Childmetrix, and adjusted to each age-specific brain template, with affine and non-rigid

registration and manual corrections.

Childmetrix cross-sectional pipeline works by processing T1-weighted brain images
acquired at one time point, to provide volumetric measures of the whole brain, cortical grey
matter (CGM) regions, white matter (WM) regions, cerebrospinal fluid (CSF) and subcortical

structures.

For the current study, each T1-weighted image entered in Childmetrix was matched to a
specific atlas, using normalised mutual information, on the basis of the age of the subject and
the similarity between individual brain and atlas. After the pre-processing steps of skull-
stripping, bias-correction and atlas-to-image registration, probability maps of GM, WM and
CSF were obtained with an optimised Gaussian Mixture Model, considering image intensities,
spatial prior knowledge of the tissues, intensity non-uniformities, and spatial consistency based
on Markov Random Field (Phan et al. 2018). The CGM was then extracted from the GM
probability maps, and parcellated into 62 regions, according to the parcellation map of the age-
specific atlas. To obtain a first propagation of cortical labels from the atlas space to the subject
T1-weighted image space, an initial non-rigid registration between the individual T1-weighted
image and the atlas template was performed. This was further refined via a second non-rigid
registration between the skeleton of the individual binarised CGM segmentation and the
skeleton of the binarised propagated atlas cortical labels. CGM voxels were then individually
assigned to the cortical labels, and regional GM volumes were computed by multiplying the
voxel size by the sum of the probability of each voxel assigned to the cortical region of interest
to be GM tissue.

The subcortical regions were segmented using the dataset from CANDIShare as reference.
After affine and non-rigid registration of the age-specific atlas to the subject image, the
subcortical labels were propagated to the subject with the corresponding transformations. Only
for thalamus and hippocampus, for which manual segmentations were available in reference
atlases, multi-atlas segmentation was done by using the Simultaneous Truth And Performance
Level Estimation (STAPLE) label fusion method (Warfield et al., 2004).
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3.3.2.2 Computation of Asymmetry Indeces

To perform the asymmetry analysis, Childmetrix unpaired regions were excluded, for a total
of 38 cortical and subcortical paired regions included. For each pair of regions, a lateralisation

quotient (LQ) was computed by using the following the formula:

LQ= [(Volume Right Hemisphere) - (Volume Left Hemisphere)/
(Volume Right Hemisphere + Volume Left Hemisphere)] x 100

The LQ has a range between -100 and 100, with negative values indicating leftward
asymmetries, positive values rightward asymmetries, and higher values a stronger asymmetry
in the respective direction. Additionally, we determined the absolute value of the LQ, as a
measure of degree of asymmetry independent of its direction. The absolute LQ has a range
between 0 and 100, with higher values indicating stronger asymmetries, irrespective of
direction. Furthermore, based on the individual LQ, we determined the direction of asymmetry
for each participant as dichotomous variable, by categorising a negative LQ (leftward
asymmetry) as 0, and a positive LQ (rightward asymmetry) as 1.

These calculations resulted in three asymmetry measures as dependent variables (DV):

LQ, degree of asymmetry, direction of asymmetry.

The procedure was directly informed by the work of Berretz et al. (2019), who found for the
first time in the published literature an association between a genetic variant within PCSK6
(rs10523972, intronic 33bp VNTR polymorphism) and hemispheric asymmetries of the grey

matter.

3.3.3 Statistics

Statistical analyses were performed in SPSS® version 25 statistical software (IBM, Armonk,
NY, USA). For each analysis, subjects were grouped according to the independent variable of
interest, and matched by age, gender and the other independent variables potentially affecting

asymmetry.

To disentangle any cross-influence on brain structural asymmetries not directly related to
PCSK®, three independent variables (IV) were considered: 1) PCSK6 rs10523972 genotype
(henceforth referred to as PCSK6 genotype), grouping carriers vs non-carriers of the minor
allele; 2) degree of handedness (determined as described in Chapter 2, paragraph 2.2.2),
grouping consistent vs inconsistent; 3) affection status, grouping dyslexic vs unaffected.
Therefore, to investigate PCSK6-related endophenotype, carriers and non-carriers were
matched by age, gender, affection status and degree of handedness; to look at the effect of

degree of handedness, subjects with consistent and inconsistent handedness were matched



by age, gender, affection status and genotype; to explore the effect of dyslexia status, dyslexic
and unaffected siblings were matched by age, gender, degree of handedness and genotype.

Cases with missing values were excluded on an analysis-by-analysis basis (pairwise deletion).

The three DV (LQ, degree of asymmetry, direction of asymmetry) were analysed with
different tests: the two interval-scaled variables, LQ and degree of asymmetry, were tested
parametrically, using two-sample t-test; the nominal variable represented by direction of
asymmetry was instead tested with the non-parametric Mann-Whitney test. As 38 different
brain areas were analysed, Bonferroni correction resulted in a corrected significance threshold
of p =0.05/38 = 0.00131579.

3.3.4 Results
3.3.4.1 Lateralisation Quotient

None of the comparisons reached significance for the Bonferroni-corrected threshold
(0.001). However, the uncorrected significance threshold of 0.05 was reached by the following
effects: 1) PCSK6 genotype’s effect on the pars opercularis of the inferior frontal gyrus (IFG),
precuneus and insula (Table 3.2, Figure 3.10); 2) degree of handedness’ effect on the caudate
nucleus, IFG pars opercularis, precentral gyrus, supramarginal gyrus and amygdala (Table
3.3); 3) affection status’ effect on the medial orbitofrontal area and isthmus of the cingulate
(Table 3.4).

Table 3.2: Brain areas with significant p-values (<0.05), derived from the t-test with LQ as DV
and PCSK6 genotype as IV.

Region Mean Carriers Mean Non-Carriers t df P
IFG Pars Opercularis 11.41£10.46 1.92+11.22 2.835 44 0.007
Precuneus 2.73+7.14 1.66+6.57 2.120 44 0.040
Insula 0.5614.21 4.47+5.87 -2.397 44 0.021

Figure 3.10: Sagittal, coronal and axial MNI template projections of the brain areas (IFG in red-orange,
precuneus in blue, insula in green) with significant p-values (<0.05), derived from the t-test with LQ as
DV and PCSK6 genotype as IV.



Table 3.3: Brain areas with significant p-values (<0.05), derived from the t-test with LQ as DV and
degree of handedness as IV.

Mean Consistent Mean Inconsistent

Region Handedness Handedness t df p
Caudate Nucleus 1.33+1.66 4.4745.87 -2.068 42 0.045
IFG Pars Opercularis 0.70+10.69 8.23+11.03 -2.270 42 0.028
Precentral Gyrus -5.91+4.68 -2.74+4.78 -2.198 42 0.034
Supramarginal Gyrus -0.69+8.48 -6.63+5.51 2.812 42 0.007
Amygdala 1.81+3.04 -0.422+3.95 2.048 42 0.047

Table 3.4: Brain areas with significant p-values (<0.05), derived from the t-test with LQ as DV and
affection status as IV.

Region Mean Dyslexic Mean Unaffected t df p
Medial Orbitofrontal 9.50+7.11 3.81+8.78 2.191 38 0.035
Isthmus Cingulate 1.22+6.71 -4.81+6 2.751 38 0.009
3.3.4.2 Degree of Asymmetry

None of the comparisons reached significance for the Bonferroni-corrected threshold
(0.001). However, the uncorrected significance threshold of 0.05 was reached by: 1) PCSK6
genotype’s effect on lateral orbitofrontal area, superior frontal gyrus (SFG), precentral gyrus,
amygdala and insula (Table 3.5, Figure 3.11); 2) degree of handedness’ effect on precentral

gyrus (Table 3.6); 3) affection status’ effect on transverse temporal gyrus (Table 3.7).

Table 3.5: Brain areas with significant p-values (<0.05), derived from the t-test with degree of
asymmetry as DV and PCSK6 genotype as IV.

Region Mean Carriers  Mean Non-Carriers t df P
Lateral Orbitofrontal 2.69+1.95 4.43+£3.22 2.010 44 0.051
Superior Frontal Gyrus 3.44+2.19 5.37+3.48 2.298 43.7 0.026
Precentral Gyrus 3.55+2.88 5.87+3.49 2.310 44 0.026
Amygdala 3.8411.82 2.631+2.02 -2.030 44 0.048
Insula 3.4612.31 6.1114.05 2.469 44 0.017

Figure 3.11: Sagittal, coronal and axial MNI template projections of the brain areas (orbitofrontal in
blue, SFG in pink, precentral gyrus in yellow, amygdala in red-orange, insula in green) with significant
p-values (<0.05), derived from the t-test with degree of asymmetry as DV and PCSK6 genotype as IV.



Table 3.6: Brain areas with significant p-values (<0.05), derived from the t-test with degree of
asymmetry as DV and degree of handedness as IV.

Mean Consistent Mean Inconsistent

Region Handedness Handedness t df P
Precentral 6.49+3.78 4.40+3.25 1.972 42 0.055
Gyrus

Table 3.7: Brain areas with significant p-values (<0.05), derived from the t-test with degree of
asymmetry as DV and affection status as IV.

Region Mean Dyslexic Mean Unaffected t df p

Transverse

12.87+9.61 21.80+12.30 1.972 38 0.017
Temporal Gyrus

3.3.4.3 Direction of Asymmetry

None of the comparisons reached significance for the Bonferroni-corrected threshold
(0.001). However, the uncorrected significance threshold of 0.05 was reached by the following
effects: 1) PCSK6 genotype’s effect on globus pallidus, IFG pars opercularis and fusiform
gyrus (Table 3.8, Figure 3.12); 2) degree of handedness’ effect on the supramarginal gyrus
(Table 3.9); 3) affection status’ effect on the medial orbitofrontal area and isthmus of the
cingulate (Table 3.10).

Table 3.8: Brain areas with significant p-values (<0.05), derived from the Mann-Whitney test with
direction of asymmetry as DV and PCSK6 genotype as IV.

Region Carriers Non-Carriers Mann-Whitney U N P
Globus Pallidus Left Right 167.000 46 0.026
IFG Pars Opercularis +Right Right 322.000 46 0.040
Fusiform Gyrus Right Left 321.000 46 0.049

Figure 3.12: Sagittal, coronal and axial MNI template projections of the brain areas (globus pallidus in
blue, IFG in red, fusiform gyrus in orange) with significant p-values (<0.05), derived from the Mann-
Whitney test with degree of asymmetry as DV and PCSK6 genotype as IV.



Table 3.9: Brain area with significant p-value (<0.05), derived from the Mann-Whitney test with

direction of asymmetry as DV and degree of handedness as

V.

. Consistent Inconsistent .
Region Handedness Handedness Mann-Whitney U N p
Supramarginal Gyrus Left +Left 141.000 44 0.004

Table 3.10: Brain areas with significant p-values (<0.05), derived from the Mann-Whitney test

with direction of asymmetry as DV and affection status as IV.

Region Dyslexic Unaffected = Mann-Whitney U N p
Medial Orbitofrontal +Right Right 114.500 40 0.004
Isthmus Cingulate Right Left 112.000 40 0.034

3.3.4.4 Corpus Callosum and Total Volumes

Significant differences (p<0.05) were found by comparing volumes of the whole brain

(p=0.012), corpus callosum (p=0.039) and total GM (p=0.

008) between carriers and non-

carriers, where the first ones showed higher volumes than the second ones (Table 3.11;

Figures 3.13a, b, c, d). No significant difference between the

when comparing their total WM volumes.
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Figure 3.13: Boxplots of whole brain (a), corpus callosum (b), total grey matter (c) and total white matter

(d) volumes in carriers and non-carriers.



Table 3.11: Volumetric differences of whole brain, total grey matter, total white matter and
corpus callosum, between non-carriers and carriers (Levene’s test and t-test reported).
*Significant p-values (<0.05), derived from the t-test with the hypothesis ‘non-carriers > carriers’.

Region Levene’s F Sig. t df p
Corpus Callosum 1.078 0.305 -2.129 44 0.039*
Whole Brain 0.045 0.832 -2.618 44 0.012*
Total Grey Matter 0.003 0.960 -2.762 44 0.008*
Total White Matter 0.564 0.457 -1.953 44 0.057

3.3.5 Discussion
3.3.5.1 Grey Matter Asymmetries

The asymmetry indeces (lateralisation quotient, degree of asymmetry and direction of
asymmetry) of cortical and subcortical GM volumes were analysed as dependent variables of
PCSK6 rs11855415 genetic variant, to investigate the genotype’s influence on hemispheric
structural asymmetries.

Significant (p<0.05) associations were observed between PCSK6 genotype and LQ of the
pars opercularis of the IFG, precuneus and insula, indicating respectively: a more rightward
lateralisation of the pars opercularis in carriers (LQ=11.41+10.46) than in non-carriers
(LQ=1.92+11.22); a less rightward asymmetric insula (LQ=0.56+4.21) in carriers than in non-
carriers (LQ=4.47+5.87); a more leftward precuneus in carriers (LQ=-2.73+7.14) than in non-
carriers (LQ=1.666.57).

Furthermore, a significant association was found between PCSK6 genotype and direction
of asymmetry of the pars opercularis of the IFG (right), globus pallidus (left) and fusiform gyrus
(right). These findings complement those from our exploratory VBM study (described in
paragraph 3.2), where we observed a significant volumetric difference of the pars opercularis
of the right IFG between carriers and non-carriers (Figure 3.4), but no significant difference in
asymmetry (Figure 3.5). The current analysis revealed instead significant PCSK6-associated
asymmetries at this very level.

In addition, a significant association was found between PCSK6 genotype and degree of
asymmetry of the lateral orbitofrontal region, superior frontal gyrus, precentral gyrus, insula
and amygdala, where carriers (with mean respectively, 2.691£1.95, 3.44+2.19, 3.55+2.88,
3.46%2.31) showed a lower degree of asymmetry than non-carriers (with mean respectively,
4.43+3.22, 5.37+3.48, 5.87+3.49, 6.11+4.05), with the exception of the amygdala, that was
more asymmetric in carriers (3.84+1.82) than in non-carriers (2.63+2.02). This may suggest a
potential influence of the PCSK6 rs11855415 genetic variant on the development of a less
lateralised brain cortex, that potentially may yield a lower degree of lateralisation also on the

functional side.



Interestingly, Berretz et al. (2019) recently found the intronic 33bp VNTR polymorphism in
PCSK6 (rs10523972) being associated with asymmetries of both temporal and frontal
structures in a typical population, indicating a stronger rightward lateralisation
(LQ=10.82%1.13) of the dorsolateral prefrontal cortex (BA46) in the homozygous carriers of
the minor allele. Therefore, our results seem to corroborate the first PCSK6-related imaging
findings to be published in literature (Berretz et al., 2019), supporting the hypothesis that
PCSK®6 genetic variants may be not only relevant for functional asymmetries like degree of
handedness (Scerri et al.,, 2011; Brandler et al.,, 2013; Arning et al., 2013), but also for

structural GM asymmetries.

To disentangle the structural asymmetry effects of handedness lateralisation from the
ones related to PCSK6 rs11855415 genotype, degree of handedness was also analysed as
independent variable. This was found to be significantly associated with degree of asymmetry
of the precentral gyrus, where children with consistent handedness showed a higher degree
of asymmetry (6.4943.78) than those with inconsistent handedness (4.40+3.25). Such finding
may be suggestive of a direct correspondence between a more asymmetric structural makeup
of the motor hand cortex and a more lateralised handedness function.

Furthermore, a significant association was observed between degree of handedness and
LQ of the caudate nucleus, pars opercularis of the IFG, precentral gyrus, supramarginal gyrus
and amygdala. And, interestingly, a more rightward lateralisation of the IFG pars opercularis
was displayed by children with inconsistent (LQ=8.23+11.03) than consistent handedness
(LQ=0.70%£10.69). To better understand this last finding, it is useful to look at it in a comparative
manner to the significant positive correlation, observed in the VBM study (described in
paragraph 3.2), between the right volume of the rightward IFS asymmetry and the handedness
LQ, in the carriers of the minor allele (Figure 3.8a). Both observations bring in fact evidence to
a potential association between handedness measures (LQ and degree) and the inferior frontal
regions (IFG pars opercularis and IFS), where we observed: a PCSK6-related higher right
volume of the IFS rightward asymmetric cluster, associated with a higher degree of right-
handedness; and a more rightward IFG pars opercularis asymmetry, in association with
inconsistent handedness (low degree of handedness), independently from PCSK6
rs11855415 genetic variant. With regard to the latter association, it is important to notice that
Arning et al. (2013) found a lower degree of handedness to be associated with a different
PCSK®6 genetic variant, rs10523972, in a typical population; therefore, it would be crucial to
understand whether our structural findings associated with inconsistent handedness and
unrelated to PCSK6 rs11855415, might be instead related to PCSK6 rs10523972 genetic
variant. On the other hand, the potential fil rouge of the PCSK6 rs11855415-related
endophenotype may seem to link the minor allele to rightward asymmetric frontal regions (IFG
pars opercularis), whose increased right volume (IFS) in turn may correlate positively to a

higher degree of right-handedness (high LQ).



To distinguish the asymmetry effects of dyslexia from the ones related to PCSK6
rs11855415 genotype, affection status was also analysed as independent variable. Dyslexia
was found to be significantly associated to brain asymmetry measures, such as LQ and
direction of asymmetry of the medial orbitofrontal area and isthmus of cingulate. A more
rightward lateralisation of both medial orbitofrontal region and isthmus of the cingulate was
observed in dyslexic children (respectively, 9.50+7.11 and 1.22+6.71) than in unaffected
siblings (respectively, 3.81+8.78 and -4.8116).

Finally, unaffected children showed a significantly higher degree of asymmetry of the
transverse temporal gyrus (21.80£12.30) than dyslexic patients (12.87+9.61). This asymmetric
structure is placed rostrally to and may be indicative of the asymmetry of the planum temporale,
that was instead not part of the asymmetry analysis, as it was unlisted in the paediatric atlas.
The planum temporale is well noted to be more symmetric in dyslexic individuals than in the
78% of the typical population, that in contrast presents a leftward asymmetry of this region
(Hier et al., 1978; Galaburda and Kemper, 1979; Haslam et al., 1981; Rumsey et al., 1986,
1997; Larsen et al., 1990; Hynd et al., 1990; Duara et al., 1991; Kushch et al., 1993; Dalby et
al., 1998; Leonard et al., 1993; Schultz et al., 1994; Jernigan et al., 1991; Plante et al., 1991;
Gauger et al., 1997; Chiarello et al., 2006). Therefore, assuming that the asymmetry observed
at the level of the transverse temporal gyrus may reflect the abovementioned well-known
asymmetry of the contiguous planum temporale, this was displayed, as expected, by the
unaffected siblings compared with dyslexic children, independently from PCSK6 rs11855415
genotype; the impact of which on brain asymmetries was also independent from the dyslexia

status, and mainly observed in the frontal lobe.

3.3.5.2 Volumetries

As far as the volumetric analyses of unpaired stuctures and tissue volumes are concerned,
similarly to Meda et al.’s (2008) and to our previous VBM results (described in paragraph 3.2),
a significantly higher total grey matter volume was observed in carriers than in non-carriers,
along with significant higher volumes of the whole brain and corpus callosum, but not of the

total white matter.

We did not analyse further features (e.g. shape, single segments, fractional anisotropy,
mean diffusivity) of the corpus callosum, but it would be crucial pursuing further these
investigations, given that PCSK6 is most strongly expressed in the midline of the nervous
system, and mainly in the spinal cord and the corpus callosum (Johnson et al., 2003).
According to the Ocklenburg’s triadic model of the structural determinants of functional
asymmetries (Figure 3.1; Ocklenburg et al., 2016), the top of the triangle is occupied by the
corpus callosum, that is the major commisure of the human brain, and of crucial importance
for the existence and the extent of functional hemispheric asymmetries (Witelson, 1985; Aboitiz
et al., 1992; Hines et al., 1992; Clarke and Zaidel, 1994; Jancke and Steinmetz, 1994; Moffat



et al., 1998; Westerhausen and Hugdahl, 2008; Nowicka and Tacikowski, 2011; Ocklenburg
et al., 2016). There are contrasting functional models of the callosal commissure, assuming
either an excitatory (Ringo et al., 1994; Yazgan et al., 1995) or inhibitory (Cook, 1984; Bloom
and Hynd, 2005) or combined action on functional lateralisation (Bloom and Hynd, 2005; Van
der Knaap and Van der Ham, 2011; Ocklenburg et al., 2016). Interestingly, significant shape
difference has been found at the level of the posterior midbody of the corpus callosum
(containing interhemispheric fibers from auditory corteces) of dyslexic children compared with
controls, suggesting a potential divergent callosal growth pattern during late childhood (Von
Plessen et al., 2002); this in turn may influence auditory phonological decoding function, as
well as the atypical symmetry of the planum temporale displayed in dyslexia. Similarly, a shape
analysis of the corpus callosum in our cohort might be of help to elucidate whether there is any
significant callosal difference associated with PCSK6 rs11855415 genetic variant; and whether
this putative difference might be physiologically related to the specific cortical GM asymmetries
that we observed in association with the minor allele, in particular to the rightward asymmetry

of the pars opercularis of the IFG.



Chapter 4: Magnetoencephalography Studies

4.1 Introduction

Neuroimaging studies are providing increasing evidence that language functions are based
on the interaction between the left and the right hemisphere, and characterised by large
individual differences in hemispheric asymmetries and interhemispheric interactions (e.g.
Federmeier and Kutas, 1999; Coulson and Williams, 2005; Coulson and Wu, 2005).

Determining individual profiles of language hemispheric organisation has not only
theoretical value for a better understanding of the physiology of language in both typical and
atypical development, but also practical importance for presurgical non-invasive mapping of
language in the planning of brain surgery, in particular to treat refractory epilepsy.
Nevertheless, there is no consensus yet on optimal non-invasive methodologies to map

language hemispheric organisation and dominance.

4.1.1 Language Asymmetry and the N400m Event-Related Field

Neurophysiological markers of language processing, such as the event-related fields
(ERFs), that are the magnetic counterparts of the electrical event-related potentials (ERPSs),
can provide uniquely disambiguating and innovative insights into language group and
individual profile of hemispheric dominance.

ERPs are time-locked small voltage fluctuations recorded at the scalp level, produced by
the summation of post-synaptic potentials synchronised with a certain stimulus presentation
(Van Petten and Luka, 2006). Among the ERP components that are sensitive to language
processes and psycholinguistic manipulations, the N400 has certainly been the most utilised
since its discovery by Kutas and Hillyard in 1980 (Kutas and Hillyard, 1980; Van Petten and
Rheinfelder, 1995; Van den Brink et al., 2001; Holcomb and Neville, 1990; Olichney et al.,
2000; Hahne and Friederici, 2002; Coulson et al., 2005). This is a negative-going voltage
fluctuation peaking around 400ms (350-500ms) post-stimulus onset, and typically considered
an index of lexical and semantic processing (e.g. Lau et al., 2008; Kutas and Federmeier,
2011; Wang et al., 2012).

= PV N400

Figure 4.1: The N400 effect in sentential context. Figure from Lau et al., 2008.



The amplitude of the N40O has specific correlations with the following target word’s features:
word frequency (inverse correlation), neighbourhood size (direct correlation), priming (inverse
correlation) and cloze probability (inverse correlation) (e.g. Kutas and Federmeier, 2011; Grey
and Van Hell, 2017). The latter is defined as the probability of the target word to complete a
certain sentence in a meaningful way, and it can be considered the most important determinant
of the N400 amplitude, with the strongest inverse linear relationship. This means that as a word
becomes less predictable (incongruent), given the sentential context, the N400 amplitude
becomes stronger relatively to more predictable (congruent) words. The relative amplitude of
the waveform time-locked to the incongruent word compared to the congruent word is called
the "N400 effect" (Kutas and Hillyard, 1980).

The N400 semantic context effect has been shown to be equally valid for printed, spoken,
and signed target words (Neville et al., 1992), but its spatial distribution is difficult to localise,
because of the spatial blurring between the brain and the scalp, imposed by electrical insulation
of the skull.

On the one hand, when the stimulus is auditorily presented, the scalp topography of the
N400 effect is typically centro-parietal, bilateral and symmetric in both congruent and
incongruent experimental conditions; only few works were able to show significant, but
inconsistent, asymmetries (right>left: Van Petten and Rheinfelder, 1995; Van den Brink et al.,
2001; left>right: Holcomb and Neville, 1990; Hahne and Friederici, 2002; for a more extensive
review see Van Petten and Luka, 2006). On the other hand, when the stimulus is visually
presented, the scalp distribution shows a typical slightly rightward asymmetry in both
conditions (e.g. Kutas and Hillyard, 1982; Holcomb and Neville, 1990; Olichney et al., 2000;
Coulson et al., 2005; for a more extensive review see Van Petten and Luka, 2006), and,
interestingly, this rightward asymmetry becomes larger when modulated by rhyme judgments
on visually presented words (Barrett and Rugg, 1989; Kramer and Donchin, 1987; Rugg,
1984). The surprising fact that rhyming written words elicit a larger rightward negative potential
has been defined by Van Petten and Rheinfelder (1995) as a “paradoxical lateralisation”, since
the conversion of orthography to phonology is a well-known left-lateralised ability (Levy and
Trevarthan, 1977; Rodel et al., 1983; Patterson and Besner, 1984), and therefore the rightward
N400 scalp-asymmetry may be probably due to a slight tilt in the left hemisphere, causing a
summed electrical dipole pointing slightly toward the right. Similarly, the lack of lateralisation
of the N400 modulated by auditory stimulus can be explained by the presence of bilateral
dipolar sources, that are probably strongest on the left but oriented towards the head vertex,
producing therefore negative potentials over the midline, so that no lateralisation can be seen
(Wang et al., 2012).

Differently, language lateralisation can be observed with the distribution of the N400m ERF,

that has a better spatial resolution than its electrical counterpart, while preserving the same



good temporal resolution (Hamaldinen et al., 1993). This is thanks to the magnetic
transparency property of the skull, as well as to the sensitivity of the scalp magnetic fields to
the geometrical orientation of the intracranial current flow (particularly if co-registered with
structural images, showing the individual gyral and sulcal patterns). However, this sensitivity
is limited to the intracranial sources that are tangential (rather than perpendicular) to the skull;
therefore, ERF can better detect the activity originating from cortex in sulci (rather than in gyri),
that, nevertheless, represents the two-thirds of the cortical sheet (Zilles, 1990; Armstrong et
al., 1995). As far as the N400m topography is concerned, MEG results showed a more
disambiguating distribution over the temporal lobes and a typical leftward asymmetry, without
surprising paradoxical lateralisation (e.g. Nobre et al., 1994; Salmelin et al., 1996; Simos et
al., 1997; Helenius et al., 1998; Halgren et al., 2002; Kwon et al., 2005; Wang et al., 2012).
Although the difference between language modalities (spoken, written, and signed) has not
been fully explored yet, the N4OOm can be used as a reliable marker to map language
activation and lateralisation in the assessment of hemispheric dominance, particularly in

combination with individual MR images.

Against such backdrop, both MEG studies presented in this chapter will use the N40Om
EREF: first, to obtain reliable language maps in a paediatric typical population; then, to assess
receptive language lateralisation in a larger cohort of dyslexic children and matched
siblings/twins genotyped for PCSK6 rs11855415, in order to explore whether this genetic
variant, that seems to influence handedness in dyslexia (Scerri et al., 2011; Brandler et al.,

2013), might influence also language lateralisation.

Different softwares and analysis pipelines are used in the two studies, contextually with
ChildBrain secondments and different phases of the PhD training. MEG data analyses will be

described in detail in the specific sections of each MEG study (paragraphs 4.3. and 4.4).

4.2 The N4A0OOm Auditory Paradigm

To lateralise language in a reliable and child-friendly way, we used a MEG auditory
paradigm developed at the ABC in 2015 by Dr Shu Yau, to implement the epilepsy pre-surgical
planning protocol of the Birmingham Children’s Hospital, with the use of a high temporal
resolution non-invasive tool like the MEG. Dr Yau’'s MSCA-funded project was led by Prof Joel
B. Talcott, and run in collaboration with Dr Caroline Witton, Prof Stefano Seri and Dr Elaine
Foley. Once the paradigm was validated in typically developing children, it was also used in
children having refractory epilepsy, as part of their pre-surgical workup, as well as in children
having dyslexia and their siblings/twins, as part of the ChildBrain multimodal research project.
For the purpose of this study, only ChildBrain data will be reported.

According to the N40Om paradigm, two types of spoken sentences were used as two main

conditions, and presented to the participant auditorily. Such auditory stimuli were able to



modulate the N400m event-related field (ERF) without requiring the participant to use word
recognition skills (phonological awareness, decoding and sight word recognition), that are
known to be impaired in developmental dyslexia, as well as in other neurological disorders that
can present dyslexia in comorbidity.

The condition called “congruent” (C) included sentences ending with a high-cloze probability
word, e.g. the child went outside to play; while the condition called “incongruent” (IC) included
sentences ending with a semantically anomalous word, unexpected given the sentential
semantic context, e.g. the child went outside to wall. A third type of sentences, containing either
the word alien or aliens, was used to orient the attention of the child onto the spoken sentences
throughout the entire duration of the paradigm, with the task of catching aliens by pressing a
button as soon as the word alien/aliens was heard. The alien/aliens sentences were then
excluded from the N400m analysis, primarily to avoid signal contamination due to the button
pressing, and, conceptually, because the attentional component of the paradigm did not fall
within the scope of this specific language lateralisation study.

A set of 60 pairs of sentences were constructed for the two experimental conditions, C and
IC, for a total of 120 sentence trials, divided in 10 blocks of 12 sentences each. Each couple
of C-IC sentences was identical up to the final target words, that were matched on frequency
and duration, e.g. wall/play. Each experiment started with a 3000ms fixation trial, followed first
by a 200ms warning tone, and then a 800ms pause; after this, a 4000-5000ms sentence ending
with a 200ms target word was auditorily presented.

Every next sentence trial began 4000ms after the offset of the previous sentence. To reduce
eye blinks during sentence trials, subjects were instructed to fixate on a rectangular shape,
presented visually 1000ms before the beginning of the sentence (Figure 4.2). As a sanity
check, to ensure that the semantic level of the task was appropriate for the subject, 30
sentences randomly chosen from the list of 120 sentences were read aloud to the participant
at the end of the experiment, asking whether the sentence did make sense or not. An adequate

semantic level was confirmed if at least 95% (>27) of the sentences were interpreted correctly.
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Figure 4.2: The structure of the child-friendly N400m paradigm, with times of trials and stimuli.



4.3 A Pilot Study to Lateralise Language

The first MEG study is a pilot experiment, addressing the challenge of obtaining reliable
receptive language maps in a paediatric population, with the ultimate goal of providing a viable
mean to be used in clinical settings, particularly in children under medication and/or having

neurocognitive disorders affecting their ability to perform reading tasks.

The MEG analysis training for this study was conducted in the context of my secondment
at the Donders Institute for Brain, Cognition and Behaviour (Radboud University, Nijmegen,
The Netherlands), under the supervision of Prof Robert Oostenveld. Further training in the
piloting stage was provided during my secondment at the Jyvaskyla Centre for Interdisciplinary
Brain Research (University of Jyvaskyld, Finland), under the supervision of Prof Tiina

Parviainen. Both secondments were part of the ChildBrain MSCA-ITN research programme.

4.3.1 Participants

Ten healthy children, English native speakers, right-handed, between 6 and 17 years of age
(mean age, 9 years) took part in the experiment at the Wellcome Trust MEG Lab of the ABC.
Subjects were asked to seat comfortably and still under the MEG helmet, and to listen
attentively to spoken sentences. As specified more extensively in paragraph 4.2.2, they were
given the task of catching aliens by pressing a button when either the word alien or aliens was
heard; two types of sentences, congruent (C) and incongruent (IC) were auditorily presented,
ending respectively with a high-cloze probability word and a semantically anomalous word, in
order to modulate the N40Om ERF.

4.3.2 MEG Data Pre-processing

MaxFilter software (Elekta Neuromag Oy, version 2.2.10) with transformation to default
head position and temporal extension of signal space separation (tSSS) (Taulu and Hari, 2009)
was used to, respectively, decrease variance between-subjects, due to asymmetric positions
of the head inside the helmet, and to remove signal artefacts due to movements. MaxFiltered
data were visually inspected, and channels with artefacts were removed if present. The
difference between default and original head position’s coordinates was carefully checked, to
ensure it did not exceed the suggested maximum distance of 25mm (Elekta Oy, 2010).

MEG data were then analysed in the MATLAB R2017a environment (The MathWorks® Inc.,
Natick, MA.) using FieldTrip software package, an open-source MATLAB toolbox for
neurophysiological data analysis (Oostenveld et al., 2011). Data were band-pass filtered from
6 to 40 Hz, and segmented into 1200ms long epochs, ranging from -200 to 1000ms relative
to stimulus onset. Trials containing artefacts, due to eye blinks, head movements, muscle or
SQUID jumps, were further detected using FieldTrip visual artefact rejection tool, and manually

rejected if the trial-by-channel magnetometer variance was unusually high, for a final minimum



amount of 90% of trials kept, and an equal number of trials per condition. Jump artefacts refer
to the brisk changes of the recorded signals, that can be due to trapped flux within sensors, or
to electromagnetic interferences of the environment with the high sensitivity of the recording

devices.

4.3.3 Event-Related Field Analysis

For each subject, the event-related field (ERF) of both IC and C conditions was obtained by
averaging the trials separately for each condition, with a baseline correction between -200ms
and 0 relative to stimulus onset. For sensor-level comparison, gradiometers were preferred to
magnetometers, for the following reasons: 1) gradiometers are less sensitive than
magnetometers to the noise of the sources originating far from the sensors; 2) neuronal
sources of the signal are typically situated directly below the planar gradient (Hamalainen et
al., 1993); 3) it is possible to calculate the activation produced in a contiguous set of sensors,
necessary for the cluster-randomisation algorithm used for the statistical analysis. To this end,
the pairs of planar gradiometers in two orthogonal directions were combined, with the use of
the vector sum method implemented in FieldTrip. Based on both visual inspection of the ERFs
and the a priori knowledge that the N4A0OOm peaks around 400ms post-stimulus, a time window
of 300-600ms was selected for quantifying the ERFs of the two conditions. The averaged

values within this time interval entered the statistical analysis.

4.3.4 Statistics

To increase the sensitivity of the statistics and control for multiple comparisons, a cluster-
based random permutation approach was used (Maris and Oostenveld, 2007), testing the
significance of the difference between the two conditions, while controlling the type-1 error
rate. The method can be briefly summarised in the following steps: 1) a simple dependent-
samples t-test was performed for each sensor; 2) all contiguous sensors exceeding a pre-set
significance level of 5% were clustered; for each cluster, the sum of the f statistics was used
in the cluster-level test statistic; 3) a null distribution assuming no difference between
conditions was created, by 1000 times randomly assigning the conditions in subjects, and
calculating the largest cluster-level statistics for each randomisation; 4) the actually observed
cluster-level test statistic was compared against the null distribution, and clusters falling in the

highest or lowest 2.5th percentile were considered significant (Wang et al., 2012).

4.3.5 Results

A larger NAOOm was observed over the left hemisphere, as shown in the multiplot of the
grand average ERFs for the C and IC conditions (Figure 4.3a). Comparing the ERFs of the two
conditions, a larger N40Om was elicited by the IC condition at both individual and group level,

approximately between 300 and 550ms after the target word. These data are in line with



previously reported ERF equivalents of the N400 ERP (Salmelin et al., 1996; Helenius et al.,
1998, 2002; Halgren et al., 2002; Wang et al., 2012).

Both C and IC conditions and their difference showed similar ERF topographies: 1) bilateral
activity at both subject and group level; 2) strong dipolar pattern on the left hemisphere over
temporal regions, more accentuated in the IC than in the C condition; 3) weak dipolar pattern
over the right hemisphere (see individual ERF topoplots in Figure 4.3b).

By clustering simultaneously over neighbouring channels and neighbouring time points
between 250 and 550ms, two significant (p<0.05) consecutive channel-time clusters were
observed at the group level: 1) from 300 to 449ms in the occipital-parietal regions; 2) from 450
to 454ms in the left posterior parieto-occipito-temporal areas; 3) from 455 to 531ms in the left

temporal lobe (see channel-time cluster topoplots in Figure 4.3c).

4.3.6 Discussion

The N400m topography showed occipito-temporal and temporo-parietal activations, with a
clear left-hemispheric dominance (Figure 5c), consistently with the findings of a plethora of
studies on the N400m modulation with respect to congruency of sentences (e.g. Nobre et al.,
1994; Salmelin et al., 1996; Simos et al., 1997; Helenius et al., 1998; Halgren et al., 2002;
Silva-Pereyra et al., 2003; Kwon et al., 2005; Wang et al., 2012; Jacob et al., 2019).

The strength of the activation of the right homologous regions was variable across subjects.
Individual variability of the non-dominant hemisphere’s contribution to the N400Om has been
observed in healthy population, confirming the unique nature of the individual interhemispheric
relationship underlying hemispheric language dominance (Federmeier and Kutas, 1999;
Coulson and Williams, 2005; Coulson and Wu, 2005; Hagoort et al., 2009). In particular, the
activation has been shown to be more bilateral as the semantic complexity of the information

being processed increases (Federmeier et al., 2008).

The contribution to the N400Om from posterior regions, such as the left temporo-parietal
junction (Simos et al., 1997; Helenius et al., 1998) and the posterior middle temporal gyrus
(Dale et al., 2000; Halgren et al., 2002; Maess et al., 2006), has been consistently observed in
MEG studies. According to the “functional neuroanatomic model for word semantic processing”
(Lau et al., 2008), the inferior and middle temporal gyri would subtend to the storage and
activation of lexical representations, while the anterior temporal cortex and the angular gyrus
would integrate incoming information into contextual and syntactic representations. As far as
the occipital cortex activation is concerned, what we observed might reflect the flexible
recruitment of visual areas within conceptual network (Hoenig et al., 2008; Jacob et al., 2019);
according to the semantic models of the “embodied abstraction”, perceptual networks are
recruited in language tasks during unexpected contexts (Binder and Desai, 2011; Jacob et al.,
2019).
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Figure 4.3: Scalp-time results:

a) Multiplot of the grand

average ERFs for the
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with insets for two
representative couples of
homologous gradiometers
(see orange boxes) and
magnetometers (see green
boxes);

Single subject’s
topography of the ERFs of
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strong dipolar pattern on
the left hemisphere over
temporal regions, in
particular in the
incongruent condition
topoplot;

Group topography of the
significant channel-time
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asterisks™*) observed
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window; in this subset of
topoplots, it is well visible
the shift of the significant
channel-time cluster from
the occipito-temporal
region to the left temporal
lobe at the 0.455s time
point.



4.4 Language Laterality in the Aston Brain Centre PCSK6 Cohort

After having validated the MEG N400m paradigm in a typical paediatric population, the
same paradigm and acquisition protocol were used to assess receptive language dominance
in the Aston Brain Centre PCSK6-genotyped cohort, with the primary aim of investigating the

language component of the postulated hemispheric asymmetry endophenotype.

4.4.1 Participants and Data Acquisition

As part of the ChildBrain multimodal study, a total of 59 children who received diagnosis of
dyslexia and their unaffected siblings/twins, all English native speakers and genotyped for
PCSK6 rs11855415, took part in the MEG study.

Subjects were first asked to sit comfortably under the MEG helmet without performing any
particular task, apart from opening and closing their eyes when required, in order to record
their brain activity while at rest. A subsample of 22 subjects was then assessed also for
language lateralisation, taking part in the active experiment after the resting state recording
was completed. Being language the specific focus of this study, resting state data will not be

reported here.

Twenty-two children with age ranging between 5 and 17 years (mean 13.5 years), including
13 females and 9 males, 5 carriers and 17 non-carriers of the PCSK6 rs11855415 minor allele,

11 dyslexics and 11 unaffected siblings/twins, were assessed for language dominance.

Handedness laterality measures were computed as described in Chapter 2 (paragraph
2.2.2). For this specific study, two dichotomous variables were considered: 1) handedness
direction, grouping subjects into right-handers (RH, with LQ between 1 and 100) and left-
handers (LH, with LQ between -100 and 0); 2) degree of handedness, independent from
individual hand preference, grouping participants according to their consistent (LQ either 100
or -100) or inconsistent (all other LQs) handedness. Based on these criteria, all participants

showed to be right-handed, 13 consistently and 9 inconsistently.

As described in detail in paragraph 4.2.2, each subject during the MEG experiment played
the role of the alien-hunter, with the objective of catching aliens by pressing a button as soon
as the word alien/aliens was heard within the spoken sentences. Two types of sentences,
congruent (C) and incongruent (IC), ending respectively with a high-cloze probability word and

a semantically anomalous word, were auditorily presented to modulate the N40Om ERF.

4.4.2 MEG Data Pre-Processing

MaxFilter software (Elekta Neuromag Oy, version 2.2.10) with transformation to default
head position and temporal extension of signal space separation (tSSS) (Taulu and Hari, 2009)

was used, respectively, to decrease variance between-subjects due to asymmetric position of



the head inside the helmet, and to remove signal artefacts caused by movements. MaxFiltered
data were then visually inspected, to identify channels with artifactual noise to be removed,
and to make a comparison between default and original head position. A distance of 25mm
was accepted as maximum difference between default and original head position’s coordinates
(Elekta Oy, 2010).

MEG data were then analysed in the MATLAB R2017a environment (The MathWorks® Inc.,
Natick, MA.) using Statistical Parametric Mapping (SPM12) software package, an open-source
MATLAB toolbox for neurophysiological data analysis (http://www.fil.ion.ucl.ac.uk/spm/).

Signals were downsampled to 200 Hz sampling rate, and filtered between 0.1 and 40 Hz
with a fifth-order Butterworth band-pass filter. Trials were segmented into 800ms epochs
(ranging from -200 to 600 ms, relative to the target word’s presentation), and then baseline-
corrected (baseline from -200 to 0 ms). Remaining artefacts were detected and excluded by

applying to all channels a simple thresholding of 80 microvolts relative to pre-stimulus baseline.

4.4.3 Sensor Space Analysis

Scalp-time analysis was performed to identify significant evoked effects that were phase-
locked across trials at the subject level.

First, planar gradiometers were combined into one value for a scalar topographic
representation, since they measure two orthogonal directions of the magnetic gradient at each
location; the planar combination was done by taking the Root Mean Square (RMS) of the two
gradiometers at each location. Data were then robustly averaged across the survived trials, for
each condition and participant (Wager et al., 2005). Subsequently, trial-averaged data were
contrasted over epochs, to obtain a differential ERF between the C and IC condition (see
Figure 4.4 for ERF topoplots of both conditions and their difference, in one subject).

In order to create 3D (x, y, time) scalp-time images for each trial (Figure 4.5), a 2D (x, y)
representation of the scalp was obtained, by projecting sensor locations from every trial onto
a plane, and by interpolating linearly between them onto a 32x32pixel grid, tiled across each

timepoint. This process was repeated for both magnetometers and combined gradiometers.

Congruent Incongruent Difference

Figure 4.4: ERF individual topoplots (from subject n.226) of C, IC and IC-C difference at 400ms,
showing a strong dipolar pattern over the left fronto-temporal regions.



Figure 4.5: 3D Scalp-Time
image (x, y, 400ms) for the
15t trial of the incongruent
condition in subject n.226,
showing a stronger dipolar
pattern over the left fronto-
temporal regions than the
right homologous ones.

Scalp topography  F-value Time

4.4.3.1 Scalp-Time Statistics

To identify locations in space and time in which a reliable difference between the C and IC
conditions occurred in each subject, one 3D image per trial (per condition) was entered into a
GLM using SPM statistical machinery. Ignoring temporal autocorrelation across trials, each
trial was treated as an independent observation, so the GLM corresponded to a one-way, non-
repeated-measures ANOVA within-subjects, with two levels. A simple F-contrast was defined
to find where in space and time there were reliable differences between C and IC conditions.
The GLM was run for each sensor-type, with 0.05 as threshold of the family-wise error (FWE)
corrected p-value.In order to identify locations in time and space where the ERF amplitude in
the two conditions differed reliably across subjects, each set of 60 3D images (per condition,
per subject) was converted into one 4D (x, y, time, trials) NIfTl file, containing all the multiple
3D scalp-time images corresponding to non-rejected trials, per condition, per subject. The

values of the exported images were normalised to reduce variance between-subjects.

The 44 (2 conditions x 22 subjects) 4D images were then entered into the group analysis,
which was a repeated-measures ANOVA, to compare C and IC condition across subjects, as
well as to perform subgroup comparisons (carriers vs non-carriers; subjects with consistent
handedness vs those with inconsistent handedness; dyslexic vs unaffected siblings/twins).
Subgroup-level ANOVAs aimed at disentangling the potential cross-influence among PCSK6
rs11855415 genotype (henceforth PCSK6 genotype), degree of handedness and affection
status, on the NAOOm ERF and the underlying language processing.

Differently from the previous ANOVA across trials within-subjects, we corrected for the
potential correlation (non-sphericity) of the error, induced by the repeated measurements
derived from having two observations from each subject. Three contrasts were defined: a
simple F-contrast to compare the two conditions, and two T-contrasts, with opposite signs on
their weights, to look at the polarity of the difference. The GLMs were run using 0.05 (FWE-
corrected) and 0.001(uncorrected) as p-value thresholds.

For illustration purposes, the space coordinates of the resulting significant clusters were
mapped to the MNI template and then to Brodmann areas, by using the application mni2tal in

Biolmage Suite (Lacadie et al., 2008; http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html).



4.4.3.2 Scalp-Time Results

None of the group comparisons reached the FWE-corrected significance threshold of 0.05.
However, comparing C and IC conditions across subjects with F-contrast thresholded at
p<0.001 uncorrected, two significant clusters were observed, in the right frontopolar cortex
(BA10) and in regions possibly pointing towards the left dorsal posterior cingulate (BA31)
(Table 4.1, Figures 4.6 and 4.7). Using T-contrasts to explore the polarity of the difference, this

was positive in the IC condition in the left dorsal posterior cingulate (BA31).

Table 4.1 Brain areas with significant N400m activation (p<0.001 uncorrected) derived from the
ANOVA between IC and C conditions, across all 22 subjects.

Region F df p
R Frontopolar Cortex 12.05 2 0.000
L Dorsal Posterior Cingulate Gyrus 8.32 2 0.001

Figure 4.6: Sagittal (a), coronal (b) and axial (c) MNI template projections of the anatomical
areas (right frontopolar and left posterior cingulate) with significant N400m activation
(p<0.001 uncorrected), derived from the ANOVA between IC and C conditions across
subjects.

Figure 4.7: 3D Scalp-Time
results (x, y, 400ms) of the
ANOVA between C and IC
conditions across subjects
(p<0.001 uncorrected),
showing significant
activations in right frontal
and left posterior regions.

Scalp topography F-value



The N400 effect was also evaluated at subgroup-level, to investigate whether there was a
significant influence of PCSK6 genotype, independently from dyslexia status and degree of

handedness.

The F-contrast between carriers and non-carriers of the minor allele, thresholded at p<0.001
uncorrected, showed significant clusters in both right and left (right>left) plana temporale
(BA41), and in the right cuneus (BA19) (Table 4.2, Figures 4.8 and 4.9). The T-contrast of
greater N40O effect in carriers than in non-carriers showed significant clusters in the right and
left planum temporale (BA41); while the T-contrast of greater N40O effect in non-carriers than

in carriers showed significant clusters in the right cuneus (BA19).

Table 4.2: Brain areas with significant N400m activation (p<0.001 uncorrected) derived from the
ANOVA between carriers and non-carriers.

Region F df p
R Cuneus 12.27 2 0.000
R>L Plana Temporale 10.32 2 0.001

(b)

Figure 4.8: Sagittal (a), coronal (b) and axial (c) MNI template projections of the anatomical
areas (right cuneus and right planum temporale) with significant N400m activation (p<0.001
uncorrected), derived from the ANOVA between carriers and non-carriers.

Figure 4.9: 3D Scalp-Time
(x, y, 400ms) results of the
ANOVA between carriers
and non-carriers (p<0.001
uncorrected), showing
significant activations in
right occipital and posterior
temporal regions.

Scalp topography F-value



The F-contrast between dyslexic and unaffected siblings/twins, thresholded at p<0.001
uncorrected, showed significant clusters in the right angular gyrus (BA39) and in both right and
left (right>left) inferior frontal gyri (pars opercularis, BA45) (Table 4.3, Figures 4.10 and 4.11).
The T-contrast of greater N400 effect in dyslexic than in non-dyslexic subjects showed
significant clusters in the right prefrontal cortex (BA8, BA9), and possibly in the left ventral
posterior cingulate (BA23); while the T-contrast of greater N400 effect in unaffected
siblings/twins than in dyslexic subjects showed significant clusters in the left and right inferior

frontal gyrus (pars opercularis, BA45) and right angular gyrus (BA39).

Table 4.3: Brain areas with significant N400m activation (p<0.001 uncorrected) derived from the
ANOVA between dyslexic and unaffected siblings/twins.

Region F df p
R Angular Gyrus 11.31 2 0.001
R>L Inferior Frontal Gyri (pars opercularis) 10.72 2 0.001

(b)

Figure 4.10: Sagittal (a), coronal (b) and axial (c)| MNI template projections of the anatomical
areas (right angular gyrus and inferior frontal gyrus) with significant N400m activation
(p<0.001 uncorrected), derived from the ANOVA between dyslexic and unaffected
siblings/twins.

Figure 4.11: 3D Scalp-
Time (x, y, 400ms) results
of the ANOVA between
dyslexic and unaffected
siblings/twins (p<0.001
uncorrected), showing
significant activations in
right parietal and right
frontal regions.

Scalp topography F-value



The F-contrast between consistent and inconsistent handedness subgroups, thresholded
at p<0.001 uncorrected, showed significant clusters in the left frontal lobe, at the level of
premotor (BA6) and motor (BA4) cortex (Table 4.4, Figures 4.12 and 4.13). The T-contrast of
greater N400 effect in subjects with inconsistent handedness than in those with consistent
handedness showed significant clusters in the left motor cortex (BA4) and in regions possibly
pointing towards the right dorsal posterior cingulate (BA31); while the T-contrast of greater
N400 effect in subjects with consistent handedness than in those with inconsistent handedness

showed significant clusters in the left premotor cortex (BAG).

Table 4.4: Brain areas with significant N400m activation (p<0.001 uncorrected) derived from the
ANOVA between consistent and inconsistent handedness.

Region F df p
L Premotor Cortex 11.46 2 0.000
L Motor Cortex 11.03 2 0.001

Figure 4.12: Sagittal (a), coronal (b) and axial (c) MNI template projections of the
anatomical areas (left premotor and motor cortex) with significant N400m activation
(p<0.001 uncorrected), derived from the ANOVA between consistent and inconsistent
handedness.

60
50
Figure 4.13: 3D Scalp-
40 Time (x, y, 400ms) results

of the ANOVA between
consistent and inconsistent
handedness (p<0.001
uncorrected), showing
significant activations in
left fronto-central regions.

Scalp topography F-value



4.4.4 Time-Frequency Analysis

Time-frequency analysis was performed to provide insights on oscillatory brain dynamics
and language comprehension processes.

Morlet wavelets were used to decompose each trial into power and phase, across
peristimulus time and frequency. A straight averaging of the power estimate across trials and
across channels was performed, and a circular averaging of the phase estimate was run to
produce a quantity called Phase-Locking Value (PLV).

For the baseline correction of the time-frequency power files, data were scaled with a log
transform, since changes at high-frequency tend to be smaller than changes at lower
frequencies. Trial-averaged data were then contrasted to create the image of the difference in

power between IC and C conditions, for each subject (Figure 4.14).
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4.4.4.1 Time-Frequency Statistics

One 2D power image per condition per subject was entered into a GLM, to perform a one-
way repeated-measures ANOVA with two levels, in order to identify locations, in frequency and
time, where a reliable difference between the IC and C conditions occurred across subjects.

To model the error correlation induced by repeated measurements, we allowed for
dependencies, given the assumption of non-sphericity.

To make comparisons, the following contrasts were defined: a simple F-contrast to compare
the IC and C conditions; two T-contrasts to look at the polarity of the IC-C difference; another
F-contrast to compare the power N4A0OOm modulation within PCSK6 (carriers vs non-carriers),
handedness (consistence vs inconsistence) and affection status (dyslexic vs unaffected)

subgroups. The GLMs were run using 0.05 (FWE-corrected) as p-value threshold.



4.4.4.2 Time-Frequency Results

Event-related power changes were particularly seen over the right frontal and left temporal
regions, in the C condition, and in the occipital and frontal areas bilaterally, in the IC condition.
When comparing C and IC conditions across all subjects, with F-contrast thresholded at
p<0.05 FWE-corrected, a significant increase in power was observed both at 7Hz 350ms, and
at 40Hz 350-500ms. SPM for F-contrasts within all subgroups, thresholded at p<0.05 FWE-

corrected, showed a significant change in power at 7Hz 375ms.

4.4.5 Source Reconstruction

To estimate the cortical sources giving rise to the MEG data, each individual structural MRI
was co-registered to the individual MEG data, by using the fiducial points to create a head
model defining cortex, skull and scalp meshes. The forward model was calculated based on
the single-shell model for computing the lead field matrix (Nolte, 2003), and then inverted by
using the Empirical Bayes Beamformer (EBB) (Belardinelli et al., 2012) in SPM (Figure 4.15).

Figure 4.15: Co-registration
and forward model steps in
subject n.226:

1) Creation of the cortical
mesh (blue) based on the
individual MRI (inner skull
in red, scalp in orange,
hardwired fiducials in light
blue and MRI transverse
slices in black and grey
scale);

2) Co-registration with the
MEG head shape points
(blue), digitised with
Polhemus;

3) Co-registration with the
MEG sensor fiducials
(light blue), sensor
locations (black) and MRI
fiducials (pink);

4) Creation of the forward
model, using the single-
shell model (mesh in
blue, inner skull and scalp
surfaces in black, MEG
sensors in green).




The EBB inverse solution is an alternative to many spatial priors, by having a single prior
optimised using functional constraints (Belardinelli et al., 2012). Therefore, a single candidate
source covariance was estimated by using beamformer priors, and then regularised in the
Bayesian framework. This produced a Maximum Intensity Projection (MIP) of activity in source
space, and a time series of activity for each condition; a peristimulus (PST) hanning taper to
the channel time series was also applied, in order to down-weight the possible baseline noise
at the beginning and end of the trial (see MIP estimated and PST for each inversion solution
in Figure 4.17).

Based on the results of the group sensor-level and time-frequency analyses, the time
window of interest was set at 350-500ms, and the frequency window at 6-40Hz. The source
power was written both as a surface-based GIfTI mesh, using the default cortical smoothing
size of 8 (Figure 4.16), and as a volumetric NIfTI image, involving interpolation; the latter was

then used to compute the language laterality index, as described in the next paragraph 4.4.6.

As visible in Figure 4.17d, the EBB source reconstruction was much more focal and
lateralised in comparison with the other inverse solution algorithms that were simulated on the
data, including: 1) multiple spars priors (Greedy Search, GS in Figure 4.17a), corresponding
to a sparse prior on the sources, with few ones active; 2) spatially COHerent sources (COH in
Figure 4.17b), that is the spatial smoothness prior, allowing the mixture of two possible source
covariance matrices (the minimum norm prior and a smooth source covariance matrix); 3)

Independent Identically Distributed sources (IID in Figure 4.17c), that is the L2-minimum norm

prior, assuming the prior probability of each active source as independent and identically
distributed.

Figure 4.16: Power images of
subject n.226, derived from EBB
source reconstruction of IC
condition at 400ms, on GIfTI mesh:

a) Left sagittal view, showing
strong sources in the temporal
lobe (inferior and middle
temporal gyrus), inferior
parietal lobule (supramarginal
and angular gyrus) and
occipital lobe (lingual gyrus);

b) Posterior view, showing strong
source in the left occipital lobe
(cuneate and lingual gyrus);

c) Top view, showing strong
sources in the left cuneus and
inferior parietal lobule;

d) Basal view, showing strong
sources in the left lingual
gyrus, inferior and middle
temporal gyrus.




Figure 4.17: Comparison of inverse solutions for source reconstruction of IC condition in subject n.226.
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GS=Greedy Search multiple spars priors; COH=spatially COHerent sources; [ID=Independent
Identically Distributed sources; EBB=Empirical Bayes Beamformer; IC=incongruent.



4.4.5.1 Source Statistics

To identify the difference between the IC and C conditions in each subject, the source power
GIfTI images were entered into a one-way, non-repeated-measures ANOVA with two levels.
A simple F-contrast was defined to compare and identify reliable differences at the subject-

level. The GLM was run using 0.05 (FWE-corrected) as p-value threshold.

Once obtained all the 44 (22 subjects x 2 conditions) GIfT| images for the power at 6-40Hz
and 350-500ms, these were entered into the same repeated-measures ANOVA used for scalp-
time and time-frequency group statistics. Simple F-contrasts were defined to compare C and
IC conditions across all subjects, and to investigate subgroup potential differences (carriers vs
non-carriers; consistent vs inconsistent handedness; dyslexic vs unaffected siblings/twins).

The GLMs were run using 0.05 as p-value threshold.

4.4.5.2 Source Results

Group SPM for IC vs C power, at 6-40Hz and 350-500ms, across all 22 subjects, showed
significant activation clusters in the left premotor cortex (BA6) as well as significant deeper

sources in the left and right thalamus.

Same power sources were found at the subgroup-level; in addition, further significant
activation clusters were observed in both right and left dorsal anterior cingulate gyri (BA32),
and left prefrontal cortex (BA8), when comparing carriers with non-carriers, dyslexic with

unaffected siblings/twins, consistent with inconsistent handedness subgroups (Figure 4.18).
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Figure 4.18: Power source images derived from subgroup analysis, comparing carriers with non-
carriers:

a) Top view, showing significantly strong activations in the left premotor cortex and deep
sources in both right and left anterior cingulate gyri;

b) Right sagittal view, showing mild activations in the superior frontal gyrus and inferior
parietal lobule;

c) Frontal view, showing significantly strong activations in the left premotor cortex and deep
sources in both right and left anterior cingulate gyri.



4.4.6 Language Laterality Analysis

To analyse receptive language dominance, a quantitative assessment of grey matter’s
activation asymmetry was conducted in each subject, by employing a bootstrap procedure on
the source power NIfTI images, derived from the EBB source reconstruction. Such laterality
analysis was performed in the LI-toolbox, implemented in SPM (Wilke and Lidzba, 2007). The
midline (+/-5mm) was masked out, and five inclusive masks of the frontal, parietal, temporal,

occipital, and cingulate cortices were selected for the analysis.

The lateralisation index (LI), related to the N40Om power sources, was based on the

following basic computation:

LI = (Left - Right) / (Left + Right)

Negative LI values indicate right hemispheric dominance, while positive values indicate left
hemispheric dominance. From each regional LI, a laterality quotient (LQ) was also derived, by
multiplying the LI by 100. The language LQ has a range between — 100 and 100, with negative
values indicating rightward lateralisation, positive values indicating leftward lateralisation, and
higher values showing a stronger asymmetry in the respective direction. A specific measure of
degree of laterality was also determined, by taking the absolute value of LQ (ranging from 0 to
100), with higher values indicating stronger laterality. Additionally, a binary variable for
direction of laterality was created, by categorising a negative LQ (from -100 to 0) as right
hemispheric dominance, and a positive LQ (from 1 to 100) as left hemispheric dominance.

Following the approach of previous MEG studies (Raghavan et al., 2017; Tanaka et al.,
2013), a ternary classification of language lateralisation was performed, using +10 as
threshold, and assuming values higher than 10 as indicating left hemispheric dominance (LD),
lower than -10 as indicating right hemispheric dominance (RD), and between -10 and 10 as

indicating symmetric bilateral language representation (BL).

These calculations resulted in four asymmetry measures as dependent variables: LQ,

degree of laterality, direction of laterality and lateralisation.

4.4.6.1 Laterality Statistics

Statistical analyses were performed in SPSS® version 25 statistical software (IBM, Armonk,
NY, USA). In each analysis, subjects were grouped according to the independent variable of
interest, and matched by the other independent variables potentially affecting asymmetries, in

order to disentangle any cross-influence on hemispheric dominance.

The three independent variables were: 1) PCSK6 rs11855415 genotype (henceforth
referred to as PCSK6 genotype), grouping carriers vs non-carriers of the minor allele; 2) degree

of handedness (determined as described in Chapter 2, paragraph 2.2.2), grouping consistent



vs inconsistent handedness; 3) affection status, grouping dyslexic vs unaffected siblings/twins.
Therefore, to investigate the PCSK6-related endophenotype, carriers and non-carriers were
matched by age, gender, affection status and degree of handedness; to look at the effect of
degree of handedness, subjects with consistent and inconsistent handedness were matched
by age, gender, affection status and genotype; to explore the effect of dyslexia status, dyslexic

and unaffected subjects were matched by age, gender, degree of handedness and genotype.

The four dependent variables were analysed with different tests: LQ and degree of laterality,
being interval-scaled variables, were tested parametrically using two-sample t-test;
lateralisation and direction of laterality, being nominal variable, were tested non-parametrically

using Mann-Whitney test.

Since five brain areas of interest (cingulate, frontal, temporal, parietal and occipital regions)
were included in the analysis, Bonferroni correction resulted in a corrected significance
threshold of p=0.05/5=0.01.

4.4.6.2 Laterality Results

As far as the power activation at 6-40Hz and 350-500ms is concerned, this was bilateral,
mildly leftward lateralised at the level of cingulate, frontal, parietal and temporal regions, and

strongly leftward lateralised in the occipital lobe (Figure 4.19), in all 22 subjects.
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4.4.6.2.1 Laterality Quotient

None of the comparisons (carriers vs non-carriers; dyslexic vs unaffected siblings/twins;
consistent vs inconsistent handedness) reached significance for neither the Bonferroni-

corrected (0.01) nor the uncorrected (0.05) significance thresholds.

4.4.6.2.2 Degree of Laterality

None of the comparisons (carriers vs non-carriers; dyslexic vs unaffected siblings/twins;
consistent vs inconsistent handedness) reached significance for the Bonferroni-corrected
threshold (0.01). However, the uncorrected significance threshold (0.05) was reached by the
effect of the affection status (dyslexic vs unaffected) on the low degree of frontal laterality (p
0.023) (Table 4.5).

Table 4.5: Results of the t-tests with degree of laterality as dependent variable and affection
status as independent variable. *Frontal region reached significance (<0.05).

Region t df p

Frontal 2.456 20 0.023*

Parietal 0.291 20 0.774
Temporal 0.728 20 0.475
Occipital 0.710 20 0.486
Cingulate -0.826 20 0.418

4.4.6.2.3 Direction of Laterality

None of the comparisons (carriers vs non-carriers; dyslexic vs unaffected siblings/twins;
consistent vs inconsistent handedness) reached significance for neither the Bonferroni-

corrected (0.01) nor the uncorrected (0.05) significance thresholds.

4.4.6.2.4 Lateralisation
The Bonferroni-corrected significance threshold (0.01) was reached only by the effect of

PCSK®6 genotype on the cingulate leftward lateralisation (p 0.007) (Table 4.6).

Table 4.6: Results of the Mann-Whitney tests with lateralisation as dependent variable and
PCSK®6 genotype as independent variable. *Cingulate reached significance (<0.01).

Region Mann-Whitney U N p

Frontal 46.000 22 0.645
Parietal 40.000 22 0.588
Temporal 35.000 22 0.323
Occipital 36.500 22 0.346

Cingulate 65.500 22 0.007*




4.4.7 Discussion
4.4.7.1 The Relationship between N400m and Power Changes

Comparing the C and IC conditions across subjects, significant event-related power
changes were observed in the theta frequency range (4-7Hz) at 7Hz, at 350ms, and in the
gamma frequency range (25-100Hz) at 40Hz, at 350-500ms. In particular, a consistently
smaller gamma power was observed for IC sentence endings than for C ones. Increased
neuronal synchronisation in the theta band has been shown to be associated to retrieval of
word-level information (Bastiaansen et al., 2005, 2008), while gamma band neuronal
synchronisation around 40Hz has been observed in relation to sentence-level semantic
processing (Bastiaansen and Hagoort, 2006; Varela et al., 2001).

In our participants, an increase in gamma power was particularly seen in the C condition,
over the right frontal and left temporal regions, consistently with other studies (Hald et al., 2006;
Urrutia et al.,, 2012), that reported increased gamma (~40 Hz) power during semantic
unification operations, and gamma band event-related desynchronisation in association with

semantic incongruency.

4.4.7.2 Modulation and Lateralisation of the N400m in the Cortico-Thalamic Network

For more than 150 years, since the time of Broca’s (1865) and Wernicke's researches
(1874), language functions were the focus of mainly cortico-centric studies, looking at the
structural underpinnings of language processing within the cortex. However, in the last 30
years this view was progressively complemented by models looking also at subcortical regions
as potential language-related structures (Crosson, 1985; Alexander et al., 1986; Nadeau and
Crosson, 1997; Friederici and Kotz, 2003; Ullman, 2006; Wahl et al., 2008; Krugel et al., 2014).

According to the “selective engagement model” (Crosson, 1985), non-linguistic functions
would pertain to the basal ganglia, and language abilities to cortico-thalamic networks, where
thalamic nuclei would gate language-related information flow between the fronto-opercular and
temporo-parietal areas and, on demand, coordinate their coupling for the integration of
phonemic and semantic levels (Crosson, 1985; Nadeau and Crosson, 1997; cf. Johnson and
Ojemann, 2000; Kraut et al., 2003; Wahl et al., 2008).

Our results particularly suit the Crosson’s model of a cortico-thalamic network for syntactic
and semantic language processing, since the N400 effect reflects the semantic retrieval of
multiple cortical regions (Helenius et al., 1998; Halgren et al., 2002; Maess et al., 2006; Service
et al., 2007; Vartiainen et al., 2009; Vistoli et al., 2011; Wang et al., 2012), as part of a more
distributed semantic network. In this context, the thalamus may play a pivotal role in the task-
dependent build-up of intercortical connectivity among cingulate, frontal and temporo-parietal

cortices. The contribution to language organisation from each of these structures (Figures



4.20, 4.21 and 4.22) will be described in the ensuing sections, against the backdrop of our

observations and the published literature.

4.4.7.2.1 Thalamus

Figure 4.20: Sagittal, coronal and axial MNI template projections of left and right thalamus.

The Crosson’s model of a cortico-thalamic language network has been further validated by
several studies in the last two decades, particularly in the field of Deep Brain Stimulation (DBS)
(Benabid et al., 2000; Krack et al., 2000; Schuurman et al., 2000; Wabhl et al., 2008; Krugel et
al., 2014).

Wahl et al. (2008) found that thalamic nuclei, but not basal ganglia, are engaged in the
analysis of syntactic and semantic parameters of auditorily presented sentences. They used
simultaneous scalp, basal and thalamic EEG recordings to map the cortico-basal organisation
of language, by comparing depth-recorded and scalp-recorded ERPs (P600, N400, early left
anterior negativity). Interestingly, depth-recorded ERPs were from both right and left ventral
intermediate nuclei, even in case of strong lateralised scalp-recorded ERP. Similarly, our SPM
for IC vs C power at 6-40Hz and 350-500ms across all 22 subjects, showed sources in both
left and right thalami as well as in the left premotor cortex. These findings taken together make
also plausible a thalamic centromedian origin with dense fronto-temporal connections, such as
centromedian or pulvinar nuclei (Yingling and Skinner, 1977), relative to which even the more
lateral recordings would be mostly symmetrical (Wahl et al., 2008).

A more recent DBS study (Krugel et al., 2014) also confirmed the thesis of a thalamic N400
modulation, with lack of subthalamic influence. In particular, a prolongation of lexical decision
time alongside an attenuation of the N400 was observed in patients with ventral intermediate
nucleus DBS, due to the disruption of the thalamic control over the cortical structures, that is
crucial for word processing (Krugel et al., 2014).

Electrical stimulations performed in the context of thalamotomy showed that dysnomia and
phonemic repetitions can be provoked by targeting anterior thalamic regions, while object
anomia and lexical memory decline can be elicited by stimulating dorsal thalamic regions
(Ojemann, 1975, 1976, 1983; Fedio and Van Buren, 1975; Hebb and Ojemann, 2012).



Functional imaging studies have also shown thalamic activations during speech-sound
analysis and lexico-semantic tasks, alongside the involvement of temporal and frontal regions
of the dominant hemisphere (Nadeau and Crosson, 1997; Slotnick et al., 2002; Kraut et al.,
2002, 2003; Alain et al., 2005; Assaf et al., 2006; Von Kriegstein et al., 2008).

Finally, further insights on the language-related role of the thalamus come from clinical
conditions, such as thalamic lesions of the centromedian complex, inferior peduncle (Yingling
and Skinner, 1977; Nadeau and Crosson, 1997), ventral nuclei, mammillothalamic tract (Nishio
et al., 2011), and infarctions of the left paramedian and tuberothalamic arteries, that can lead
to thalamic aphasia, consisting in word finding difficulties, dysnomia and semantic paraphasia
(Jonas, 1982; Nadeau and Crosson, 1997; Kuljic-Obradovic, 2003; Carrera and
Bogousslavsky, 2006; De Witte et al., 2011).

4.4.7.2.2 Cingulate Cortex

Figure 4.21: Sagittal, coronal and axial MNI template projections of the cingulate cortex.

In addition to the N40Om thalamic sources, we also found significant source activations in
the right and left dorsal anterior cingulate cortex (BA32) and left prefrontal cortex (BA8,9),
when comparing carriers with non-carriers, dyslexic with unaffected siblings/twins, and
consistent with inconsistent handedness subgroups.

It is interesting to notice that the engagement of the cingulate cortex during the language
task was correctly hypothesised on the basis of the subject-, subgroup- and group-level scalp-
time analyses, and confirmed by the source-level results.

When looking at the differential N4AOOm ERF (IC>C) across all subjects, significant clusters
were observed in the right frontopolar cortex (BA10) and in contralateral regions possibly
pointing towards the dorsal posterior cingulate (BA31). Also, a greater N400 effect in dyslexic
than in unaffected siblings/twins was observed in the right prefrontal cortex (BA8,9), and in
contralateral regions possibly indicating the ventral posterior cingulate (BA23); while a greater
N400 effect in subjects with inconsistent handedness than in those with consistent handedness
was found in the left motor cortex (BA4), and contralaterally in regions pointing towards the

right dorsal posterior cingulate (BA31).



The most interesting insights on the cingulate cortex come though from the laterality
analysis, that considered the brain regional laterality indeces of the N4AOOm power sources as
dependent variables of PCSK6 genotype, degree of handedness and affection status. This
showed a significant effect of PCSK6 genotype on the cingulate leftward lateralisation, while
frontal degree of laterality was significantly associated with dyslexia status, independently from
PCSK®6. There might be a link between PCSK6 and language organisation via the cingulate,
representing one of the PCSK6-related functional endophenotypes independent from dyslexia.

The cingulate cortex receives inputs from both the thalamus and the neocortex, and, via the
cingulum, projects to the entorhinal cortex. Based on fMRI evidence (Polli et al., 2005; Taylor
et al., 2006), the dorsal part of the anterior cingulate cortex would play a role in conflict
monitoring (Carter et al., 1998; Kiehl et al., 2000; Menon et al., 2001), while the rostral part in
error detection (Falkenstein et al., 1991; Gehring et al., 1993). The posterior cingulate cortex
is instead an important hub of the default mode network (Whitfield-Gabrieli and Ford, 2012)
and semantic network (Binder et al., 2009), and its activity can indicate mediation of task
demands, and a continued operation with the current cognitive set (Pearson et al., 2011). Both
the anterior and posterior cingulate cortex have been reported to be linked to the N400 effect
(Matsumoto et al., 2005; Kircher et al., 2009; Abel et al., 2012; Jacob et al., 2019). The anterior
cingulate cortex is also the structure where the error-related negativity (ERN) ERP is known to
be generated, according to dipole source modelling (Dehaene, Posner and Tucker, 1994),
fMRI studies (Ito et al., 2003; Holroyd et al., 2004) and brain lesion research (Stemmer et al.,
2004). The ERN is evoked by a mismatch between the actual and the intended response
representations (Falkenstein et al., 1991, 2000; Gehring et al., 1993; Scheffers et al., 1996),
in a comparable manner to the N400 ERP and other medial frontal negativities resulting from

a mismatch process (Falkenstein et al., 1991).

4.4.7.2.3 Neocortex

Figure 4.22: Sagittal, coronal and axial MNI template projections of the left premotor cortex.

The N400m ERF has been reported to be generated in bilateral, but left dominant, temporal
regions (Helenius et al., 1998; Halgren et al., 2002; Vartiainen et al., 2009; Wang et al., 2012),

with contributions from left prefrontal cortex (Halgren et al., 2002; Maess et al., 2006).



Our study also showed the bilateral cortical contribution to the N40OOm ERF from temporal and
frontal lobes, alongside parietal and occipital activations, at the subject- and subgroup-level.
In addition to what mentioned in the previous paragraph with regard to the subgroup-level
N400m frontal and cingulate activations, a significantly greater N400 effect was also observed
in the following regions: in the right and left planum temporale (BA41) in carriers than in non-
carriers; in the right cuneus (BA19) in non-carriers than in carriers; in the right angular gyrus
in unaffected siblings/twins than in dyslexic ones; in the left premotor cortex (BAG) in subjects
with consistent handedness than in those with inconsistent handedness. However, at the
neocortical level, source reconstruction showed only significant N40Om frontal sources, in the
left premotor cortex, at the subject-, subgroup- and group-level.

Consistently with our findings, Halgren et al. (2002) showed activations to semantic
mismatch spreading to the left prefrontal areas, like inferior frontal gyrus and dorsolateral
prefrontal cortex (Halgren et al., 2002); and fMRI studies (Rodd et al., 2005; Lauro et al., 2008;
Boulenger et al., 2009) showed a similar fronto-temporal activation extending into anterior
inferior frontal cortex. Interestingly, idiom-related activation in the middle frontal gyrus were
observed to extend into frontocentral motor and premotor cortex (Boulenger et al., 2009),
reflecting the motor cognition generated by abstract action-related language (Jeannerod, 2006;
Boulenger et al., 2009). This might be also valid for some sentences of our child-friendly MEG
paradigm (e.g. the child went outside to play), that might have elicited frontal activations also
related to motor cognition.

According to the “functional neuroanatomic model for word semantic processing” (Lau et
al., 2008): 1) matching lexico-semantic representations would be first stored and activated in
the inferior and middle temporal gyrus; 2) the anterior temporal cortex and angular gyrus would
integrate semantic information into context (Dronkers et al., 2004; Noppeney et al., 2008); 3)
the inferior frontal gyrus would mediate controlled selection (with its posterior part) and retrieval
(with its anterior part) of representations, based on top-down information (Friederici, 2002;
Humphries et al., 2007; Mechelli et al., 2007). Therefore, each new word’s semantic
representation would be integrated by the angular gyrus, and then selected and retrieved by
the inferior frontal gyrus. Such model certainly helps the functional interpretation of the N400
effect observed in our subjects at the level of the inferior parietal and temporal cortex, as
reflecting semantic integration, and of the inferior frontal cortex, as reflecting selection and
retrieval processes.

Finally, our laterality analysis looking at the regional laterality indeces of the N40Om power
sources showed a significant independent effect of the dyslexia affection status on the low
degree of laterality of the frontal lobes, in line with previous functional studies reporting a
weaker language lateralisation in dyslexic individuals (Badcock et al., 2012; Park et al., 2012;
Sun et al., 2010; Papanicolaou et al., 2003; Simos et al., 2000; Breier et al., 2003; Sarkari et
al., 2002).



Chapter 5: Conclusions

5.1 Integrating Functional and Structural Endophenotypes

This thesis analysed the PCSK6-related extended endophenotype of functional and
structural hemispheric asymmetries, by examining quantitatively the co-segregation of brain
anatomy, physiology and neurocognitive laterality measures.

The main hypothesis was that atypical structural and functional hemispheric asymmetries
may result from a disruption of the NODAL signalling pathway due to specific PCSK6 genetic
variants, and may become ultimately visible at the clinical level as developmental
neurocognitive disorders, such as dyslexia.

Driven by previous GWAS'’ findings regarding the association of PCSK6 rs11855415 with
greater relative right handedness in dyslexia cohorts (Scerri et al., 2011; Brandler et al., 2013),
we used the putative link between this genetic variant and developmental dyslexia as genotype
— clinical phenotype association model, and we investigated the related structural and
functional hemispheric asymmetries as its postulated extended endophenotype, via a

multimodal integrated neuroimaging approach.

On the structural side, a significant difference at the level of the pars opercularis of the
IFG, in terms of morphometry (density) but not of asymmetry, was revealed by the first MRI
exploratory study on 14 participants, comparing carriers with non-carriers of PCSK6
rs11855415 minor allele. Interestingly, carriers displayed a lower GM density in this structure
than non-carriers, and also a significant positive correlation between the volume of the IFS
rightward asymmetric cluster (asymmetry that was present in both carriers and non-carriers)
and handedness LQ. The second MRI study, performed on the entire ABC cohort of 47
children, revealed instead the presence of a significant PCSK6-related asymmetry at the level
of the pars opercularis of the IFG, which was more rightward lateralised in carriers than in non-
carriers. In the ABC cohort, we also found a significant association between PCSK6 and
degree of asymmetry of the lateral orbitofrontal region, superior frontal gyrus, precentral gyrus,
insula and amygdala, where carriers showed a lower degree of asymmetry than non-carriers,
suggesting a potential influence of the PCSK6 on the development of a less asymmetric frontal
cortical and subcortical regions. Therefore, the fil rouge of the PCSK6-related structural
findings observed across the MRI studies would link PCSK6 rs11855415 to a specific rightward
asymmetry of the pars opercularis of the IFG, within the context of a diminished degree of
frontal asymmetries, where the right volume of the rightward asymmetry of the IFS would

correlate positively to a higher degree of right-handedness in carriers.

On the functional side, in order to investigate the PCSK6-associated language
asymmetries, our MEG study analysed the regional language laterality indeces derived from

the N40Om power sources, and showed a significant effect of PCSK6 on the cingulate



lateralisation. Furthermore, carriers showed N400m bilateral thalamic and leftward cingulate
sources, as well as left frontal source activations. These findings may therefore suggest a

possible link between PCSK6 and language lateralisation, via the cingulate cortex.

5.2 Testing Asymmetry Correlations

All the PCSK6-related associations found across the ChildBrain multimodal study, were
further tested with a bivariate Pearson’s correlation analysis of the asymmetry indices (derived
from MEG, MRI and handedness) and neuropsychology scores, including both continuous and
dichotomous categorical (PCSK6 genotype and dyslexia status) variables.

The correlation analysis revealed the following associations between the PCSK6
rs11855415 variant and: 1) the MEG-derived cingulate language lateralisation index (p 0.01, r
0.306); 2) the MRI-derived direction of asymmetry and LQ of the pars opercularis of the IFG
(respectively, p 0.038, r0.306 and p 0.007, r 0.390); 3) PegQ (p 0.027, -0.334) and degree of
handedness (p 0.022, r -0.349). All significant correlations are included in Table 5.1.

The associations between PCSK6 and the MRI- and MEG-derived laterality measures
found in our studies were confirmed by significant positive correlations; the association of
PCSK6 with handedness (Scerri et al., 2011; Brandler et al., 2013) was also confirmed but,
contrarily to what expected, by a significant negative correlation.

Table 5.1: Significant correlations across MRI/ MEG-derived asymmetry indeces, handedness, cognitive
measures, PCSK6 genotype and dyslexia status, with respective r coefficient and p-value.

.623* 712*
.040 .014
-.58** -.515*
.00 .029
.331*
.028
-.334* -.334*
.027 .027
.588*
.000
-.334* - .39*%* .306* .571*
.027 .007 .038 .011
.331* .39%* - - -
.028 .007
.541*
.017
.306* - - - .541*
.038 .017
.58** .58**
.009 .009
-.515*
.029
.495* .495*
.031 .031
.58** .495* - -
.009 .031
.58** .495
.009 .031
.571* .541*
011 017

*Correlation significant at 0.05 (2-tailed, uncorrected). **Correlation significant at 0.01 (2-tailed, uncorrected).
Cing=cingulate cortex; Deg=degree; Dir=direction; Dys=dyslexia; Front=frontal, Hand=handedness;
IFG=inferior frontal gyrus; Lat=laterality; PO=pars opercularis; SWE=sight word efficiency; VIQ-PIQ=Verbal
Intelligence Quotient - Performance Intelligence Quotient discrepancy.



The bivariate Pearson’s correlation revealed in fact the association of PCSK6 rs11855415
with both a low degree of handedness and a low PegQ values, in contrast with what observed
by Scerri et al. (2011) and Brandler et al. (2013) regarding the association of the same variant
with increased relative right-hand skills (positive PegQ values) in dyslexic individuals. In
dealing with these contrasting findings, it is relevant to recall the existence of another PCSK6
variant, rs10523972, that was found to be associated to a lower degree of handedness (Arning
et al., 2013), as well as to rightward asymmetries in the frontal and temporal lobes (Berretz et
al., 2019), in healthy individuals. In light of this, it is plausible to advance the alternative
hypothesis of a potential shared extended endophenotype, possibly consisting of rightward
frontal asymmetries and low degree of handedness, between the PCSK6 rs11855415 and
rs10523972 variants, respectively in dyslexia-families and in the general population. A
collaborative neuroimaging study would be therefore needed in order to investigate and
compare the quantitative traits of functional and structural hemispheric asymmetries
associated to both variants, and to look for those differential features, in particular in the
temporal lobe (where we did not find any PCSK6 rs11855415-related effect), that might make
individuals possibly less prone to develop dyslexia in association to PCSK6 rs10523972.

With regard to the other Pearson’s correlations not directly related to PCSK6, they also
confirmed the collateral findings of the multimodal study, highlighting the holistic nature of the
functional-structural hemispheric asymmetries. In particular, degree of handedness was
positively correlated with the MRI-derived LQ of the pars opercularis of the IFG and to the
MEG-derived frontal degree of language laterality, corroborating the hypothesis that
handedness lateralisation might be linked to language, via both structural and functional
asymmetries of the frontal lobe. In addition, the MEG-derived cingulate language lateralisation
index was positively correlated with the MRI-derived degree and direction (right) of asymmetry
of the pars opercularis of the IFG; and the MEG-cingulate degree of language laterality and
LQ were both positively correlated with the MEG-frontal LQ and left direction of laterality,
confirming the cross-talking between cingulate and frontal regions within the cortico-thalamic
semantic network, that we observed in the MEG study. Interestingly, the MEG-derived frontal
degree of language asymmetry was negatively correlated with the sight word efficiency (SWE)
standard score, while the MEG-derived frontal language direction and LQ were positively
correlated with the VIQ-PIQ discrepancy (difference between verbal 1Q and performance 1Q),
suggesting that MEG-derived language asymmetry measures can be reflected also by

psychometric measures of hemispheric asymmetry.

Assembling the main findings of the MRI and MEG studies presented in this thesis, we can
now construct the potential extended endophenotype for PCSK6-related hemispheric
asymmetries in dyslexia families (Figure 5.1). The structural endophenotype would therefore

consist of a low degree of asymmetry of the frontal lobes, with a rightward asymmetric cluster



at the level of the IFG pars opercularis. While the functional endophenotype would consist: on
the receptive language side, of a fronto-cingulate-thalamic semantic network, originating from
the thalami, passing through the cingulate gyri with leftward lateralisation, towards the left
frontal cortex; on the handedness side, either of increased relative right-hand skills (Scerri et
al., 2011; Brandler et al., 2013), possibly positively correlated with the right volume of the
rightward asymmetric IFS (as observed in our first MRI study), or of a low degree of

handedness and right-hand skills, as revealed by the Pearson’s correlation.

Handedness
Lateralisation

Brain
Asymmetries

Language
Lateralisation

PCSK6
rs11855415

Dyslexia
Phenotype

Genotype
Rightward Leftward Low Degree
asymmetry of the Cingulate of Handedness
pars opercularis Lateralisation ~ and
of the IFG Right-Hand

Skills

Endophenotype 1 Endophenotype 2 Endophenotype 3

Hemispheric Asymmetries
Extended Endophenotype

Figure 5.1 PCSK6-related hemispheric asymmetries extended endophenotype:

e Endophenotype 1 is represented by a rightward asymmetry of the pars opercularis of the inferior
frontal gyrus (IFG,) within the context of a general low degree of frontal asymmetries;

e Endophenotype 2 is represented by a fronto-cingulate-thalamic semantic network, originating
from the thalami towards left frontal cortex, via cingulate leftward lateralisation.

e Endophenotype 3 is represented by a low degree of handedness and right-hand skills.

The combination of the observed endophenotypes into a network-dimension, where the
included traits are linked to each other by integrated functional-structural mechanisms, seems
to satisfy the definition criteria of ‘extended endophenotype’, proposed by Prasad and
Keshavan (2008). In our postulated PCSK6 rs11855415-related extended endophenotype: (1)
each trait was state-independent, and measured as quantitative endophenotype in dyslexic
and unaffected siblings; (2) different levels of investigation and analysis (structural,

physiological, cognitive and behavioural) have been involved; (3) the included



endophenotypes co-occurred within dyslexia families, in dyslexic children as well as in the
unaffected siblings, and were correlated within the same individual; (4) the included functional
and structural endophenotypes are putatively mechanistically related, given the still unclear
nature of the link between brain structural and functional aymmetries. Furthermore, the state-
independence of the PCSK6 rs11855415-related findings in our dyslexia case-sibling
population supports the hypothesis of the endophenotype against alternative models, such as

pleiotropy, additive/interactive risk and neuroplasticity.

5.3 Future Directions

The choice of a family-based study helped to avoid possible spurious associations (Cardon
and Palmer, 2003) and to increase the chances of including children displaying the genetic
variant of interest. However, this study design might have resulted in subjects being
overmatched on many variables, with a consequent loss of power and risk of false positive
results (Witte et al., 1999). This issue has been partially prevented by building on findings from
GWASs (Scerri et al., 2011; Brandler et al., 2013), and by matching subjects by any
confounding variables that could potentially impact on asymmetries independently from the
PCSK6 rs11855415 variant. To ensure homogeneity of asymmetry variance, this was also

assessed with Levene’s test in each of the asymmetry analyses.

In order to reduce the replication uncertainty of our genotype-endophenotype associations,
the introduction of an additional control group of unrelated unaffected children, and the
increase of the sample size through a neuroimaging genetics collaborative network should be

the priorities of future studies.

In conclusion, by deriving and integrating quantitative measures of grey matter
asymmetries, language lateralisation and handedness dominance in a dyslexia family-based
study, we constructed a prototypical PCSK6 rs11855415-related extended endophenotype.
Such model of functional and structural hemispheric asymmetry extended endophenotype will
hopefully inform and help future studies in unveiling the pathway that goes from NODAL to

neurocognitive disorders, passing through brains, minds and their atypical asymmetries.
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