
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Master 2018                                     Open Access

This version of the publication is provided by the author(s) and made available in accordance with the 

copyright holder(s).

Aberrant white matter development in 22q11.2 Deletion Syndrome and 

association with risk factors of psychosis

Van Der Molen, Joëlle Ismay Rosanne

How to cite

VAN DER MOLEN, Joëlle Ismay Rosanne. Aberrant white matter development in 22q11.2 Deletion 

Syndrome and association with risk factors of psychosis. Master, 2018.

This publication URL: https://archive-ouverte.unige.ch/unige:106309

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:106309


Master Thesis

Aberrant white matter development in
22q11.2 Deletion Syndrome and

association with risk factors of psychosis

Author:
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Abstract

Background: 22q11.2 Deletion Syndrome (22q11.2DS) is a neurogenetic disorder as-

sociated with widespread anomalies of white matter volume and microstructure. However,

findings regarding the direction of microstructural alterations of white matter in this pop-

ulation are inconsistent. Moreover, although postnatal white matter maturation is known

to follow complex non-linear patterns in healthy developing individuals, developmental tra-

jectories of white matter have never been characterized in 22q11.2DS. Thus, the first aim

of this study was to delineate the developmental trajectories of white matter microstruc-

ture in 22q11.2DS from childhood until adulthood, in order to improve our understanding

of neuroanatomical development in this population.

22q11.2DS is also considered a model to study schizophrenia, given that approximately

30% of individuals with the deletion develop the illness by adulthood. Extensive research

has recently led to the identification of several cognitive and psychiatric risk factors for

psychosis in this population. However, neuroanatomical biomarkers of the disease have

not yet been established. Given that schizophrenia is associated with widespread alter-

ations of structural connectivity, the study of white matter development in patients with

22q11.2DS presenting risk factors of psychosis may help to identify neurodevelopmental

markers of early stages of the disease. The identification of such biomarkers could not

only provide powerful predictors of conversion to psychosis, but could also provide per-

spectives regarding early intervention targets. Thus, the second aim of this study was to

characterize white matter development in association with two well-established risk factors

for conversion to psychosis, namely cognitive decline and the ultra-high risk (UHR) status.

Method: To address these aims, a longitudinal design was adopted in order to capture

the individual progression of brain structure over time. Diffusion tensor imaging (DTI)

data was used to reconstruct 18 long-range white matter tracts using a global probabilistic

tractography method. Four DTI metrics were extracted as averages for each tract: frac-

tional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD) and mean diffusivity

(MD). A preliminary characterization of white matter differences between individuals with

22q11.2DS and typical developing (TD) controls was obtained on a sample of 74 subjects

(40 22q11.2DS; 34 TD controls) aged 8-25 years with two consecutive assessments (mean

time interval = 3.395 ± 0.496 years). Repeated measures ANOVA and group comparisons

of the annual percent change (APC) were performed for each DTI metric and white matter

tract. We then extended the sample by including a total of 201 subjects (101 22q11.2DS;

100 TD controls) aged 5-35 with varying amounts of time points (mean time interval

= 3.554 ± 0.867 years) and applied mixed models regression analyses to obtain a more

fine-grained delineation of developmental trajectories of white matter microstructure. Fi-

nally, mixed models were also used to compare white matter development in subgroups of

patients with 22q11.2DS categorized depending on the presence of risk factors of psychosis.
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Results: Both in the preliminary study and main study comparing 22q11.2DS and

TD controls, we found group differences in most white matter tracts, and alterations con-

sistently followed a pattern of reduced AD, RD and MD combined with increased FA in

patients with 22q11.2DS compared to TD controls. Group x time interaction effects were

generally absent, as both groups showed identically shaped trajectories. These trajectories

followed non-linear patterns for most DTI metrics and white matter tracts. Comparisons

of APC between 22q11.2DS and TD controls yielded significant group differences in AD

and MD for the right corticospinal tract (CST). In individuals with 22q11.2DS, an inter-

action effect was observed for FA in the splenium of the corpus callosum (forceps major,

FMAJ) when comparing patients with a cognitive decline and patients without cognitive

decline. The comparison of UHR and non-UHR patients again yielded an interaction effect

in the FMAJ; an additional interaction effect was also observed for AD in the left angular

bundle of the cingulum (CAB).

Conclusions: Although developmental changes were visible in 22q11.2DS and TD

controls for most tracts and diffusion metrics, 22q11.2DS is associated with widespread

alterations in most white matter tracts, suggesting extensive disruptions of long-range

communication. Alterations were present from early on and persisted throughout develop-

ment, pointing to a combination of both prenatal and postnatal pathological mechanisms.

Moreover, findings indicate that individuals at high risk of psychosis are consistently char-

acterized by deviant developmental trajectories in the splenium of the corpus callosum.

As such, early developmental alterations in this tract may represent a valuable biomarker

for the prediction of schizophrenia.
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1 Chapter 1. Introduction

CHAPTER 1

INTRODUCTION

22q11.2 Deletion Syndrome (22q11.2DS) is associated with specific cognitive, psychiatric

and somatic characteristics. Since the emergence of neuroimaging techniques in the 1990s,

a large body of evidence indicates that, on a neuroanatomical level, the syndrome is

associated with extensive disruptions of white matter volume and microstructure. Yet,

from a developmental perspective, white matter maturation is still largely unknown for

this population.

Moreover, 22q11.2DS represents the third highest genetic risk for developing schizophre-

nia, a profoundly disabling disorder characterized by perturbations in cognition, perception

and emotions (American Psychiatric Association, 2013). While schizophrenia is increas-

ingly recognized as a neurodevelopmental disorder (Insel, 2010; Rapoport et al., 2012;

Uhlhaas and Singer, 2010), the study of developmental pathways leading to the disorder

is challenging, given that subjects are mostly identified and studied after the onset of

the disease. In this context, 22q11.2DS provides a unique opportunity for the study of

early stages preceding schizophrenia, given that this population can be identified at early

ages and is associated with a high risk of developing the disorder. Previous research in

22q11.2DS has led to the identification of several cognitive and psychiatric risk factors

that may help predicting schizophrenia (Gothelf et al., 2013; Kufert et al., 2016; Schneider

et al., 2016; Van et al., 2016; Vorstman et al., 2015), but biomarkers1have thus far not

been established. White matter development represents a particularly promising candidate

biomarker, given that a large body of evidence points to an involvement of cerebral white

matter in the pathophysiology of schizophrenia (Fornito et al., 2012; Heuvel and Fornito,

2014; Pettersson-Yeo et al., 2011). When following a neurodevelopmental perspective, is

indeed likely that alterations visible in schizophrenia are the end-point of aberrant devel-

opmental processes occurring in years prior to the emergence of the disorder.

1According to the Biomarkers Definitions Working Group. (2001), a biomarker can be defined as “a
characteristic that is objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeutic intervention.”.
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The identification of neurodevelopmental biomarkers associated with early stages of

schzophrenia may not only provide a powerful mean for predicting the emergence of the

disease, but may also help the development of early preventive intervention methods that

would be able to forestall the emergence of the full-blown disorder.

Given the above considerations, the present work was organized around two main

objectives. First, we sought to characterize white matter developmental trajectories in

22q11.2DS, in order to provide a more comprehensive understanding of the neuroanatom-

ical profile associated with the syndrome. Then, a second objective involved the study of

white matter maturation in patients with 22q11.2DS at high risk for schizophrenia.

In this introductory chapter, general characteristics of 22q11.2DS will first be outlined.

Then, we will provide a detailed description of white matter structure, function and de-

velopment, followed by a description of neuroimaging techniques adapted for the study

of white matter in vivo. Next, previous findings pointing to white matter alterations in

22q11.2DS and associations with psychosis will be reviewed, followed by a description of

state-of-the-art analysis methods used for group comparisons of white matter structure.

Finally, we will conclude the chapter by defining the structure of a longitudinal study,

describing the challenges associated with it and highlighting the importance of prospec-

tive longitudinal studies in the context of 22q11.2DS and the search for biomarkers of

psychosis.

1.1 22q11.2 Deletion Syndrome

Chromosome 22q11.2DS can be defined as a common neurogenetic developmental disorder,

occurring with a prevalence of around 1 in 2000-4000 live births (Oskarsdóttir et al., 2004;

Shprintzen, 2005). In this section, the historical background of the syndrome will first

be described. Then, we will outline the syndrome’s genetic characteristics and methods

used for its detection, followed by a characterization of the complex somatic, cognitive

and psychiatric profile of individuals with the syndrome. Finally, we will discuss use of

the 22q11.2 DS as a model to study psychosis, and describe several recently identified risk

factors for conversion to psychosis in this population.

1.1.1 Historical background of the syndrome

Historically, the first accounts of the syndrome date back to the second half of the 20th

century, when several authors independently described patients with similar symptomatic

profiles (Cayler, 1969; Di George, 1965; Sedlackova, 1955; Strong, 1968). Symptoms in-

cluded immune deficiency due to thymus dysfunctions, atypical facial features, congenital

heart disease, hypernasal voice and mental retardation. Shortly after, Shprintzen et al.

(1978) used the term ”Velo-Cardio-Facial Syndrome” (VCFS) to describe a familial case

of patients sharing these symptoms. Finally, in the early 1990s, developments in genome



3 Chapter 1. Introduction

sequencing technologies enabled the discovery of a common microdeletion on the long

arm of chromosome 22 (locus 11.2) in most patients characterized by these symptomatic

profiles (Driscoll et al., 1992; Scambler et al., 1991). Since then, the term ”22q11.2 Dele-

tion Syndrome” has been employed to describe this population and to unify the various

previous denominations (such as DiGeorge syndrome, VCFS or Sphrintzen syndrome).

1.1.2 Genetic aspects and detection

Currently, 22q11.2DS is defined as a genetic neurodevelopmental disorder resulting from

the deletion of 30 to 60 genes on the long arm of chromosome 22, locus 11.2 (Squarcione

et al., 2013). More specifically, in 90% of the cases, the deletion spans over 60 identified

genes (3 Megabases); another 8% of patients have a more uncommon form of deletion that

encompasses approximately 30 genes (1.5 Megabases); and the remaining 2% of patients

have other diverse forms of deletions (Karayiorgou et al., 2010; Kobrynski and Sullivan,

2007). The two most common forms (3Mb and 1.5Mb) are represented in Figure 1.1.

The deletion most frequently results from a de novo mutation, thought to be caused by

chromosomal base pairs misalignments during meiosis (Shaikh et al., 2007). The 22q11.2

locus is particularly vulnerable for misalignments due to the presence of several duplicated

blocks of DNA, called low copy repeats (LCRs) (Kobrynski and Sullivan, 2007; Shaikh

et al., 2007). In some rare cases, the deletion is inherited from an affected parent (Scambler,

2000), following an autosomal dominant transmission pattern (meaning that an affected

parent has a 50% chance of passing the deletion to the children).

Figure 1.1: Representation of the first (3Mb) and second (1.5Mb) most common forms of deletion
on the 22q11.2 locus. Deletions typically occur between low copy number repeats (LCRs), as these
regions of duplicated DNA increase the probability of chromosomal misalignments (from Kobrynski
and Sullivan, 2007).

Patients can be screened for 22q11.2DS using methods such as fluorescence in situ

hybridization (FISH) or Quantitative Fluorescent Polymerase Chain Reaction (QF-PCR).

While historically FISH has been the most widely used technique, it has the disadvantage

of targeting only commonly deleted regions near the 22q11.2 locus, with the risk of missing

atypical deletions (Bassett et al., 2011; McDonald-McGinn et al., 2015). By contrast, QF-

PCR can reveal 22q11.2 deletions of any size, and is therefore a preferable technique for

diagnosis (Bassett et al., 2011).

Currently, the prevalence of the syndrome is estimated between approximately 1 in

2000-4000 live births (Oskarsdóttir et al., 2004; Shprintzen, 2005) and around 1 in ev-
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ery 1000 fetuses (McDonald-McGinn et al., 2015), making it one of the most common

multiple anomaly syndromes (Shprintzen, 2008). These numbers are likely to rise, due

to improvements in detection techniques, better health care and increases in the number

of familial cases (McDonald-McGinn and Sullivan, 2011; McDonald-McGinn et al., 2015;

Shprintzen, 2005). Indeed, as the syndrome follows an autosomal dominant transmission

pattern, higher survival rates of affected parents (resulting from better health care) lead

to an increased prevalence of the inherited form of the syndrome (McDonald-McGinn and

Sullivan, 2011).

1.1.3 Somatic phenotype

Somatic characteristics of the syndrome can affect almost every part of the organism and

are highly variable, as they range from severe, life-threatening alterations to mild atypical

characteristics (McDonald-McGinn et al., 2015; Swillen and McDonald-McGinn, 2015).

They most commonly involve cardiac anomalies, palatal deformations, immune system

deficits, endocrine anomalies and facial malformations (McDonald-McGinn et al., 2015)

(Figure 1.2).

Figure 1.2: Most common somatic anomalies observed in individuals with 22q11.2DS (A) and
typical facial features associated with the syndrome (B) (adapted from McDonald-McGinn et al.,
2015).
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More specifically, somatic manifestations of 22q11.2DS involve (McDonald-McGinn

et al., 2015):

• Cardiac anomalies: congenital cardiac defects (CHD) form one of the earliest

manifestations leading to diagnosis, as they become evident during the prenatal

and neonatal stages. Most frequently, anomalies include conotruncal heart defects

(i.e. malformations of the outflow tract) such as Fallot tetralogy, truncus arteriosus,

interrupted aortic arch type B and ventricular septal defect. Pulmonary artery

anomalies are also common and include hypoplasia (i.e., underdevelopment) and

discontinuity. As CHDs are often life-threatening, they represent one of the most

important early mortality causes in 22q11.2DS.

• Palatal anomalies: anomalies in velopharyngeal structures are also characteristic

of 22q11.2DS. Around 65% of patients have relatively mild anomalies such as bifid

uvula, velopharyngeal dysfunction, or occult submucosal cleft palate. In some cases

(11%), patients have more severe palatal malformations such as overt cleft palate, or

Pierre Robin sequence (i.e. smaller lower jaw, tongue placed further back, obstruc-

tion of the airways and often cleft palate). The above manifestations often induce

feeding difficulties, nasal regurgitations, chronic sinus infections, hypernasal speech

and articulation difficulties (McDonald-McGinn et al., 2015; Shprintzen, 2005).

• Immunodeficiency: it is estimated that 75% of patients with 22q11.2DS suffer

from thymic hypoplasia and defective T cell production, leading to immunodefi-

ciency. This implies manifestations such as chronic infections, poor immune re-

sponses, allergies, immunoglobulin A deficiencies and asthma.

• Endocrine anomalies: around 50-65% of patients have hypocalceamia, resulting

from hypoparadthyroidism. Hypocalcaemia can manifest itself in the form of tetany,

seizures, feeding difficulties, stridor and fatigue.

• Facial features: individuals with 22q11.2DS typically have subtle, albeit very char-

acteristic facial features, namely hypertelorism (i.e., increased horizontal separation

between the eyes), retrohnathia (i.e., the lower jaw is placed further back than the

upper jaw), a prominent nasal bridge and small ears.

• Other physical anomalies: other somatic manifestations include growth retarda-

tion, as well as ocular, gastro-intestinal and skeletal disorders.
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1.1.4 Cognitive phenotype

The cognitive phenotype of patients with 22q11.2DS is very consistent and follows a spe-

cific developmental progression. In preschool children, a significant delay in language onset

is commonly observed, as around 70% of children aged 24 months or older do not speak,

or only use a few words or signs (Solot et al., 2000). At later stages, language disor-

ders are also reported, although they are sometimes related to palatal anomalies (Solot

et al., 2000). Individuals with 22q11.2DS also typically present visuospatial deficits, af-

fecting both visual processing and visual memory (Bostelmann et al., 2016; Simon et al.,

2005a). Regarding the latter, Bostelmann et al. (2016) demonstrated that visual memory

of objects and faces is more severely affected than visuo-spatial memory. Impaired visual

processing and memory probably partially account for deficits in emotion recognition and

poor social cognition (McCabe et al., 2016), which are two other cognitive characteristics

of the syndrome.

The cognitive profile is further characterized by impairments in executive functions

(Campbell et al., 2010; Maeder et al., 2016), including working memory (Azuma et al.,

2009; Woodin et al., 2001) and inhibition (McCabe et al., 2014; Shapiro et al., 2013).

More generally, cognitive functioning of individuals with 22q11.2DS follows a Gaussian

distribution but is shifted to the left, with an average full-scale IQ (FSIQ) score of around

70 (Swillen and McDonald-McGinn, 2015). Specifically, around 55% of patients show a

borderline to normal FSIQ (i.e., >70); around 45% have a mild to moderate intellectual

disability (FSIQ from 55 to 70); and finally, a minority shows severe forms of intellectual

disability. On a developmental level, a longitudinal collaborative multisite study (from the

International Consortium on Brain and Behavior in 22q11.2 Deletion Syndrome (IBBC))

using data from 829 subjects aged 8-24 years found that FSIQ undergoes a gradual decline

over time, with an average total decline of 7 percentile points (Vorstman et al., 2015).

When considering subcomponents of IQ, it has been shown that Performance IQ (PIQ) is

initially lower than Verbal IQ (VIQ) during childhood (Swillen, 2016; Tang et al., 2015);

however, as the developmental trajectory of VIQ undergoes a stronger decline (average

decline of 9 points) than PIQ (average decline of 5 points), this tendency is reversed by

adulthood (Vorstman et al., 2015). Figure 1.3 represents the average cumulative decline

in FSIQ, VIQ and PIQ from ages 8 to 24, as reported by Vorstman et al. (2015).
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Figure 1.3: Cumulative decline in FSIQ, VIQ and PIQ observed in individuals with 22q11.2DS
aged 8-24 years (from Vorstman et al., 2015).

1.1.5 Psychiatric phenotype

Data from the IBBC recently enabled the characterization of psychiatric morbidity in

over 1400 subjects with 22q11.2DS, aged 6 to 68 years old (Schneider et al., 2014a).

During childhood, Attention Deficit Hyperactivity Disorder (ADHD) was most frequently

diagnosed, with a prevalence of around 37%. Anxiety disorders were present at all ages

(prevalence ranging between 24-36%), albeit with an increased prevalence in children and

adolescents. Autism Spectrum Disorders were also common across all ages, with a peak

at adolescence (prevalence of around 26%). During adulthood however, schizophrenia

spectrum disorders were by far the most prevalent psychiatric disorders, as they were

diagnosed in 40% of adults older than 25 years. Of note, psychotic disorders were also

present, albeit with a lower prevalence, during adolescence (10%) and early adulthood

(23%), pointing to a relatively frequent early-onset form of psychotic disorders. The

distribution of schizophrenia spectrum disorders across age ranges is shown in Figure 1.4.

For a definition of psychotic disorders and schizophrenia, see Box 1.1.5.

Figure 1.4: Prevalence of Schizophrenia Spectrum Disorders across different ages ranges in
22q11.2DS (from Schneider et al., 2014a).
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Box 1.1.5. Psychosis, psychotic disorders and schizophrenia

Psychosis is defined as a group of function-

ally disabling symptoms characterized by a dis-

connection with reality and common to many

psychiatric, neurologic, neurodevelopmental and

medical conditions (Arciniegas, 2015). Accord-

ing to the DSM-5, psychotic disorders are more

specifically defined by five types of abnormali-

ties:

• Delusions, defined as fixed false beliefs that

do not change, even in light contradictory ev-

idence.

• Hallucinations, defined as sensory percep-

tions occurring in the absence of any external

stimulus. Together, hallucinations and delu-

sions are commonly referred to as “positive”

psychotic symptoms, in the sense that they

describe an exacerbation of a normal process.

Positive symptoms are considered as the cen-

tral core of psychosis as they both reflect a

disconnection with reality (Arciniegas, 2015).

• Negative symptoms (i.e., the reduction or

absence of a normal process), such as re-

duced emotional expression, reduced drive for

the initiation of goal-directed behaviors (avo-

lition), social withdrawal (asociality), reduced

speech production (alogia) and diminished

ability to experience pleasure (anhedonia).

• Disorganized thinking, characterized by

loose associations of thoughts and derailments

of thoughts or even incomprehensible speech,

which all should impair communication abili-

ties.

• Disorganized motor behavior, reflected in

any form of goal-directed behavior and rang-

ing from simple clumsiness to unpredictable

movements. Catatonia can also be observed,

and is defined as a diminished reactivity to

the environment.

Several types of psychotic disorders exist and

are classified in the DSM-5 according to their

severity, the mildest form being schizotypal

(personality) disorder, followed by delusional

disorder, brief psychotic disorder, schizophreni-

form disorder, schizophrenia and schizoaffective

disorder. Psychosis can also arise from sub-

stance/medication use, or from a medical con-

dition.

With a lifetime prevalence of 0.3-0.7% in the

general population (McGrath et al., 2008),

schizophrenia is one of the most common forms

of psychotic disorders and can be defined by per-

turbations of behavior, emotion and cognition

(American Psychiatric Association, 2013). The

onset of the disorder typically occurs between

the late-teens and mid-30s (McGrath et al.,

2008). According to the DSM-5, diagnosis of

schizophrenia is established when two or more of

the following symptoms are present: delusions,

hallucinations, disorganized speech, grossly dis-

organized or catatonic behavior, and/or nega-

tive symptoms. These perturbations must be

present for at least 6 months, including at least

1 month of active symptoms, and must signifi-

cantly impair occupational and social function-

ing.

The etiology of schizophrenia - and more gener-

ally of psychosis - is largely unknown, and con-

sequently current treatments are merely target-

ing some of the above-mentioned clinical symp-

toms and do not provide a permanent recov-

ery. Hence, extensive research efforts have been

dedicated to the identification of early biomark-

ers of schizophrenia, which could help both for

the characterization of alteration mechanisms

involved in the emergence of the disorder, but

also for the early identification of subjects who

will need therapeutic intervention. As will be

discussed in the section below, 22q11.2DS may

provide a unique opportunity for the research

of the neurobiological substrate associated with

psychosis, as the heterogeneity is considerably

reduced in this population due to their shared

genetic pathology.



9 Chapter 1. Introduction

1.1.6 22q11.2DS: a model to study psychosis

As mentioned earlier, one of the characteristic aspects of 22q11.2DS is the exceptionally

high prevalence of psychotic disorders (40%). This makes 22q11.2DS the third highest

genetic risk for the development of schizophrenia, after having a monozygotic twin with

schizophrenia (50%) or two affected parents (42%) (McGuffin et al., 1995). Furthermore,

the prevalence of schizophrenia in 22q11.2DS is significantly larger than the 1% preva-

lence observed in the general population (McGuffin et al., 1995). Thus, the behavioral

phenotype of schizophrenia is observed with an increased frequency in individuals with the

syndrome, which corresponds to the first criterion for election of 22q11.2DS as a model for

schizophrenia. Figure 1.5 represents the main genetic risk factors for developing psychotic

disorders.

Figure 1.5: Genetic risk for schizophrenia (adapted from McGuffin et al., 1995).

However, for 22q11.2DS to be considered a model, a second necessary criterion is

that, conversely, the schizophrenia population (i.e., patients who show the behavioral

phenotype) also contains increased rates of the syndrome. This is indeed the case, as rates

of 22q11.2DS range between 0.3-2% in the schizophrenia population (Arinami et al., 2001;

Karayiorgou et al., 1995), contrasting with the 1:4000 prevalence of 22q11.2DS reported

for the general population (Oskarsdóttir et al., 2004; Shprintzen, 2005).

Additional supportive evidence for the connection between 22q11.2DS and schizophre-

nia comes from genetic, behavioral and neurodevelopmental studies (Bassett and Chow,

1999). Indeed, genetic evidence from linkage studies points to a link between 22q11.2DS

and schizophrenia (Blouin et al., 1998; Shaw et al., 1998), and multiple genes of the 22q11.2

locus have been related to increased risk for developing schizophrenia (Budel et al., 2008;

Gothelf et al., 2005, 2008; Karayiorgou and Gogos, 2004; Karayiorgou et al., 2010). Fur-

thermore, both disorders share a similar neurocognitive phenotype during the premorbid

phase preceding schizophrenia, with delays in language onset, language difficulties, intellec-

tual deficits, decreased affect, motor coordination deficits and social withdrawal. Finally,

findings from studies focusing on brain alterations in 22q11.2DS and schizophrenia also

largely converge, with common findings such as decreased grey matter and white matter

volumes, ventricular enlargements, midline developmental abnormalities such as cavum

septum pellucidum, and aberrant early neuronal migration (Bassett and Chow, 1999).

Together, these properties of 22q11.2DS justify the use of the syndrome as a model

to study psychotic disorders. The existence of such a model offers unique research op-

portunities, since it brings about multiple valuable advantages: 1) 22q11.2DS represents
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a genetically homogeneous population, allowing for a systematic investigation of the ge-

netic roles in the onset of psychotic disorders; 2) the syndrome is generally detected early

in life, which provides the opportunity to perform prospective follow-ups of patients be-

fore the onset of psychosis, potentially leading to key insights about the risk factors and

mechanisms leading to psychosis; and finally 3) the high prevalence of schizophrenia in

22q11.2DS further makes this population ideal for studying mechanisms underlying psy-

chotic disorders, and more specifically schizophrenia, once the disorder is established.

These advantages cannot be found in other high risk populations (such as monozygotic

twins, or affected parents for instance), as their prevalence is significantly lower, and their

detection is typically later in life. Thus, 22q11.2DS represents an ideal framework for

studying the developmental mechanisms leading to psychotic disorders.

1.1.7 Risk factors of conversion to psychosis

Since the formal establishment of 22q11.2DS as a model for schizophrenia around the

late 1990s – early 2000s, extensive research has been carried out to better understand

the developmental pathways leading to the emergence of psychotic disorders. As a result,

several clinical and cognitive risk factors for conversion to psychosis in 22q11.2DS have

been recently identified. Risk factors include preterm birth (Kufert et al., 2016; Van et al.,

2016), the presence of anxiety disorders (Gothelf et al., 2013) and lower global functioning

or IQ at baseline (Gothelf et al., 2013; Schneider et al., 2016; Vorstman et al., 2015), a de-

cline in cognitive functioning in years prior to the onset of psychosis (Gothelf et al., 2013;

Vorstman et al., 2015), and the presence of an ultra-high risk status (UHR) (Schneider

et al., 2016). In this study, we will focus on two of these risk factors, namely cognitive

decline and the UHR status. These factors are discussed in more detail below.

1. Cognitive decline

In the general population, a growing body of research shows that in the general pop-

ulation, a decline in cognitive functions precedes the onset of psychosis by several years

(Meier et al., 2014; Rabinowitz et al., 2002; Reichenberg et al., 2005). As such, it is now

considered as a fundamental component of psychotic disorders (Kahn and Keefe, 2013;

Woodberry et al., 2008), and is a necessary diagnostic element for treatment initiation

(Vorstman et al., 2015).

In 22q11.2DS, a prospective longitudinal cohort study using data from the IBBC in

22q11.2DS confirmed that early cognitive decline also represents a robust risk factor pre-

dicting the onset of psychotic disorders in this population (Vorstman et al., 2015). More

specifically, they demonstrated that individuals with 22q11.2DS who develop schizophre-

nia had a steeper cognitive decline compared to subjects with 22q11.2DS who did not

develop the disorder. This decline was visible in all three measures of IQ (i.e., FSIQ, PIQ

and VIQ), but was steepest in VIQ. Note that the 22q11.2DS population as a whole is

known to experience a steeper decline in verbal abilities compared to non-verbal abilities

(Green et al., 2009; Swillen, 2016; Vorstman et al., 2015); thus, these data suggest that a

deterioration of verbal functions is even stronger in patients who convert to psychosis.
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Figure 1.6: Cumulative plots of IQ decline in patients with 22q11.2DS who developed a psychosis
compared to non-psychotic individuals with 22q11.2DS (adapted from Vorstman et al., 2015).

2. The UHR status

The UHR criteria were originally validated in the general population and have been

developed to identify individuals with a high clinical risk for conversion to psychosis (Fusar-

Poli et al., 2013). While different interview tools have been developed to assess the presence

of UHR criteria, one of the most widely used in North America and Europe is the Struc-

tured Interview for Prodromal Syndromes (SIPS; Miller et al., 2002). According to the

SIPS guidelines, an individual is considered at UHR when at least one of the following

criteria are met:

1. Attenuated Psychotic symptoms (APS), i.e. presence of subthreshold atten-

uated positive symptoms with an onset or a worsening in the past year, and a fre-

quency of at least once per week in the past month. Such symptoms include unusual

ideas, paranoia/suspiciousness, grandiosity, perceptual disturbance, or conceptual

disorganization.

2. Brief Limited Intermittent Psychotic Episode (BLIP)), i.e. presence of tran-

sient psychotic symptoms with onset in the last three months. More specifically,

these symptoms need to occur intermittently for at least several minutes per day

and at least once a month; however, they should not last longer than one hour per

day and should occur less frequently than 4 days per week over a period of one month.
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Symptoms are typically forms of delusions, hallucinations, or disorganization, but

are not seriously compromising the person’s mental health.

3. Genetic Risk and Deterioration Syndrome (GRD), i.e., either presence of a

first-degree relative with a psychotic disorder, or presence of a schizotypal personal-

ity disorder combined with a significant decrease in functioning in the past month

compared to one year ago.

In the general population, conversion rates to psychosis are significantly higher for UHR

patients, with 9.6% of UHR patients converting after 6 months and 36-37% converting

after 3 to 4 years (Fusar-Poli et al., 2012; Schultze-Lutter et al., 2015). In 22q11.2DS,

a recent study by our group has shown that generally, approximately 24.7% of patients

with 22q11.2DS meet the UHR criteria (Schneider et al., 2016). Moreover, the predictive

value of the UHR criteria in the 22q11.2DS population was confirmed, with 27.5% of UHR

patients converting to psychosis after approximately 3 years, versus only 4.5% conversion

in non-UHR patients (Schneider et al., 2016).

1.2 White matter

In the field of schizophrenia, researchers increasingly converge to a neurodevelopmental

view of the illness, where early developmental anomalies are responsible for generating

the disruptions in cognition, perception and emotion expressed around late adolescence.

Importantly, a large body of evidence indicates that patients with schizophrenia show

widespread alterations of white matter structure (Canu et al., 2015; Fitzsimmons et al.,

2013; Pettersson-Yeo et al., 2011; Wheeler and Voineskos, 2014), making it a valuable

candidate biomarker for psychosis. However, studies of developmental trajectories of white

matter are lacking in the field of schizophrenia, as this population is heterogeneous and

difficult to identify before the illness onset. In this context, 22q11.2DS provides crucial

research possibilities, since this syndrome is genetically homogeneous, is recognized as

a model for psychosis and can be identified at early ages, which allows for extensive

longitudinal prospective studies. As such, 22q11.2DS represents a unique opportunity to

study white matter development and its role in the emergence of psychosis.

In this chapter, general aspects of white matter structure and function will first be

discussed, followed by a description of recent advances in neuroimaging techniques enabling

the study of human white matter in vivo, and ending by a description of findings on normal

white matter development. In the next chapters, white matter alterations associated

schizophrenia and 22q11.2DS will be discussed (1.3), and different methods used to analyze

white matter structure will be outlined (1.4).
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1.2.1 Definition: white matter structure and function

Figure 1.7: Schematic illustra-
tion of brain tissues.

On a global level, the brain consists of three main com-

ponents: grey matter, white matter, and cerebrospinal

fluid (CSF). While the CSF is liquid and fills the ven-

tricular spaces of the brain, grey and white matter are

solid tissues, organized in a specific manner. Namely,

grey matter, composed of neuronal cell bodies and the

neuropil (i.e., a complex network of unmyelinated ax-

ons, dendrites and glial extensions), is mostly distributed

along the surface of the brain. White matter, on the

other hand, mainly consists of myelinated axons, and

can be found in the deeper parts of the brain. Figure

1.7 contains a scheme of cortical white matter and grey

matter organization.

In the central nervous system (CNS), axons are myelinated by extensions of oligo-

dendrocytes, a type of glial cell that sends out its processes towards up to 50 axons.

These processes wrap themselves multiple times around the axon, forming what is called

a “myelin sheath”, an electrically insulating layer composed of lipids (70%) and pro-

teins (30%) (Baumann and Pham-Dinh, 2001). Figure 1.8 is a schematic representation

of myelin sheaths created by oligodendrocytes. The presence of this hydrophobic layer

around axons has several functions (Nave, 2010): firstly, it accelerates the transmission

of electric signals between neurons by up to 100 times, as depolarization occurs only at

nodes of Ranvier, allowing a saltatory conduction of action potentials (APs); second, due

to the saltatory conduction, the energy necessary for the reestablishment of resting po-

tential after an AP is largely reduced; third, glial cells are known to communicate with

neurons and to provide neurotrophic support, which is important for axonal integrity and

survival.

Figure 1.8: Electron micrograph of a myelinated axon (A) and schematic representation of an
oligodendrocyte wrapping its processes around axons in the CNS (B) (from Rinholm Johanne E
et al., 2016).
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All together, these myelinated axons can be considered as the “wiring” of the brain,

since they form thick bundles of insulated cables connecting areas to each other. As such,

on a macroscopic level, their main function is to enable fast, long-range communication

between distal areas.

Axons sharing similar destinations typically regroup into bundles, called “tracts” in

the CNS. With the exception of some very large white matter tracts, such as the corpus

callosum or the anterior commissure, the identification of white matter tracts is impossible

on MRI images (i.e., T1-weighted images), and remains challenging in post-mortem brains

(Mori et al., 2005).

Until the second half of the 20th century, our understanding of white matter tracts

relied of a small number post-mortem dissection studies (Burdach, 1819; Dejerine and

Dejerine-Klumpke, 1895; Talairach and Tournoux, 1988). However, these are based on

small samples and have emphasized normative aspects of tracts organization, rather than

inter-subject variability (de Schotten et al., 2011). Furthermore, they had the considerable

limitation that white matter tracts could not be studied in vivo. The development of

a specific type of Magnetic Resonance Imaging (MRI) called Diffusion Tensor Imaging

(DTI), during the second half of the 20th century, allowed for tremendous advances in

our understanding of white matter tracts organization in the brain. In what follows, we

discuss this acquisiton method in more detail.

1.2.2 Diffusion Tensor Imaging: a non-invasive tool to study white mat-

ter in vivo

In general, all MRI imaging techniques rely on the resonance properties of hydrogen pro-

tons, contained in water molecules. In conventional image acquisitions such as T1-weighted

or T2-weighted imaging, magnetic fields and changing gradients are applied to the brain,

allowing to excite protons and subsequently measure their relaxation time back to equilib-

rium. Each tissue is composed of a specific proton density, resulting in a specific relaxation

time. Thus, this metric is then used to construct 3D images, in which different contrasts

will reflect specific relaxation times. Note that the smallest unit of an MR image is called

a “voxel” and typically corresponds to a 1x1x1mm cube (although the size can vary and be

slightly larger, depending on the acquisition parameters). Accordingly, MR images thus

commonly have a 1mm resolution.

Diffusion Tensor Imaging (DTI) is a different type of MRI imaging that measures the

diffusion of water molecules inside the brain. In an isotropic, unrestricted environment

such as a glass of water, molecules can diffuse freely in all directions. Correspondingly,

the probability distribution of displacements of a molecule in such an environment can be

represented by a spherical (i.e., isotropic Gaussian) distribution. By contrast, biological

tissues, and in particular white matter, are anisotropic environments, meaning that the

direction of diffusion is restricted towards specific directions. Indeed, the presence of hy-

drophobic cell membranes and myelin sheaths impedes the movement of water molecules,

forcing them to move along the direction of the axon. As a result, the probability distri-

bution becomes an anisotropic ellipsoid. In DTI, diffusion is measured in each voxel along

a defined set of directions to reconstruct what is called a diffusion “tensor” (Basser et al.,
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1994). This tensor is essentially a mathematical description of a 3D ellipsoid distribution.

It is characterized by 6 parameters: 3 eigenvalues, describing the shape of the ellipsoid

(i.e., eigenvalues indicate the length of the diffusion axes); and 3 eigenvectors, describing

the diffusion orientation (i.e., eigenvectors indicate the orientation of the diffusion axes)

(Mills and Tamnes, 2014; Mori et al., 2005). Figure 1.9 provides a representation of the

ellipsoid in an isotropic and anisotropic situation.

Figure 1.9: Figure A) illustrates an isotropic situation, where water molecules are unrestricted
and can freely diffuse in all directions, producing a spheric probability distribution of diffusion.
The corresponding tensor has three identical eigenvalues. Figure B) shows an anisotropic situation
such as in a myelinated axon, where water diffusion is restricted towards a specific direction,
corresponding to an ellipsoid probability distribution of diffusion. In this situation, the tensor’s
first eigenvalue (i.e., principal direction of diffusion) becomes larger than the two other eigenvalues.
Adapted from Hagmann et al. (2006); electron microscopy picture taken from Yang et al. (2016).

The eigenvalues of the tensor are then used to compute four different scalar measures,

each providing distinct information about the local microstructural properties of white

matter (Figure 1.10):

1. Fractional Anisotropy (FA), which takes values between 0-1 and indicates the

fraction of diffusion that is anisotropic (i.e., directionally constrained). This measure

is considered as a general measure of microstructural integrity;

2. Axial Diffusivity (AD), corresponding to the main direction of diffusion and

providing information about axonal integrity and tracts organization (Budde et al.,

2009; Song et al., 2003);

3. Radial diffusivity (RD), indicating the amount of diffusion perpendicular to the

main direction and thought to inform about the degree of myelination (Song et al.,

2002);
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4. Mean diffusivity (MD), representing the average magnitude of water diffusion in

the tissue. It is typically considered as a summary measure.

Figure 1.10: The three main directions of diffusion provided by the tensor can be used to compute
four main measures of diffusion: Axial Diffusivity (AD), Radial Diffusivity (RD), Mean Diffusivity
(MD) and Fractional Anisotropy (FA). Each measure provides distinct information about the local
properties of white matter.

As illustrated in Figure 1.11, in a healthy, mature brain with coherently organized

and myelinated white matter bundles, diffusion is typically characterized by high values

of AD, resulting from densely packed, healthy axons; low values of RD reflecting the pres-

ence of thick myelin sheaths around the axons; intermediate values of MD as this measure

comprises both high diffusion along the axon (AD) and low diffusion perpendicular to the

axon (RD); and high values of FA pointing to a highly anisotropic environment. In the

case of abnormal white matter microstructure, changes in diffusion metrics, particularly

in RD and AD, are useful for pin-pointing the specific underlying pathological processes.

Namely, increased levels of RD (i.e., increased diffusivity through the membrane of the

axon) are thought to reflect a situation of demyelination (Song et al., 2003, 2002). Con-

versely, decreased levels of RD are indicative of excessive myelination. Decreased levels

of AD (i.e., reduced diffusivity along the direction of the axon) have been suggested to

reflect 3 possible events, which are axonal damage, reduced tracts organization or reduced

axonal diameter (Budde et al., 2009; Harsan et al., 2006; Schwartz et al., 2005; Song et al.,

2003).

Thus, the emergence of DTI has allowed for a non-invasive way to gain considerable

knowledge about the microstructural properties of white matter in vivo. Note however,

that DTI images provide information at a mm scale (similar to MR images). Therefore,

they do not contain information at the axonal level (which is in the µm scale) (Mori et al.,

2009), and DTI metrics should be considered as estimations of white matter microstruc-

ture.
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Figure 1.11: Normal versus abnormal brain wiring. White matter microstructure can be affected
in multiple ways, each corresponding to changes in specific diffusion metrics.

1.2.3 White matter tracts

DTI-based tractography, defined as the computational reconstruction of white matter

tracts in vivo (for more information, see section 2), has enabled the identification of the

major long-range white matter tracts in the brain and the creation of several atlases (for

a review, see Mori et al., 2009). Figure 1.12 illustrates the white matter tracts identified

by Mori et al. (2005). These tracts can be divided into 3 different types, listed in Table

1.1:

Tract type Tract name

Projection 2 Corticospinal Tract

Corticopontine tract

Corticobulbar tract

Corticoreticular tract

Thalamic radiations

Commissural Corpus callosum

Association Superior and inferior longitudinal fasciculus (SLF, ILF)

Superior and inferior fronto-occipital fasciculus (SFO, IFO)

Uncinate fasciculus (UNC)

Cingulum (CG)

Fornix (FX)

Stria terminalis (ST)

Table 1.1: White matter tracts identified by Mori et al. (2005) in their atlas of white matter.

2Of note, projection fibers are both ascending and descending. They originate from a wide white matter
sheet called the “corona radiata” at the level of the cortex. At the level of the basal ganglia, they make up
distinct parts of a general white matter structure called the “internal capsule” (e.g., the anterior limb of
the internal capsule comprises the anterior thalamic radiation; the genu contains the corticobulbar tract;
and the posterior limb contains the corticospinal tract).
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Figure 1.12: Left lateral views of major white matter tracts in the brain as identified in the
white matter atlas from Mori et al. (2005). Panel A) displays projection tracts, panel B) illustrates
association tracts, panel C) contains limbic fibers and panel D) displays commissural fibers (taken
from Ottet, 2013).

These types of tracts are carrying out distinct functions: commissural tracts are re-

sponsible for interhemispheric communication (i.e., they connect the left and right hemi-

spheres); projection tracts transfer afferent and efferent information between the peripheral

nervous system and the brain; and association tracts ensure communication between dif-

ferent brain regions within the same hemisphere. Of note, the large majority of association

tracts have a connection with the frontal lobe (with the exception of the fornix and the

stria terminalis, which are exclusively connecting limbic regions).

Post-mortem dissection methods and animal studies using tracer techniques confirmed

the reliability of tractography methods in identifying white matter tracts (Dyrby et al.,

2007; Lawes et al., 2008).

1.2.4 White matter development

When studying a neurodevelopmental syndrome such as 22q11.2DS, and particularly when

investigating biomarkers of psychosis, it is crucial to compare their neuroanatomical de-

velopment with normative developmental trajectories, as these will help to pin-point early

developmental deviations in patients and may contribute to the identification of preven-

tion and treatment targets. In what follows, we will provide a description of white matter

development as observed in typical developing individuals.

White matter development starts during the last weeks of gestation, with myelination

of prosencephalic neurons (around week 20 for thalamic axons, week 35 for cortical axons).

However, the largest part of white matter maturation occurs after birth, and is known to

continue for several decades and to extend well into adulthood (Linderkamp et al., 2009).

Given that white matter maturation mainly occurs during postnatal development, the
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ability to study white matter structure in vivo using DTI imaging and tractography has

provided crucial insights. Recent extensive longitudinal studies on healthy developing

controls have revealed that white matter shows non-linear developmental trajectories ex-

tending all the way into adulthood (Lebel and Beaulieu, 2011; Lebel et al., 2012). More

specifically, total cranial white matter volume follows a non-linear trajectory, with rapid

increases during childhood, a peak at 37 years and progressive decreases later on (Lebel

et al., 2012) (see Figure 1.13). When considering DTI metrics of major white matter

tracts, findings indicate systematic non-linear FA increases in all tracts (Bendlin et al.,

2010; Lebel et al., 2012). MD, on the other hand, follows an inverse non-linear trajectory

(Lebel et al., 2012). Regarding AD, results are less consistent, as both developmental

increases and decreases have been reported for this metric (Bava et al., 2010; Brouwer

et al., 2012).

Importantly, findings consistently indicate that maturation processes of DTI metrics

evolve with different rates depending on the tracts (Lebel et al., 2012; Mills and Tamnes,

2014). Indeed, maturation peaks and minima (for FA and MD, respectively) range from

18 years to over 40 years. Interestingly, it has been found that early maturing tracts

(such as such as the fornix, the inferior longitudinal fasciculus and the corpus callosum)

are more involved in basic processes, and late maturing tracts (mainly fronto-temporal

connections such as the superior longitudinal fasciculus, the uncinate fasciculus and the

cingulum bundle), on the other hand, are involved in more complex tasks such as language,

emotions, memory and cognitive functions. Figure 1.13 shows the differential maturation

rates of major white matter tracts.

Figure 1.13: Panel A) shows the age at peak for fractional anisotropy (FA); panel B) indicates
the age at minimum MD. Percent change 5 years prior to the peak/minimum and from there to
83 years is reflected trough the colors of the bars. Panel C) shows the developmental trajectory of
total white matter volume (adapted from Lebel et al., 2012).
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1.3 White matter alterations in 22q11.2DS

1.3.1 Previous findings: widespread alterations of structural connectiv-

ity

A growing body of evidence suggests that 22q11.2DS is associated with widespread white

matter alterations. Early volumetric studies have consistently reported white matter vol-

ume alterations in 22q11.2DS, with volume reductions in children (Eliez et al., 2000; Kates

et al., 2001) and adolescents (Baker et al., 2011), and a combination of reductions and in-

creases of white matter volume in adults (da Silva Alves et al., 2011; Van Amelsvoort et al.,

2001). Of interest, white matter volume alterations appeared to be greater in magnitude

than grey matter volume alterations (Eliez et al., 2000; Kates et al., 2001; Van Amelsvoort

et al., 2001), pointing to a more severe pathology of white matter structure in this syn-

drome. To date, only one study focused on the longitudinal development of white matter

volume in 22q11.2DS, and confirmed that white matter volume reductions persist from

late adolescence to adulthood (Gothelf et al., 2007).

More recently, Diffusion Tensor Imaging (DTI) has provided insights into the mi-

crostructural properties of white matter in vivo. Whole-brain voxel-based DTI studies

indicate that 22q11.2DS is associated with widespread white matter microstructure alter-

ations. These affect most long-range white matter tracts, including the superior longitudi-

nal fasciculus (SLF), the inferior longitudinal fasciculus (ILF), the inferior fronto-occipital

fasciculus (IFOF), the cingulum bundle, the uncinate fasciculus (UNC), the arcuate fas-

ciculus, the corpus callosum, the internal capsule (anterior and posterior limbs) and the

corona radiata (reviewed in Scariati et al., 2016).

However, results regarding the nature of alterations in diffusion metrics are subject

to considerable variations. Very inconsistent findings have been reported on FA, where

a number of studies found increases (Bakker et al., 2016; Barnea-Goraly et al., 2003;

da Silva Alves et al., 2011; Jalbrzikowski et al., 2014; Kates et al., 2015; Olszewski et al.,

2017; Perlstein et al., 2014; Simon et al., 2005b, 2008; Sundram et al., 2010; Tylee et al.,

2017), as well as decreases (Barnea-Goraly et al., 2003; da Silva Alves et al., 2011; Deng

et al., 2015; Jalbrzikowski et al., 2014; Kates et al., 2015; Kikinis et al., 2012, 2013; Perlstein

et al., 2014; Radoeva et al., 2012; Roalf et al., 2017; Simon et al., 2005b; Sundram et al.,

2010; Villalon-Reina et al., 2013) in patients with 22q11.2DS. More consistent results are

reported concerning RD and AD, which both mostly show decreases (Jalbrzikowski et al.,

2014; Kates et al., 2015; Kikinis et al., 2012, 2017, 2013; Olszewski et al., 2017; Perlstein

et al., 2014; Radoeva et al., 2012; Roalf et al., 2017; Simon et al., 2008; Tylee et al., 2017;

Villalon-Reina et al., 2013).

As pointed out by a previous review of structural connectivity by our group (Scariati

et al., 2016), the overall heterogeneity of results regarding DTI metrics is likely due to

several methodological differences - namely, the very variable age ranges for the selected

samples, the relatively small sample sizes of some studies, the presence/absence of cor-

rection for potential confounding effects (such as gender, age, IQ), the algorithm and

templates chosen for registration, and the software used for DTI image analysis. Another
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potential factor contributing to the inconsistency of DTI findings is the MRI image qual-

ity, which can substantially vary depending on the magnet (1.5.T or 3T) used for the

image acquisition. Finally, it is also likely that the heterogeneity of previous findings is, at

least in part, due to the complex nature of white matter microstructural maturation (see

section 1.2.4). Indeed, due to this complexity, group comparisons might yield different

results depending on the period of development that is being considered. This is even

more likely given that some preliminary evidence from DTI studies on 22q11.2DS suggests

the existence of alterations in age-related changes in this population. More specifically,

findings indicated that, while the total white matter volume progressively increased with

age for 22q11.2DS individuals in a similar way to controls (Ottet et al., 2013), DTI and

tractography metrics failed to show the age-related changes normally observed in typical

developing subjects (Deng et al., 2015; Jalbrzikowski et al., 2014; Ottet et al., 2013; Padula

et al., 2015).

Taken together, these preliminary findings suggest the existence of potentially abnor-

mal developmental trajectories of white matter microstructure in 22q11.2DS. However,

these results are all based on cross-sectional studies, and need to be confirmed using lon-

gitudinal study designs, as these provide the opportunity to capture the complexity of

developmental trajectories of white matter microstructure.

1.3.2 White matter alterations and psychotic symptoms

Besides general alterations inherent to 22q11.2DS, DTI studies also report associations be-

tween white matter alterations and psychotic symptoms in the syndrome (da Silva Alves

et al., 2011; Gothelf et al., 2011; Jalbrzikowski et al., 2014; Kates et al., 2015; Kikinis

et al., 2017; Ottet et al., 2013; Padula et al., 2017; Perlstein et al., 2014; Scariati et al.,

2016; Tylee et al., 2017; Van Amelsvoort et al., 2004). To date, these studies have mostly

performed correlational analyses between positive symptoms scales and DTI metrics. The

most consistent finding is a negative association between the severity of prodromal positive

symptoms and DTI metrics (FA, AD and RD) and, overall, these white matter integrity

disruptions affected long-range and midline white matter tracts, such as the IFOF, the

anterior and posterior limbs of the internal capsule, the corona radiata, the uncinate fasci-

culus, the ILF, the cingulum bundle and the body of the corpus callosum (Scariati et al.,

2016). Thus, a growing body of evidence suggests that white matter alterations are exis-

tent in prodromal stages of psychosis. Nevertheless, some studies also report an absence of

association between white matter metrics and the intensity of positive symptoms (Padula

et al., 2015). A longitudinal characterization of white matter development in prodromal

stages of psychosis may help to clarify the role of white matter structure at early stages

of the disease. Moreover, the use of established risk factors, rather than prodromic symp-

toms scales, may further improve the delineation of neuroanatomical correlates associated

with early stages of psychosis. In what follows, we will describe these risk factors in more

details.
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Figure 1.14: White matter tracts showing alterations associated with psychotic symptoms in
22q11DS. Note that the ILF is not displayed here, but also shows an association between disruptions
of white matter integrity and psychotic symptoms (from Scariati et al., 2016).
Legends: IFOF = inferior fronto-occipital fasciculus; ALIC = anterior limb of the internal capsule;
PLIC = posterior limb of the internal capsule.

1.3.3 White matter alterations associated to risk factors of psychosis

Studying the relationship between white matter pathology and recently established risk

factors for conversion to psychosis (see section 1.1.7) could potentially lead to a better

identification of biomarkers preceding the emergence of the disease. Indeed, as mentioned

in a previous study done by our group (Padula et al., 2018), the use of reliable risk factors

allows to delineate a more homogenous group of patients in terms of their symptomatic

characteristics. In addition, findings are not biased by the usual confounds related to

medication in populations with full-blown psychosis. Therefore, characterizing neurode-

velopmental patterns in patients who display these risk factors is a promising strategy for

identifying the underlying brain alterations preceding the emergence of psychosis.

1. Cognitive decline and white matter alterations

A single previous study has investigated the association between cognitive decline and

white matter integrity in 22q11.2DS (Nuninga et al., 2017). In this study, IQ was mea-

sured twice, once prior to scan and once at the time of scan. Results indicated significant

white matter disruptions in individuals who experienced a cognitive decline prior to MRI

scan, compared to subjects without cognitive decline. Specifically, cognitive decline was

associated with increased FA in several white matter tracts, including the SLF, the cin-

gulum, the internal capsule and the superior fronto-occipital fasciculus.

However, to date, the parallel evolution of white matter microstructure and cognitive

function has not yet been investigated. Longitudinal studies with multiple neuroanatomi-

cal and cognitive assessments are needed to determine whether prodromal cognitive decline

is associated with deviant white matter maturational trajectories.
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2. UHR status and white matter alterations

To date, white matter microstructure has not been characterized in UHR and non-UHR

patients with 22q11.2DS. However, three previous studies have divided patients depending

on the severity of positive symptoms (where a subject was considered “at high risk of

psychosis” when presenting a score higher than 3 in one of the 5 positive symptoms

scales) (Kikinis et al., 2017; Padula et al., 2017; Roalf et al., 2017). This categorization

yielded significant group differences in multiple white matter tracts, including the corpus

callosum (Kikinis et al., 2017), the cingulum (Padula et al., 2017; Roalf et al., 2017),

the corona radiata (Kikinis et al., 2017), the internal capsule (Kikinis et al., 2017), the

inferior longitudinal fasciculus (Padula et al., 2017), the superior longitudinal fasciculus

(Kikinis et al., 2017) and the uncinate fasciculus (Roalf et al., 2017). Thus, existent

findings suggest that high levels of psychotic symptoms are associated with disruptions in

all tract types (i.e., projection, commissural and association tracts). Of note, alterations

affected different DTI metrics depending on the study, making it difficult to discern a

specific disruptive pattern. Nevertheless, a tendency of reduced levels of AD and FA was

most consistent across all three studies.

Moreover, as mentioned earlier, multiple DTI studies have performed correlations be-

tween DTI metrics and the severity of positive symptoms, and results (summarized in a

review by Scariati et al., 2016) consistently suggested an involvement of fronto-temporal

and limbic tracts, which is in line with studies who studied white matter in subgroups of

patients.

Thus, a growing body of evidence points to the existence of white matter disruptions

in patients with 22q11.2DS experiencing prodromal psychotic symptoms. Although en-

couraging, existent findings would need to be confirmed using robust, well-established risk

factors for psychosis such as UHR. Indeed, while raw positive symptoms scales are infor-

mative about the current state of the patient, they do not account for the frequency or

duration of symptoms, which is specifically assessed by the UHR diagnosis. Furthermore,

current findings are exclusively based on cross-sectional study designs. A longitudinal

characterization of white matter development in patients at UHR may provide valuable

insights regarding the early developmental anomalies preceding psychosis.
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1.3.4 White matter in non-deleted patients with schizophrenia or at risk

for psychosis

In schizophrenia research, a long-standing hypothesis proposes that the illness results from

a general disconnection between cortical areas. Note that the term “dysconnectivity” refers

to alterations of cortical connections and considers both the “hypo-“ (i.e., reduced con-

nectivity) and “hyperconnectivity” (i.e., excessive connectivity) situations. The proposal

was originally made by Wernicke (1906), and later formalized by Friston and Frith (1995)

using neuroimaging evidence. Recent reviews of structural connectivity findings largely

support this hypothesis. Indeed, although findings are somewhat heterogeneous, a growing

bulk of evidence indicates that schizophrenia is associated with widespread white matter

alterations, mostly affecting frontal connections (Canu et al., 2015; Fitzsimmons et al.,

2013; Pettersson-Yeo et al., 2011; Wheeler and Voineskos, 2014). More specifically, the

large majority of results suggests reductions in connectivity manifested by reduced levels

of FA. Canu et al. (2015) reviewed the structural connectivity anomalies visible at different

stages of the disease and described an increasingly widespread pattern of alterations to-

wards more severe illness stages: patients at UHR most frequently showed decreased FA in

long association tracts; patients with first episode psychosis showed reductions in similar

regions and additionally had more severe abnormalities in anterior white matter regions

(such as the genu of the corpus callosum, the anterior limb of the internal capsule, the

anterior cingulum and frontal white matter); finally, patients with chronic schizophrenia

presented FA reductions in all the above mentioned tracts, with an additional spreading

to other regions of the corpus callosum, thalamic radiations and temporal white matter.

Together, these results suggest that schizophrenia is associated with abnormal neurode-

velopmental mechanisms, leading to progressive alterations in white matter integrity. A

theoretical model has been proposed by Insel (2010) to characterize the relationship be-

tween aberrant neuroanatomical development (including myelination) and the emergence

of a psychotic disorder (see Figure 1.15). Recently, a DTI study using one of the largest

samples of patients with schizophrenia confirmed the presence of widespread FA reduc-

tions affecting more than 40% of cerebral white matter volume (Klauser et al., 2017).

When considering white matter tracts, they found that the corpus callosum, cingulum

and thalamic radiations showed the most severe alterations.
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Figure 1.15: Normal cortical development is shown in figure a). The prenatal phase is charac-
terized by proliferation and migration of neurons. Circuit formation (arborization) and myelination
also begin in the prenatal period, but continue until adulthood. The combination of axonal pruning
and myelination deposition leads to progressive reductions of grey matter during postnatal develop-
ment. Figure b) shows a theoretical model of events leading to the emergence of schizophrenia. In
this neurodevelopmental model, the combined effect of aberrant axonal pruning and myelination is
thought to cause altered excitatory-inhibitory balance and disrupted connectivity, respectively. This,
in turn, induces the emergence of psychosis (from Insel, 2010).
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1.4 Methods for the analysis of DTI images

1.4.1 Whole-brain analysis techniques

Many DTI studies investigating white matter group differences between controls and clin-

ical samples used approaches such as voxel-based morphometry (VBM), introduced in the

late 1990s (Wright et al., 1995) and elaborated in 2000 (Ashburner and Friston, 2000).

Briefly, this technique performs a voxel-wise comparison (of grey, white matter, FA val-

ues) between groups, allowing to find focal group differences in brain anatomy. To achieve

this, images are spatially normalized (i.e., aligned to a common template), segmented

into grey and white matter and smoothed to normalize values and compensate for inexact

spatial normalization. Statistical voxelwise analysis is then applied on all brain images

in order to detect group differences (Ashburner and Friston, 2000, 2001). VBM methods

have the considerable advantage to enable very exploratory analyses, as they can identify

focal group differences directly based on the data, without the need of a priori knowledge

about the way in which the brain is affected by a given disease. Additionally, they are

fully automated, making them considerably less time consuming and more objective than

manual analysis techniques. However, it has been shown that registration misalignments

can occur in case of significant morphological differences due to factors such as disease,

which in turn considerably biases results from group comparisons (Bookstein, 2001; Da-

vatzikos, 2004). This is particularly problematic when applying such methods on FA maps

of white matter, as misalignments could imply that one is not necessarily comparing the

same anatomical regions of white matter tracts for all subjects. Moreover, the amount of

smoothing is known to considerably affect the results (Jones et al., 2005); yet, this crite-

rion is arbitrarily chosen as there is no standardized way to determine the best smoothing

amount.

Tracts Based Spatial Statistics

Tract Based Spatial Statistics (TBSS) has been developed with the goal to overcome these

limitations of conventional voxel-based methods. Essentially, it proposes an alternative

procedure leading to better alignment of subjects’ white matter tracts, without the need

for smoothing (Smith et al., 2006). The algorithm achieves this through three steps,

starting with 1) a careful non-linear registration of all subjects to the most typical sub-

ject of the sample, followed by 2) a registration to the Montreal Neurological Institute

(MNI) template, and finally 3) the creation of an FA skeleton, which can be defined as

an alignment-invariant representation of tract centers across subjects. The study-specific

skeleton is then filled with the highest neighboring FA values from each subjects’ image.

Once this has been achieved for all subjects, voxelwise group comparisons can be made

on the FA skeletons. Figure 1.16 illustrates the main steps involved in TBSS.

This method is particularly relevant for clinical populations with gross morphological

brain alterations such as 22q11.2DS. Indeed, by avoiding standard registration algorithms

and identifying tract centers using the skeleton, TBSS is less affected by misalignment

issues due to morphological differences, and can ensure tracts correspondence across all

subjects. Therefore, TBSS provides a better interpretability (because of the improved
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Figure 1.16: Main steps involved in TBSS: first, a non-linear registration of subjects’ FA images
(A); second, the normalisation to a template space (B); and third, the creation of an FA skeleton
representing the tract centers (C) (from Andica et al., 2017).

alignment) and an increased sensitivity to white matter changes.

However, TBSS also has several significant limitations. Firstly, the creation of the

skeleton involves keeping only the highest FA values across subjects. Even though this step

has the advantage of providing a better alignment of the subjects’ white matter pathways,

the drawback is a non-negligible loss of information regarding regions with lower FA values

(Hecke et al., 2010). Second, evidence suggests that TBSS is affected by the subject

used as a target for registration (Keihaninejad et al., 2012), which might compromise its

application in clinical samples. Third, the method shows a limited anatomical specificity,

meaning that different tracts cannot always be sufficiently well distinguished when using

the skeleton (Bach et al., 2014). Finally, the fourth and most important limitation in the

context of a longitudinal study is that TBSS does not come with a unified adaptation for

longitudinal data. This is problematic, because when measuring changes between repeated

assessments of the same individual, it becomes essential to ensure spatial correspondence of

white matter tracts across all time points. Without any guarantee of tract correspondence

across time, TBSS might thus not be an optimal method for longitudinal studies.

1.4.2 Tractography

Diffusion information extracted from DTI images can alternatively be used to retrace path-

ways of white matter tracts throughout the brain. This procedure, called “tractography”,

can be defined as the computational reconstruction of white matter tracts in vivo. This

technique uses the anisotropy and diffusion orientation to deduce the underlying network

of structural connections. This information is generally extracted from color-coded ori-

entation maps. Figure 1.17 depicts the raw FA map, the color map extracted from DTI

images and an example of tracts reconstruction performed by a tractography algorithm.

Tractography methods can be broadly categorized in two different ways (see also Figure

1.18):

1. Tractography algorithms can be either deterministic or probabilistic. In

deterministic tractography, the algorithm starts by placing a seed point and recon-

structs the tract by following the main direction of diffusion. It terminates when it

encounters certain stop criteria, such as diffusion values lower than a defined thresh-
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Figure 1.17: (A) Raw FA image resulting from a DTI acquisition, (B) color-coded orientation
map based on the main direction of diffusion, and (C) an example of tracts reconstruction as
performed by TRACULA (for details regarding this method, see below).

old, or a turn that exceeds a certain angle. In probabilistic tractography, tract

orientation probability distributions are estimated at each voxel to determine the

likelihood of a tract following a certain direction given by the diffusion information

(Behrens et al., 2003). In other words, this method provides information regarding

the uncertainty (i.e., probability distribution) of the estimated direction. Probabilis-

tic methods are known to handle crossing pathways in a more reliable way (Behrens

et al., 2007). Outputs from both algorithms are different: deterministic tractography

algorithms will produce one streamline per seed voxel; probabilistic algorithms will

output a probability distribution, meaning a sum of all streamline samples from all

seed voxels.

2. Tractography algorithms can be local or global. A local method estimates

a pathway sequentially, using the local orientation of diffusion to determine each

next step. Global algorithms, on the other hand, fit the entire pathway at once, by

simultaneously using diffusion orientation information from all voxels located on the

pathway. Local tractography methods are best suited for exploratory analyses, where

the goal is to identify all possible connections of a specific brain region. However,

when the goal is to study white matter structure of known white matter tracts,

global tractography is better suited. Clinical studies often relate to the latter goal,

as the aim is mostly to characterize alterations in specific, well-established tracts,

rather than describing all connections expanding from a given brain region.
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Figure 1.18: Examples of the four main categorizations of tractography methods. In determin-
istic tractography (A), each placed seed point leads to the reconstruction of a streamline, following
the main direction of diffusion. In probabilistic tractography (B), tract orientation probability is
estimated at each voxel, resulting in a probability distribution of streamlines. In local tractography
(C), a pathway is estimated in a sequential way, where the local diffusion information determines
each next step. Finally, in global tractography (D), the entire pathway is estimated at once, using
diffusion orientation at all voxels located along the pathway (taken from TRACULA workshop ii).

TRacts Constrained by UnderLying Anatomy

TRacts Constrained by UnderLying Anatomy (TRACULA), developed by Yendiki et al.

(2011) as part of Freesurfer’s framework (https://surfer.nmr.mgh.harvard.edu/) can

be defined as an automated method for the reconstruction of 18 predefined major white

matter pathways using a global probabilistic approach (see Figure 1.19 and Table 1.2).

As such, it estimates the probability distribution of white matter pathways using diffusion

information from voxels located all along the tract length. It should be noted that, rather

than using tensor information, TRACULA uses the “ball-and-stick” model of diffusion,

an alternative modelling of diffusion information that allows for more than one anisotropy

orientation within a single voxel (Behrens et al., 2007).

TRACULA’s novelty, however, lies in the fact that it uses prior anatomical knowledge

regarding the brain regions traversed by a given tract, to guide tract reconstruction. To

achieve this, a set of training subjects in which all 18 tracts have been manually drawn is

used to learn the probability of each pathway to cross (or pass next to) a given anatomical

segmentation label. This anatomical knowledge is then used to initialize and constrain

the algorithm’s decisions on the actual data, informing it about the brain regions a given

pathway is more likely to traverse. Thus, the assumption is merely that tracts traverse

the same anatomical regions, not that tracts necessarily have the exact same shape across

subjects. The advantage of this procedure is that TRACULA does not require a perfect

alignment between training subjects and study subjects in order to efficiently reconstruct

https://ftp.nmr.mgh.harvard.edu/pub/docs/TraculaNov2013/tracula.workshop.ii.pdf
https://surfer.nmr.mgh.harvard.edu/
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Figure 1.19: Illustration of the 18 white matter tracts reconstructed by TRACULA.

Tract type Tract name

Projection Corticospinal Tract (CST)

Anterior Thalamic Radiation (ATR)

Commissural Corpus callosum, forceps major (FMAJ)

Corpus callosum, forceps minor (FMIN)

Association Cingulum, cingulate gyrus (supracallosal) bundle (CCG)

Cingulum, angular bundle (CAB)

Superior longitudinal fasciculus, parietal bundle (SLFP)

Superior longitudinal fasciculus, temporal bundle (SLFT)

Inferior longitudinal fasciculus (ILF)

Uncinate fasciculus (UNC)

Table 1.2: White matter tracts reconstructed by TRACULA.

tracts. This is particularly relevant for clinical samples, where tracts are likely to be

somewhat altered in shape and location.

Once the tracts distributions have been estimated, TRACULA computes tensor infor-

mation for the corresponding regions, and extracts commonly used diffusion parameters

(FA, AD, RD, MD) averaged over the whole tract, and also as point-by-point values along

the tract.

Importantly, TRACULA also has a well-defined pipeline for the analysis of longitudinal

data (Yendiki et al., 2016). In this adaptation, the algorithm estimates the probability

distribution of white matter tracts given all available time points jointly. It should also

be noted that, for each individual, tracts are reconstructed on a within-subject template

created based on all the subject’s time points. The reconstruction of pathways within the

subject’s native space ensures that the same parts of white matter tracts are compared

between time points. For details regarding the methodology of the longitudinal pipeline,
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please refer to section 2.

TRACULA also has a number of limitations. Firstly, due to its conceptual founda-

tions, the algorithm can only be used to assess the predefined white matter tracts. As

such, it is blind to potential white matter alterations located in other fibers, such as

short range associational tracts. Moreover, the method is time-consuming, mainly due

to the computation of the ball-and-stick model of diffusion. In the longitudinal pipeline,

processing is further prolonged by the preliminary creation of a within-subject template.

Finally, it should be mentioned that the within-subject registration of all time points is

made using a robust rigid registration. This procedure does not rise any concerns in cases

where intracranial volume (and therefore, tract shapes) do not extensively change during

the studied developmental period; however, if the latter scenario were true, non-linear

methods would provide a better alternative (Yendiki et al., 2016).

1.4.3 TBSS versus TRACULA

Based on the above descriptions, TBSS and TRACULA share a common characteristic in

that they have both been developed to overcome the risk of tract misalignments across

subjects and are thus suited for clinical samples with gross morphological alterations.

However, they considerably differ on several fundamental aspects (Table 1.3). Indeed,

while TBSS uses a whole-brain approach to derive tract centers, TRACULA uses a trac-

tography approach to reconstruct a set of predefined tracts based on prior anatomical

knowledge. Hence, TBSS searches for group differences among the highest FA values (i.e.,

tract centers), whereas TRACULA assesses the entire range of diffusion values located

within the tracts of interest. Additionally, since TBSS is a voxel-based method it will per-

form voxelwise comparisons; TRACULA on the other hand will provide averaged diffusion

values over the entire tract and per position along the tract. TBSS is thus better suited

for exploratory analyses of white matter integrity, where one has no knowledge about

potential alterations caused by a given disease and the goal is to obtain a preliminary,

whole-brain description of these possible abnormalities. On the other hand, TRACULA is

better suited for a more detailed investigation of white matter structure in known major

white matter tracts, once knowledge about alterations associated with a disease has al-

ready been acquired to some extent. Thus, the conceptual differences between TBSS and

TRACULA imply considerably different strategies to study white matter integrity, and

make each method adapted for distinct goals. In the context of 22q11.2DS, white matter

alterations have already been identified by multiple previous studies (see introduction,

section 1.3), some of which using TBSS (Bakker et al., 2016; Jalbrzikowski et al., 2014;

Kikinis et al., 2012, 2017, 2013; Roalf et al., 2017). A more detailed characterization of

white matter integrity in well-defined, systematically reconstructed tracts using an algo-

rithm such as TRACULA would thus be a preferable next step in white matter studies on

22q11.2DS.

Finally, as mentioned earlier, TRACULA comes with an adapted longitudinal pipeline

capable of handling multiple time points per subject and ensuring the point-to-point tract

correspondence across assessments. Not only is this feature absent in TBSS, but it has

also been demonstrated that small decisions in the preprocessing pipeline have significant
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influences in its ability to detect longitudinal changes (Madhyastha et al., 2014). Thus,

TRACULA is much more suitable for longitudinal studies.

TRACULA TBSS

Approach ROI-based Whole-brain

Sensitivity to diffusion
measures

Captures the entire range of
diffusion values within the

tract

Captures the highest
diffusion values in vicinity of

tracts centers

Longitudinal adaptation Adapted longitudinal
pipeline

No longitudinal pipeline

Table 1.3: Main differences between TBSS and TRACULA.

1.5 Longitudinal design

1.5.1 Longitudinal versus cross-sectional

Several cross-sectional DTI studies have analyzed white matter integrity in 22q11.2DS

using large age ranges (Bakker et al., 2016; Barnea-Goraly et al., 2003; da Silva Alves et al.,

2011; Jalbrzikowski et al., 2014; Kates et al., 2015; Olszewski et al., 2017; Perlstein et al.,

2014; Sundram et al., 2010), in an effort to characterize developmental changes of white

matter integrity. However, as demonstrated by Steen et al. (2007) with the example of

total brain volume analysis, cross-sectional designs require significantly more participants

to detect group differences in brain structure. Indeed, they showed that a sample of 146

subjects was needed to detect a 5% difference in whole-brain volume in a cross-sectional

design, whereas a sample of only 10 subjects was sufficient to detect similar changes in a

longitudinal design. The drastic reduction of statistical power in cross-sectional designs

is due to the natural variability in brain sizes (Steen et al., 2007), which will be reflected

in other neuroanatomical measures. Part of this anatomical variation is likely irrelevant

for the group differences that are being tested (Mills and Tamnes, 2014), but will however

necessarily influence the results. Longitudinal designs are not affected by this issue, as

they do not only measure inter-individual variability, but also intra-individual changes of

brain structure over time. This allows to detect more subtle changes and will therefore

naturally increase statistical power and sensitivity to group differences. Thus, longitudinal

designs represent a powerful tool to capture age-related changes.

Moreover, Kraemer et al. (2000) demonstrated that when cross-sectional designs are

used to make inferences about developmental processes, this can sometimes produce seri-

ously misleading results. Indeed, most commonly (and particularly in psychiatric studies

investigating disease progression), developmental measures follow non-parallel trajectories,

meaning that subjects show variability in their changes over time. However, correlations

between non-linear developmental measures may yield drastically different values depend-

ing on the age ranges included in the tested sample (for instance, when the measures of

interest start to show correlations only after a certain age), which may provide a biased

representation of the actual underlying anomalies. Thus, although cross-sectional studies
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have the advantage of being less costly and less time-consuming, longitudinal designs are

significantly better suited for studies that aim at characterizing the relationship between

several developmental processes, such as white matter maturation and the emergence of

psychotic disorders.

1.5.2 Challenges of longitudinal studies

Longitudinal studies also present a number of challenges (Caruana et al., 2015). First, data

collection for type of study design is highly time consuming, and extensive periods of time

are needed until patterns can start to emerge from the data. Second, longitudinal studies

are costly, due to their extended periods of data collection and the considerable amount of

workforce needed to complete this task. Third, longitudinal designs also require adapted

statistical analysis techniques. Indeed, as Fitzmaurice et al. (2008) pointed out, repeated

measurements have an inherently correlated nature, which needs to be carefully modelled

and should not be overlooked. Furthermore, outcome measures (such as white matter

integrity measures) often follow non-linear developmental trajectories, which should be

modelled accordingly. Finally, when following subjects over time, missing data issues are

likely to arise, since the full assessment of all variables of interest at each time point is not

always guaranteed due to circumstantial reasons, and drop-out is possible as well. These

aspects, among others, entail the need for a more complex handling of statistical modelling

methods. Details regarding the method chosen for this study are provided in section 2.

1.5.3 Prospective cohort studies for identifying biomarkers of psychosis

Longitudinal designs can be further separated into different subtypes. Among others, some

frequently used designs are retrospective cohort studies and prospective cohort studies

(Song and Chung, 2010). Retrospective studies “look backwards”, meaning that subjects

are selected based on a current outcome of interest and past history is assessed to re-

construct exposure to risk factors. On the other hand, prospective cohort studies “look

forward”: subjects are initially enrolled based on a specific feature of interest (for instance,

a genetic abnormality), and are followed in time to investigate the impact of certain risk

factors on a given outcome (for instance, psychosis). Therefore, prospective cohort studies

represent a particularly adapted type of design when searching for biomarkers informative

of early stages of disease progression in the 22q11.2DS population. Indeed, individuals

with 22q11.2DS can be readily identified at any age through genetic detection techniques

such as PCR or FISH, making it possible to study them from early on and throughout

their development. This provides a unique opportunity for the identification of potential

deviant developmental trajectories associated with the emergence of psychotic disorders,

which occurs for about 40% of the 22q11.2DS population.
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1.6 Aims and hypotheses

Based on findings reported in the introduction, this project had three main aims:

1. Characterize the developmental trajectories of major white matter tracts’

microstructure in patients with 22q11.2DS compared to controls.

To the best of our knowledge, developmental trajectories of white matter tracts

in 22q11.2DS have never been characterized using a longitudinal design. However,

given the complex patterns of white matter development seen in typically develop-

ing subjects and the inconsistency of DTI results previously reported in individuals

with the syndrome (see section 1.3), it becomes essential to characterize the de-

velopmental trajectories of white matter microstructure in 22q11.2DS. It is likely

that the heterogeneity of previous findings is, at least in part, due to the complex,

non-linear nature of white matter microstructural maturation, and that group com-

parisons might yield different results depending on the period of development that is

being considered. A comparison of white matter development in 22q11.2DS and TD

controls has the potential to clarify the nature of white matter alterations associated

with the syndrome.

Hence, a first aim of this study was to delineate the maturational trajectories of the

main long-range white matter tracts in 22q11.2DS and TD controls in a robust way,

by assessing subjects multiple times throughout their childhood, adolescence and up

to their adulthood. Based on previous findings reported in cross-sectional studies,

we expected to find widespread alterations in all DTI metrics for individuals with

22q11.2DS, with probable non-linear developmental tendencies in most tracts and

DTI metrics. Moreover, as grey matter development is known to follow differential

trajectories in 22q11.2DS compared to controls (Schaer et al., 2009), we hypothe-

sized that white matter maturation may also show distinct developmental curves,

reflecting altered maturation rates for patients with the deletion compared to TD

controls.

To obtain a preliminary estimation of potential alterations associated with 22q11.2DS,

we first performed an exploratory analysis on a subgroup of patients and TD con-

trols with two equally spaced time points. This type of balanced design allowed the

use of simple statistical methods (see section 2) and provided first insights the alter-

ations present in individuals with the syndrome. Next, we extended our sample to

include the full available cohort, which comprised subjects with variable numbers of

time points in order to obtain a more fine-grained characterization of developmen-

tal trajectories in 22q11.2DS and TD controls. More complex statistical analysis

techniques were used to address the increased complexity of this type of data.
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2. Investigate the developmental trajectories of major white matter tracts’

microstructure in patients with 22q11.2DS experiencing a cognitive de-

cline compared to patients without cognitive decline.

Preliminary evidence suggests that a cognitive decline is associated with alterations

of white matter microstructure in 22q11.2DS (Nuninga et al., 2017). However, the

impact of this risk factor on white matter developmental trajectories has yet not

been measured. Thus, our second aim was to characterize the maturational trajec-

tory of major white matter tracts in patients who showed a cognitive decline over

time, versus patients who maintained or improved their cognitive functioning. We

expected to observe focal deviations of microstructural maturation in several white

matter tracts for patients who experienced a cognitive decline. Specifically, in light of

previous findings from Nuninga et al. (2017), we hypothesized that cognitive decline

would be associated with altered developmental trajectories of diffusion measures

in association tracts (such as the superior longitudinal fasciculus and the cingulum

bundle) and projection tracts (such as the internal capsule).

3. Investigate the developmental trajectories of major white matter tracts’

microstructure in patients with 22q11.2DS fulfilling the UHR diagnosis

compared to patients without UHR.

In the general population, several studies have reported white matter microstructure

alterations in individuals with UHR (Canu et al., 2015; Carletti et al., 2012; Karls-

godt et al., 2009; Peters et al., 2008). In 22q11.2DS, evidence from multiple white

matter studies suggests a particular involvement of long-range fronto-temporal and

limbic tracts in patients experiencing high levels of positive symptoms (reviewed in

Scariati et al., 2016). In addition, three previous studies dividing patients depending

on the severity of positive symptoms significant group differences in commissural,

projection and association tracts, including limbic and fronto-temporal tracts (Kiki-

nis et al., 2017; Padula et al., 2017; Roalf et al., 2017). However, to date, no studies

in 22q11.2DS have categorized subjects using the well-established UHR diagnosis,

nor have investigated the relationship between the presence of this risk factor and

white matter maturation. Consequently, our third aim was to determine whether

patients at UHR showed distinct white matter developmental trajectories compared

to non-UHR patients. Based on previous findings, we hypothesized that patients

with 22q11.2DS meeting the criteria for a UHR status would show deviant struc-

tural developmental trajectories, with specifically more pronounced alterations of

white matter microstructure in long-range fronto-temporal, commissural and limbic

tracts.

Thus, overall, the present study aims at providing a reliable characterization of white

matter maturational trajectories in 22q11.2DS in order to develop a better understanding

of the alterations associated with the deletion. In addition, a second focus consisted in

the identification of potential developmental biomarkers at the level of white matter, as

these may provide valuable predictions in the conversion to psychosis.
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CHAPTER 2

MATERIALS AND METHODS

In this section, subjects’ selection will first be detailed for the comparison of 22q11.2DS

and TD controls, both for the preliminary study including only subjects with two consecu-

tive time points, as for the main study including the full available cohort. Psychiatric and

cognitive assessment methods will then be outlined, along with a description of the par-

ticipants’ selection for the analysis of white matter development in relation to risk factors

of psychosis. Finally, the MRI image acquisition and processing steps will be described,

and the different statistical methods used for the preliminary study, the main study and

the analysis of risk factors will be explained.

2.1 Materials

Individuals with 22q11.2DS and TD subjects were recruited in the context of the ongoing

“Swiss longitudinal study” started in 2002 (Maeder et al., 2016; Schaer et al., 2009). This

prospective cohort study comprises around 170 individuals with 22q11.2DS and 170 TD

controls. All subjects have been recruited through word of mouth and advertisements

at 22q11.2DS associations. Written informed consent was given by the patients or their

parents (when the participant was younger than 18 years), and the protocols of the study

were validated by the cantonal ethic commission of research. Diagnosis of 22q11.2DS was

established using quantitative fluorescent polymerase chain reaction (QF-PCR). Patients

and TD controls were followed longitudinally with assessments made approximately ev-

ery three years. At each visit, participants were submitted to a clinical and cognitive

evaluation and underwent an extensive MRI scanning protocol, including T1-weighted

imaging, resting-state functional MRI (fMRI), task-based fMRI (when participants were

old enough) and diffusion tensor imaging. Of note, the latter acquisition started in 2008,

thus some years after the initial creation of the longitudinal cohort. Currently, a majority

of participants have one time point, and a maximum of five time points have been collected

for 19 subjects (12 patients and 7 controls).
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2.1.1 Preliminary study

Participants

For the preliminary study comparing individuals with 22q11.2DS and controls, we included

subjects for which two consecutive time points were available. The resulting sample was

composed of 74 subjects (40 22q11.2DS (17 male); 34 TD controls (14 male)), with ages

ranging from 8 to 25 years old. As all subjects had exactly two time points, this resulted

in a total of 148 scans. The average time interval between time points was 3.395 years

(SD = 0.496 years). Figure 2.1 shows the distribution of subjects across the entire age

range. There were no significant group differences in gender (p = 0.908) or age at first

time point (p = 0.646).

For a flowchart describing the subjects’ selection for each of the analyses included in

this study, see Figure 2.2.

Figure 2.1: Age distribution of the 74 subjects included in the preliminary study. Each scan is
represented by a point; scans from each subject are connected by a line.
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Figure 2.2: Data from the 201 subjects (101 22q11.2DS; 100 TD controls) corresponded to a
total of 302 scans (120 with a single scan, 61 with 2 scans, and 20 with 3 scans), all made between
ages 5-35. After exclusion of 4 subjects due to unsuccessful tracts reconstruction, the sample for
the preliminary study comparing white matter development in 22q11.2DS vs TD controls with 2
consecutive time points resulted in a sample of 70 subjects (37 22q11.2DS; 33 TD controls). The
sample for the comparison of white matter development in 22q11.2DS vs TD controls including all
available scans comprised a total of 198 subjects (99 22q11.2DS; 99 TD controls), after exclusion of
3 subjects due to unsuccessful tracts reconstruction. The analysis of risk factors in the 22q11.2DS
population comprised 49 subjects for the analysis of cognitive decline (20 decline; 29 no decline)
and 80 subjects for the UHR analysis (17 UHR; 63 non-UHR).

2.1.2 Main study

Participants

For the extended study comprising all available time points of TD controls and 22q11.2DS,

the sample consisted of 201 subjects (101 22q11.2DS (55 males); 100 TD controls (48

males)) aged from 5-35 years old. One hundred and twenty subjects had a single time

point (52 22q11.2DS; 68 TD controls), 61 subjects had two time points (33 22q11.2DS;

28 TD controls), and 20 subjects had three time points (16 22q11.2DS; 4 TD controls),

resulting in a total number of 302 scans. For subjects with follow-up(s), the average time

interval between time points was 3.554 years (SD = 0.867 years). The distribution of

subjects across the entire age span is shown in Figure 2.3. Groups did not differ in gender

(p = 0.723) or age at first time point (p = 0.421), but did show significant differences in

mean FSIQ at first time point (p<0.001). Demographic information of TD controls and

patients with 22q11.2DS is described in Table 2.1.
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Figure 2.3: Age distribution of the 201 subjects included in the main study.

22q11.2DS TD controls Total p-value

Number of subjects included in study 101 100 201
Subjects with 1 time point 52 68 120
Subjects with 2 time points 33 28 61
Subjects with 3 time points 16 4 20

Total number of visits 166 136 302
Proportion of males/females 51/50 48/52 99/102 0.724
Mean age at first tp (SD) 15.952 (6.037) 16.684 (6.797) 0.421
mean FSIQ at first tp (SD) 70.71 (11.489) 111.58 (14.436) <0.001
Number of subjects with psychiatric
diagnosis at first visit

65

Attention deficit disorder 26
Anxiety disorder 50
Mood disorder 17
Psychotic disorder 6
Schizophrenia 2
More than one psychiatric disorder 44

Number of subjects medicated at
first visit

31

Methylphenidate 13
Antidepressants 8
Antipsychotics 6
Anticonvulsants 6
Anxiolytics 4
More than one type of medication 6

Table 2.1: Demographic information of subjects included in the main study.
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Cognitive assessment

IQ measurements were acquired for all 22q11.2DS individuals using age-adapted versions

of the Wechsler intelligence scale (i.e. the Wechsler Intelligence Scale for Children, version

III or IV, or the Wechsler Adult Intelligence Scale, version III or IV) (Wechsler, 1991, 1997,

2004, 2008). A subset of 49 patients with two or three time points was selected for the

assessment of cognitive development within the 22q11.2DS population (n = 33 subjects

with 2 time points; n = 16 subjects with 3 time points). To determine the presence of a

cognitive decline, the annual rate of change was calculated for each subject by subtracting

the IQ at the last time point from the IQ at the first time point, and dividing this by the

time interval between time points (in years). Accordingly, patients with a negative rate of

change (n = 20) were considered to show a cognitive decline (decline group), and patients

with a null or positive rate of change (n = 29) were considered to show no cognitive decline

(no decline group). The distribution of decline and no decline subjects is illustrated in

Figure 2.4.

Figure 2.4: Age distribution of the 49 subjects included in the cognitive decline analysis.

Psychiatric assessment

Assessment of psychiatric disorders was performed using the Diagnostic Interview for

Children and Adolescents Revised (DICA-R; Reich, 2000), the psychosis component from

the Kiddie-Schedule for Affective Disorders and Schizophrenia Present and Lifetime version

(K-SADS-PL; Kaufman et al., 1997), and the Structured Clinical Interview for DSM-IV

Axis I Disorders (SCID-I; First, 1996) for adult patients (starting from 18 years). Sixty-

five individuals with 22q11.2DS fulfilled the criteria for a psychiatric diagnosis at their
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first time point. Thirty-one individuals with 22q11.2DS were medicated at their first time

point (Table 2.1).

UHR criteria (i.e., APS, BLIP and GRD, see section 1.1.7 for definitions) were eval-

uated at each time point in individuals with 22q11.2DS starting from 10 years old, using

the Structured Interview of Prodromal Symptoms (SIPS; Miller et al., 2002). Patients

diagnosed with a full-blown psychosis at their first time point (n = 7) were excluded from

the analysis, as the aim of the study was to investigate the developmental pathways prior

to the emergence of the disease. Thus, a sample of 80 individuals with 22q11.2DS was

available for the characterization of their psychiatric developmental profile (n = 39 with

one time point, n = 30 with two time points, n = 11 with three time points). Develop-

mental trajectories were categorized as follows: patients where considered “at high risk for

psychosis” when they met the UHR criteria for at least one of their time points (n = 17)

(UHR group); conversely, patients who never fulfilled the UHR criteria were considered

“at low risk for psychosis” (n = 63) (non-UHR group). Two subjects converted to psy-

chosis at later time points; among those, one was UHR at earlier assessments and one was

non-UHR. There were no significant group differences for age and gender between UHR

and non-UHR patients. The distribution of UHR and non-UHR subjects is illustrated in

Figure 2.5.

Figure 2.5: Age distribution of the 80 subjects included in the UHR analysis.
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2.2 MRI acquisitions

Structural T1-weighted and Diffusion Tensor Imaging (DTI) images were acquired at the

Center for Biomedical Imaging (CIBM) in Geneva, using either a Siemens Trio (191 scans)

or a Siemens Prisma (111 scans) 3 Tesla MRI scanner. The T1-weighted sequence was

acquired with a 3D volumetric pulse, TR = 2500 ms, TE = 3 ms, flip angle = 8◦, acquisition

matrix = 256 x 256, field of view = 23.5 cm, slice thickness = 3.2 mm, 192 slices. DTI

images parameters were as follows: number of directions = 30, b = 1000s/ mm2, TR =

8800 ms, TE = 84 ms, flip angle = 90◦, acquisition matrix = 128 x 128, field of view =

25.6 cm, GRAPPA acceleration = 2, 64 axial slices, slice thickness = 2 mm. The head

coil differed between the two scanners (12 channels for the Siemens Trio and 20 channels

for the Siemens Prisma).

2.3 MRI image processing

First, T1-weighted structural scans were visually checked for motion artefacts and pro-

cessed using the default cross-sectional pipeline of Freesurfer (version 5.1. and 6.0), to

obtain skull-stripped and intensity-normalized images. Then, the cross-sectionally pro-

cessed scans were fed into the longitudinal stream of Freesurfer, version 6.0 (Reuter et al.,

2012). Briefly, this adapted processing method uses all available scans of a given individ-

ual to create an unbiased within-subject template containing the common information of

all time points (Reuter and Fischl, 2011). The template is then processed using the usual

cross-sectional pipeline to obtain initial segmentation and surfaces. Finally, this informa-

tion is used as an initial guess for the processing of each time point. This method has the

advantage of significantly increasing reliability and statistical power, thereby improving

the estimation of within-subject age-related changes (Reuter et al., 2012).

After visual inspection of DTI images for motion artefacts, we used the longitudinal

pipeline of the TRacts Constrained by UnderLying Anatomy (TRACULA) tool (Yendiki

et al., 2016) from Freesurfer (version 6.0) to reconstruct 18 major white matter paths

in each subjects’ time points (for details regarding this method, see section 1.4.2). In

short, the longitudinal framework of TRACULA is an automated global probabilistic

tractography algorithm that estimates the probability distribution of white matter tracts

given all available time points. The probability distribution of each pathway is computed

partly using the “ball-and-stick” model of diffusion, and partly using prior anatomical

knowledge from a training data set, in which all 18 tracts have been manually drawn.

For each subject, TRACULA joins information from the within-subject template, the

anatomical segmentations from all structural scans and all DTI scans available for this

subject to compute the probability distribution of the 18 white matter pathways (Figure

2.6). The reconstruction of white matter pathways within the native space of the subject

ensures that the same white matter parts are compared between time points. This has

been demonstrated to improve test-retest reliability and increase sensitivity to longitudinal

changes in white matter tracts (Yendiki et al., 2016), making it a particularly adapted tool

for longitudinal studies of white matter development. Once the tracts distributions have
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been estimated, TRACULA computes a tensor fit and extracts commonly used diffusion

parameters (FA, AD, RD, MD) averaged over the entire tract.

For the preliminary study on subjects with 2 consecutive time points, 4 subjects (3

22q11.2DS, 1 TD control) were excluded from the analysis due to unsuccessful tracts

reconstruction, resulting in a sample of 70 subjects (37 22q11.2DS; 33 TD controls) for

the preliminary analysis. For the main study, tracts reconstruction was unsuccessful in

three subjects (2 22q11.2DS, 1 TD control), resulting in a sample of 198 subjects for the

main analysis (99 22q11.2DS; 99 TD controls).

Figure 2.6: Simplified representation of the main steps involved in the longitudinal processing
pipeline of TRACULA.

2.4 Statistical analysis

2.4.1 Preliminary study

The preliminary study was conducted using a balanced study design, as all subjects had

two approximately equally spaced time points. As such, relatively simple statistical meth-

ods could be used to analyze age-related changes (Locascio and Atri, 2011). Specifically,

we used two different approaches: firstly, used repeated measures analysis of variance

(ANOVA) to model the effect of time (within-subject factor) and diagnosis (between-

subjects factor). Gender and age were included as covariates. Second, to determine

whether developmental changes followed distinct progression rates, the annual percent

change with respect to the first time point was computed for each tract and each dif-

fusion measure using the following formula: ((diffusion metric at T2 – diffusion metric

at T1) * 100) /diffusion metric at T1(age at T2 – age at T1). Group differences rates of



Chapter 2. Materials and Methods 44

changes were then tested using non-parametrical Mann-Whitney tests, as data did not fol-

low normal distributions. Results were corrected for multiple comparisons using the false

discovery rate (FDR) method (Benjamini and Hochberg, 1995). Analyses were performed

using R, version 3.3.3 (http://www.r-project.org/).

2.4.2 Main study

For the analysis of developmental trajectories of white matter tracts in 22q11.2DS and TD

controls, as well as for the analyses of subgroups of patients with 22q11.2DS presenting risk

factors of psychosis, more complex analysis methods were necessary. Hence, developmental

trajectories of white matter tracts were investigated in 22q11.2DS patients and in typical

developing controls using mixed models regression analyses (Mutlu et al., 2013; Shaw et al.,

2006; Thompson et al., 2011), as this approach can handle data with varying number

of time points and a variable time interval between assessments. This type of method

has been applied in previous studies by our group with a similar longitudinal design

(Maeder et al., 2016; Schneider et al., 2014b). Using an algorithm developed by our

group and described elsewhere (Mutlu et al., 2013), random-intercept models were fitted

to the data using matlab R2014b (MathWorks). Within-subject variables were modelled

as random effects, and population variables (diagnosis and age and their interaction) were

implemented as fixed effects. Different models (constant, linear or quadratic) were fitted

on each developmental trajectory using the nlmefit function. The Bayesian Information

Criterion (BIC) was then used to select the best fitting model, as this is considered one

of the most efficient model selection methods in the context of mixed models (Peng and

Lu, 2012). Group differences were assessed using a log-likelihood approach. All models

included gender and type of scanner as covariates. All results were corrected for multiple

comparisons using the FDR method (Benjamini and Hochberg, 1995). A model was fitted

for each diffusion measure x tract combination, resulting in a total of 72 models.

http:// www.r-project.org/
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CHAPTER 3

RESULTS

3.1 Preliminary study

Results of the preliminary study using a sample of exclusively two time points per subject

are presented below. All reported results were corrected for multiple comparisons using

the FDR method.

3.1.1 Repeated measures ANOVA

Results of the repeated measures ANOVA are reported for each diffusion measure. Overall,

MD was most severely affected, with diagnosis and time effects for most tracts. AD and RD

were also showing diagnosis and time effects in multiple tracts. FA values were relatively

similar in both groups for most tracts, and only a subgroup of tracts showed changes over

time. Interaction effects were absent, with the exception of AD. Significant results are

detailed below; for corresponding graphs, see Appendix A.

Mean Diffusivity

MD yielded significant effects of diagnosis in almost all tracts, that is, in the corpus cal-

losum (forceps major (FMAJ) and forceps minor (FMIN)) and bilaterally in the anterior

thalamic radiation (ATR), the cingulum (angular bundle (CAB), and cingulate gyrus bun-

dle (CCG)), the inferior longitudinal fasciculus (ILF), the superior longitudinal fasciculus

(parietal (SLFP) and temporal (SLFT) bundles) and in the uncinate fasciculus (UNC).

Regarding the direction of alterations, MD was systematically reduced in all of the men-

tioned tracts. A time effect was observed in the bilateral ATR, right CST, left CAB, left

ILF, left SLFT and left UNC. We did not observe any interaction effects for MD. Results

are reported in Table 3.1, and tracts with significant group or time effects are displayed

in Figure 3.1.
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p-value

Tract type Hem. Tract Main effect diagnosis Main effect time Interaction effect

Projection left ATR ≤0.001 0.009 0.155
right ATR ≤0.001 0.018 0.390
left CST 0.070 0.420 0.155
right CST 0.849 0.009 0.083

Commissural FMAJ ≤0.001 0.420 0.323
FMIN ≤0.001 0.110 0.323

Association left CAB 0.004 0.049 0.855
right CAB 0.046 0.944 0.110
left CCG 0.004 0.815 0.323
right CCG 0.004 0.760 0.155
left ILF ≤0.001 0.009 0.323
right ILF ≤0.001 0.237 0.968
left SLFP 0.003 0.237 0.323
right SLFP 0.014 0.760 0.297
left SLFT ≤0.001 0.009 0.183
right SLFT ≤0.001 0.320 0.323
left UNC 0.002 0.042 0.323
right UNC ≤0.001 0.176 0.968

Table 3.1: Mean Diffusivity - repeated measures ANOVA. Results are provided for each white
matter tract. All results were corrected for multiple comparisons. P-values showed in bold indicate
a significant effect for the corresponding tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.

Figure 3.1: Tracts showing significant group (red) or time (green) effects in Mean Diffusivity.
Displayed results were corrected for multiple comparisons using the FDR method.
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Axial Diffusivity

For AD, a significant effect of diagnosis was observed in the corpus callosum (FMIN), left

CAB, bilateral ILF, bilateral SLFP, bilateral SLFT and bilateral UNC; with a pattern of

decreased AD values in patients. A time effect was evident in the corpus callosum (FMIN),

left CAB and right CST. A significant diagnosis x time interaction effect was observed in

the right CST. Results are indicated in Table 3.2, and tracts with significant group or time

effects are displayed in Figure 3.2.

p-value

Tract type Hem. Tract Main effect diagnosis Main effect time Interaction effect

Projection left ATR 0.402 0.123 0.223
right ATR 0.275 0.123 0.438
left CST 0.321 0.126 0.223
right CST 0.945 0.006 0.039

Commissural FMAJ 0.125 0.765 0.833
FMIN 0.024 ≤0.001 0.576

Association left CAB 0.045 0.027 0.833
right CAB 0.342 0.433 0.223
left CCG 0.794 0.973 0.879
right CCG 0.711 0.552 0.223
left ILF 0.003 0.728 0.968
right ILF ≤0.001 0.539 0.833
left SLFP 0.010 0.552 0.778
right SLFP 0.008 0.138 0.576
left SLFT ≤0.001 0.091 0.247
right SLFT ≤0.001 0.710 0.720
left UNC 0.002 0.123 0.833
right UNC ≤0.001 0.138 0.778

Table 3.2: Axial Diffusivity - repeated measures ANOVA. Results are provided for each white
matter tract. All results were corrected for multiple comparisons. P-values showed in bold indicate
a significant effect for the corresponding tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus

Figure 3.2: Tracts showing significant group (red) or time (green) effects in Axial Diffusivity.
Displayed results were corrected for multiple comparisons using the FDR method.
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Radial Diffusivity

We found a significant effect of diagnosis, with reductions of RD in the corpus callosum

(FMAJ, FMIN), bilateral ATR, left CAB, bilateral CCG, left ILF, left SLFP and bilateral

SLFT. Time had a significant effect in the bilateral ATR, left CAB, left ILF, left SLFT

and right CST. There were no significant interaction effects. Results are provided in Table

3.3, and tracts with significant group or time effects are displayed in Figure 3.3.

p-value

Tract type Hem. Tract Main effect diagnosis Main effect time Interaction effect

Projection left ATR ≤0.001 0.002 0.199
right ATR ≤0.001 0.017 0.548
left CST 0.234 0.741 0.199
right CST 0.778 0.022 0.108

Commissural FMAJ 0.008 0.376 0.199
FMIN 0.008 0.753 0.492

Association left CAB 0.036 ≤0.001 0.544
right CAB 0.071 0.465 0.108
left CCG 0.008 0.741 0.210
right CCG 0.003 0.430 0.199
left ILF ≤0.001 ≤0.001 0.217
right ILF 0.058 0.234 0.795
left SLFP 0.036 0.187 0.199
right SLFP 0.160 0.741 0.199
left SLFT 0.008 0.004 0.199
right SLFT 0.012 0.234 0.199
left UNC 0.050 0.068 0.199
right UNC 0.058 0.273 0.795

Table 3.3: Radial Diffusivity - repeated measures ANOVA. Results are provided for each white
matter tract. All results were corrected for multiple comparisons. P-values showed in bold indicate
a significant effect for the corresponding tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.

Figure 3.3: Tracts showing significant group (red) or time (green) effects in Radial Diffusivity.
Displayed results were corrected for multiple comparisons using the FDR method.
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Fractional Anisotropy

Repeated measures ANOVA yielded a significant effect of diagnosis for FA in the bilateral

ATR, with increased levels of FA for patients with 22q11.2DS. A significant effect of time

was visible for the bilateral ATR, left CAB, left ILF and bilateral SLFT. No significant

diagnosis x time interaction effects were observed in any of the white matter tracts. Results

are reported in Table 3.4, and tracts with significant group or time effects are displayed

in Figure 3.4.

p-value

Tract type Hem. Tract Main effect diagnosis Main effect time Interaction effect

Projection left ATR ≤0.001 ≤0.001 0.348
right ATR 0.027 0.026 0.682
left CST 0.820 0.620 0.109
right CST 0.820 0.245 0.075

Commissural FMAJ 0.136 0.579 0.075
FMIN 0.093 0.620 0.682

Association left CAB 0.869 ≤0.001 0.125
right CAB 0.434 0.073 0.075
left CCG 0.070 0.786 0.075
right CCG 0.070 0.216 0.125
left ILF 0.070 ≤0.001 0.348
right ILF 0.434 0.520 0.938
left SLFP 0.442 0.094 0.075
right SLFP 0.922 0.081 0.075
left SLFT 0.442 0.002 0.075
right SLFT 0.820 0.031 0.075
left UNC 0.745 0.094 0.076
right UNC 0.922 0.416 0.938

Table 3.4: Fractional Anisotropy - repeated measures ANOVA. Results are provided for each
white matter tract. All results were corrected for multiple comparisons. P-values showed in bold
indicate a significant effect for the corresponding tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.

Figure 3.4: Tracts showing significant group (red) or time (green) effects in Fractional
Anisotropy. Displayed results were corrected for multiple comparisons using the FDR method.
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3.1.2 Annual percent change

After correcting for multiple comparisons, annual percent change (APC) was significantly

different in AD and MD for the right CST, with an APC of -0.9% in patients with

22q11.2DS versus -0.2% in TD controls in AD, and an APC of -1.5% in patients with

22q11.2DS versus -0.3% In TD controls (Table 3.5; for detailed tables of results and graphs,

see appendix). Other diffusion metrics did not reveal any significant group differences.

p-value

Tract type Hem. Tract MD AD RD FA

Projection left ATR 0.124 0.184 0.17 0.215
right ATR 0.327 0.542 0.287 0.433
left CST 0.124 0.187 0.112 0.151
right CST 0.037 0.011 0.069 0.081

Commissural FMAJ 0.356 0.916 0.243 0.151
FMIN 0.356 0.475 0.287 0.426

Association left CAB 0.356 0.807 0.261 0.151
right CAB 0.124 0.187 0.123 0.125
left CCG 0.327 0.807 0.243 0.125
right CCG 0.124 0.187 0.184 0.199
left ILF 0.327 0.763 0.261 0.464
right ILF 0.882 0.834 0.991 0.953
left SLFP 0.327 0.627 0.243 0.167
right SLFP 0.221 0.686 0.17 0.111
left SLFT 0.124 0.227 0.17 0.151
right SLFT 0.224 0.661 0.17 0.081
left UNC 0.472 0.763 0.264 0.151
right UNC 0.888 0.791 0.98 0.953

Table 3.5: Group comparisons of mean annual percentage change in MD, AD,RD and FA for
each white matter tract. Significant group differences are indicated in bold. All displayed p-values
were corrected for multiple comparisons.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.
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3.2 Main study

We first report analyses assessing group differences between 22q11.2DS subjects and TD

controls; then, we describe results regarding the relationship between white matter mi-

crostructural maturation and two major risk factors for psychosis, that is cognitive decline

and UHR status, in the 22q11.2DS population.

3.2.1 Developmental trajectories of white matter tracts in 22q11.2DS

versus TD controls

After correcting for multiple comparisons, significant group differences were found in all

diffusion measures and for most white matter tracts, the CST being the only unaffected

bundle. Overall, white matter alterations were very consistent, with 22q11.2DS patients

showing increases in FA, and reductions in RD, AD and MD when compared to TD

controls. Of note, the shape of white matter developmental trajectories did not differ

between the two populations for any of the tracts or DTI metrics, thus confirming the

absence of interaction effects reported in the preliminary analysis. Results detailing tracts

alterations, effect of diagnosis and developmental tendencies are reported for each diffusion

measure.

Mean Diffusivity

Group differences were massively present in the MD measure, as patients with 22q11.2DS

had significant reductions in MD for the FMAJ, FMIN, bilateral ATR, UNC, ILF, SLFP,

SLFT, CCG and for the left CAB (Figure 3.5). Apart from the left CAB, who had a p ≤
0.01, all mentioned tracts showed highly significant group effects, with p ≤ 0.001 (Table

3.6). No age x diagnosis interaction effects were found.

Developmental trajectories were non-linear for both groups in many tracts (FMAJ, left

ATR, CCG, ILF, SLFP, SLFT, right UNC), with progressive decreases of MD visible even

during adulthood. In some cases (i.e., for the FMIN, left CAB, left UNC, right ATR), the

trajectory was linear, but was still following a similar pattern of progressive decrease.
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Right ATR Right UNC Right CCG Right CAB

Right CST Right ILF Right SLFP Right SLFT

CC - forceps minor CC - forceps major

Left ATR Left UNC Left CCG Left CAB

Left CST Left ILF Left SLFP Left SLFT

Figure 3.5: Mean Diffusivity (MD). Developmental trajectories of individuals with 22q11.2DS
(red) and TD controls (blue) are represented for the 18 white matter tracts reconstructed by TRAC-
ULA. Age is represented on the x axis, MD is indicated on the y axis. Tracts with significant group
differences are highlighted in red in the central figure.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.
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p-value

Tract type Hem. Tract Model Group effect Interaction effect

Projection left ATR Quadratic ≤0.001 0.999
right ATR Linear ≤0.001 0.623
left CST Linear 0.052 0.88
right CST Linear 0.076 0.591

Commissural FMAJ Quadratic ≤0.001 0.623
FMIN Linear ≤0.001 0.981

Association left CAB Linear 0.009 0.999
right CAB Linear 0.146 0.981
left CCG Quadratic ≤0.001 0.88
right CCG Quadratic ≤0.001 0.981
left ILF Quadratic ≤0.001 0.933
right ILF Quadratic ≤0.001 0.88
left SLFP Quadratic ≤0.001 0.591
right SLFP Quadratic ≤0.001 0.591
left SLFT Quadratic ≤0.001 0.623
right SLFT Quadratic ≤0.001 0.591
left UNC Linear ≤0.001 0.88
right UNC Quadratic ≤0.001 0.981

Table 3.6: Mean Diffusivity. For each white matter tract, the fitted model and p-values for group
and interaction effects are indicated. Displayed results have been corrected for multiple comparisons
using the FDR method.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.

Axial Diffusivity

Compared to the other diffusion metrics, AD showed fewer significant group differences.

Nonetheless, AD values were significantly reduced for patients bilaterally in the UNC,

ILF, SLFT, right SLFP and left CAB (Figure 3.6). Most of these tracts had a group effect

with a p ≤ 0.001, except the right SLFP (≤ 0.01) (Table 3.7).

All tracts showed a linear trajectory for both groups, with a progressive decrease of

AD over time for most significant tracts. Among tracts with significant group differences,

the right SLFP was the only pathway displaying a constant trajectory.



Chapter 3. Results 54

Right ATR Right UNC Right CCG Right CAB

Right CST Right ILF Right SLFP Right SLFT

CC - forceps minor CC - forceps major

Left ATR Left UNC Left CCG Left CAB

Left CST Left ILF Left SLFP Left SLFT

Figure 3.6: Axial Diffusivity (AD). Developmental trajectories of individuals with 22q11.2DS
(red) and TD controls (blue) are represented for the 18 white matter tracts reconstructed by TRAC-
ULA. Age is represented on the x axis, AD is indicated on the y axis. Tracts with significant group
differences are highlighted in red in the central figure.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.
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p-value

Tract type Hem. Tract Model Group effect Interaction effect

Projection left ATR Linear 0.352 0.898
right ATR Linear 0.411 0.762
left CST Linear 0.558 0.958
right CST Linear 0.837 0.762

Commissural FMAJ Linear 0.558 0.635
FMIN Linear 0.103 0.074

Association left CAB Linear ≤0.001 0.14
right CAB Linear 0.837 0.762
left CCG Constant 0.86
right CCG Constant 0.411
left ILF Linear ≤0.001 0.711
right ILF Linear ≤0.001 0.774
left SLFP Linear 0.15 0.457
right SLFP Constant 0.007
left SLFT Linear ≤0.001 0.635
right SLFT Linear ≤0.001 0.898
left UNC Linear ≤0.001 0.711
right UNC Linear ≤0.001 0.762

Table 3.7: Axial Diffusivity. For each white matter tract, the fitted model and p-values for group
and interaction effects are indicated. Displayed results have been corrected for multiple comparisons
using the FDR method.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.

Radial Diffusivity

We found significant group differences in RD, with reductions of this measure in individuals

with 22q11.2DS in the FMAJ, FMIN, and bilaterally in the ATR, UNC, ILF, CCG, SLFP

and SLFT (Figure 3.7). Most tracts showing significant group differences had a p ≤ 0.001,

with the exception of the left and right UNC, as well as the right ILF, who had a p ≤
0.01 (Table 3.8). No significant group x age interaction effects were found for any of the

white matter tracts. Overall, both for TD controls and patients with 22q11.2DS, most

white matter tracts showed a non-linear developmental trajectory (FMAJ, ATR, CCG,

ILF, SLFP, SLFT, UNC), with regular decreases in RD until adulthood. The FMIN was

the only tract with a constant trajectory. Curve shapes were identical for both groups in

all tracts.
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Right ATR Right UNC Right CCG Right CAB

Right CST Right ILF Right SLFP Right SLFT

CC - forceps minor CC - forceps major

Left ATR Left UNC Left CCG Left CAB

Left CST Left ILF Left SLFP Left SLFT

Figure 3.7: Radial Diffusivity (RD). Developmental trajectories of individuals with 22q11.2DS
(red) and TD controls (blue) are represented for the 18 white matter tracts reconstructed by TRAC-
ULA. Age is represented on the x axis, RD is indicated on the y axis. Tracts with significant group
differences are highlighted in red in the central figure.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.
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p-value

Tract type Hem. Tract Model Group effect Interaction effect

Projection left ATR Quadratic ≤0.001 0.975
right ATR Quadratic ≤0.001 0.975
left CST Quadratic 0.178 0.963
right CST Linear 0.074 0.963

Commissural FMAJ Quadratic ≤0.001 0.963
FMIN Constant ≤0.001

Association left CAB Linear 0.193 0.963
right CAB Linear 0.098 0.975
left CCG Quadratic ≤0.001 0.975
right CCG Quadratic ≤0.001 0.975
left ILF Quadratic ≤0.001 0.963
right ILF Quadratic 0.008 0.963
left SLFP Quadratic ≤0.001 0.963
right SLFP Quadratic ≤0.001 0.728
left SLFT Quadratic ≤0.001 0.963
right SLFT Quadratic ≤0.001 0.728
left UNC Quadratic 0.006 0.963
right UNC Quadratic 0.005 0.963

Table 3.8: Radial Diffusivity. For each white matter tract, the fitted model and p-values for group
and interaction effects are indicated. Displayed results have been corrected for multiple comparisons
using the FDR method.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.

Fractional Anisotropy

Individuals with 22q11.2DS had significantly higher FA values for a number of white matter

tracts, including the FMAJ, FMIN, and bilaterally in the ATR, CCG and SLFP (Figure

3.8). All mentioned tracts had p values ≤ 0.001, with the exception of the right SLFP

who had a p value ≤ 0.05 (Table 3.9). We found no significant group x age interaction

effects.

Trajectories were either linear or quadratic: the FMIN and left ATR displayed constant

curves, whereas the FMAJ, right ATR, bilateral CCG, and bilateral SLFP had quadratic

curves, with increases until adulthood and peaks reached around 20-30 years old. For

tracts showing significant group differences, 22q11.2DS patients and controls always had

similar trajectory shapes, with however a systematically higher intercept for the 22q11.2DS

group.
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Right ATR Right UNC Right CCG Right CAB

Right CST Right ILF Right SLFP Right SLFT

CC - forceps minor CC - forceps major

Left ATR Left UNC Left CCG Left CAB

Left CST Left ILF Left SLFP Left SLFT

Figure 3.8: Fractional Anisotropy (FA). Developmental trajectories of individuals with
22q11.2DS (red) and TD controls (blue) are represented for the 18 white matter tracts recon-
structed by TRACULA. Age is represented on the x axis, FA is indicated on the y axis. Tracts with
significant group differences are highlighted in red in the central figure.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.
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p-value

Tract type Hem. Tract Model Group effect Interaction effect

Projection left ATR Constant ≤0.001
right ATR Quadratic ≤0.001 0.966
left CST Constant 0.289
right CST Linear 0.258 0.966

Commissural FMAJ Quadratic ≤0.001 0.966
FMIN Constant ≤0.001

Association left CAB Linear 0.258 0.428
right CAB Linear 0.122 0.966
left CCG Quadratic ≤0.001 0.966
right CCG Quadratic ≤0.001 0.966
left ILF Quadratic 0.09 0.966
right ILF Quadratic 0.605 0.966
left SLFP Quadratic ≤0.001 0.966
right SLFP Quadratic 0.023 0.962
left SLFT Quadratic 0.108 0.966
right SLFT Quadratic 0.108 0.734
left UNC Linear 0.605 0.966
right UNC Linear 0.351 0.966

Table 3.9: Fractional Anisotropy. For each white matter tract, the fitted model and p-values
for group and interaction effects are indicated. Displayed results have been corrected for multiple
comparisons using the FDR method.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = forceps minor; ATR

= anterior thalamic radiation; CAB = cingulum, angular bundle; CCG = cingulum, cingulate bundle; CST =

corticospinal tract; ILF = inferior longitudinal fasciulus; SLFP = superior longitudinal fasciculus, parietal bundle;

SLFT = superior longitudinal fasciculus, temporal bundle; UNC = uncinate fasciculus.

3.2.2 Relationship between white matter microstructure and cognition

in 22q11.2DS

When subjects with 22q11.2DS were categorized depending on the presence or absence of

cognitive decline, a significant interaction effect was found for FA in the FMAJ. Develop-

mental trajectories for patients with a cognitive decline and without decline are visible in

Figure 3.9. Patients showing a decline were characterized by a flattened developmental

trajectory compared to patients with no cognitive worsening. The reported results were

corrected using FDR.
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Figure 3.9: Developmental trajectories of FA in the splenium of the corpus callosum (forceps
major), for patients with a cognitive decline versus without cognitive decline. A quadratic model fit
(i.e., model order = 2) was chosen based on the BIC selection criterion.

3.2.3 Relationship between white matter microstructure and UHR sta-

tus in 22q11.2DS

When individuals with 22q11.2DS were divided according to their UHR status, a signif-

icant interaction effect was observed for FA in the FMAJ, where UHR patients failed to

show normative non-linear increases peaking around 20 years, and instead demonstrated a

constant increase of FA throughout development (Figure 3.10). In addition, a significant

interaction effect was also found for AD in the left CAB. In this tract, UHR patients

had low values of AD at early ages and showed progressive increases in this metric. Con-

versely, non-UHR patients were characterized by initially higher AD, followed by a gradual

decrease over time.

Figure 3.10: Developmental trajectories of FA in the splenium of the corpus callosum (for-
ceps major, FMAJ) and AD of the left angular bundle of the cingulum (CAB) in patients with
22q11.2DS fulfilling the UHR criteria for at least one of their assessments, compared to patients
with 22q11.2DS who never fulfilled the UHR criteria. Based on the BIC selection criterion, a
quadratic model fit (model order = 2) was chosen for FMAJ, and a linear model fit (model order
= 1) was chosen for the left CAB.
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CHAPTER 4

DISCUSSION

4.1 Preliminary study

The aim of the preliminary study was to obtain an initial estimation of connectivity al-

terations present in 22q11.2DS throughout their development. To this end, we utilized

a balanced design with an equal amount of assessments per subject (in this case, 2 time

points) and similar time intervals, as this allowed the use of relatively straight forward sta-

tistical methods for the analysis of longitudinal data such as repeated measures ANOVA,

or tests on group differences in the annual percent change. Using the former method, we

found significant alterations in all diffusion metrics and for multiple white matter tracts in

22q11.2DS, with systematic increases of FA and reductions of RD, AD and MD. Briefly,

increased FA values indicate abnormal increases in the directionality of diffusion; reduc-

tions of RD suggest increases in myelination; reductions of AD point to axonal damage

or reduced tracts organization; and finally reductions in MD are possibly reflecting a

decreased magnitude of diffusion (for a detailed discussion, see section 4.2). Moreover,

developmental changes were evident, as DTI metrics significantly changed over time (i.e.,

from the first time point to the second) for some white matter tracts. Finally, an in-

teraction between diagnosis and time was almost never observed, indicating that group

differences remained constant over time. This finding was further confirmed by the second

analysis, as group comparisons of the annual percent change revealed similar progression

rates of diffusion measures in most tracts. Thus, preliminary observations suggest that:

1) 22q11.2DS is associated with widespread microstructural alterations of white matter

tracts, 2) developmental changes are similar in patients and TD controls.

However, these findings should be considered with caution, due to several limitations.

Firstly, the statistical analysis methods applied in this study merely capture linear devel-

opmental changes (Krueger and Tian, 2004), which might be suboptimal given that white

matter maturation is known to follow non-linear trajectories (Lebel et al., 2012). Second,

time is modelled in a simplified way. Indeed, repeated measures ANOVA can only treat

time as a categorical factor (i.e., number of time points), and a summary measure such
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as the annual percent change only reflects an overall estimation of change. When this

is applied on subjects with very large ages ranges at each assessment, this involves the

inclusion of a considerable amount of variance in the measures of interest (especially since

white matter undergoes significant changes throughout development; e.g. Lebel et al.

(2012)), which might affect the results of group comparisons. Finally, a third limitation of

these approaches is that they are suitable only for balanced designs with a small number

of equally spaced time points, and cannot handle missing data. Consequently, a limited

sample size could be used for these analyses, which may have reduced statistical power.

Thus, the aim of our next study was to characterize the developmental trajectories of

white matter tracts over a large age span, including the entire available cohort of subjects

from our ongoing longitudinal project. Mixed models regression analyses were used, as

this type of method can model nonlinear relationships across time and handle data with

missing time points.

4.2 Main study

To the best of our knowledge, this is the first and largest DTI study to have used lon-

gitudinal data and an automated probabilistic tractography approach to: 1) characterize

the developmental trajectories of white matter in 22q11.2DS individuals compared to TD

controls, 2) study the developmental trajectories of white matter microstructure in in-

dividuals with 22q11.2DS with and without a cognitive decline, and 3) investigate the

relationship between developmental patterns of white matter microstructure and UHR

status in 22q11.2DS. Findings resulting from these three analyses will be discussed in the

following sections.

4.2.1 Widespread white matter alterations in individuals with 22q11.2DS

In this section, a detailed discussion will first be provided regarding the direction of al-

terations observed in 22q11.2DS for each of the four DTI metrics. This will be followed

by a discussion regarding the shape of the developmental trajectories observed for each

of the DTI metrics for 22q11.2DS and TD controls. Finally, potential causal mechanisms

underlying the observed alterations will be discussed.

In line with our initial hypothesis, our first observation was that compared to TD con-

trols, individuals with 22q11.2DS showed alterations in all four DTI metrics and for most

white matter tracts. Consistent with results of our preliminary study, the direction of

alterations was very consistent, as all tracts showed increased FA, combined with reduced

RD, AD and MD for the 22q11.2DS population.

More specifically, reductions of MD were visible in almost all tracts, as the corpus

callosum (FMAJ, FMIN), the ATR, the UNC, the ILF, the superior longitudinal fas-

ciculus (SLFP, SLFT) and the cingulum (CCG, CAB) were affected in patients with

22q11.2DS. Although only few studies have analyzed this diffusion metric, these mostly
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reported similar reductions in MD (Kikinis et al., 2017; Roalf et al., 2017; Simon et al.,

2008; Villalon-Reina et al., 2013). Regarding the interpretation of this diffusion measure,

MD is indicative of the average magnitude of water diffusion in the tissue and can be

considered as a summary measure. Accordingly, our results suggest that white matter

tracts of patients with 22q11.2DS are characterized by smaller magnitudes of diffusivity,

indicating that water diffusion is more restricted towards a specific direction. This finding

is rather counter-intuitive, since alterations of white matter integrity are more typically

linked to increases in diffusivity (i.e., water molecules are less restricted due to the dis-

ruption of axonal or myelin components). Other diffusion metrics can however provide a

better understanding of the pathological processes underlying this observation. Findings

related to these metrics will be detailed below.

Consistent with most previous cross-sectional studies in 22q11.2DS, we found reduced

values of AD in multiple association tracts (Bakker et al., 2016; Jalbrzikowski et al., 2014;

Kates et al., 2015; Kikinis et al., 2017, 2013; Perlstein et al., 2014; Radoeva et al., 2012;

Roalf et al., 2017; Simon et al., 2008; Villalon-Reina et al., 2013), including the UNC,

ILF, SLFT, SLFP and CAB. Fewer reports (Bakker et al., 2016; Jalbrzikowski et al.,

2014; Kikinis et al., 2017; Radoeva et al., 2012; Roalf et al., 2017; Villalon-Reina et al.,

2013) indicate the presence of AD anomalies in commissural or projection tracts, which

were not confirmed in this study. Our results thus contribute to a growing body of evi-

dence indicating that AD reductions in patients with 22q11.2DS are specifically localized

in association tracts. Studies conducted in mouse models suggest that AD reductions are

driven by axonal disruption, reduced tract organization or a reduction in the diameter of

axonal tracts (Budde et al., 2009; Harsan et al., 2006; Schwartz et al., 2005; Song et al.,

2003). Interestingly, a previous cross-sectional tractography study by our group including

patients with a relatively similar age range (7-25 years old) found a 10% reduction in

the number of reconstructed streamlines in 22q11.2DS compared to controls (Ottet et al.,

2013). Together with our results of reduced AD, this finding supports the idea of axonal

disruptions or a reduction in tracts organization, where fibers are composed of less numer-

ous, or more loosely packed axons.

RD showed more widespread reductions and affected a large majority of white matter

tracts, including the corpus callosum (FMAJ, FMIN), the ATR, the UNC, the ILF, the

CCG, the SLFP, and the SLFT. Reductions of RD have also been largely reported by

previous studies in 22q11.2DS (Bakker et al., 2016; Jalbrzikowski et al., 2014; Kates et al.,

2015; Kikinis et al., 2017; Olszewski et al., 2017; Perlstein et al., 2014; Simon et al., 2008;

Tylee et al., 2017; Villalon-Reina et al., 2013), although few also found increases (Deng

et al., 2015; Roalf et al., 2017; Villalon-Reina et al., 2013). It has been demonstrated that

RD changes are due to modifications in the myelination of axons (Song et al., 2003, 2002);

as such, reductions of RD are thus indicative of excessive myelination of axonal tracts.

Indeed, the presence of thicker myelin sheaths considerably restrains the perpendicular

diffusion water molecules, leading to smaller values of RD.
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Regarding FA, we found significant increases in patients with 22q11.2DS, in tracts

including the corpus callosum (FMAJ, FMIN), the ATR, the CCG and in the SLFP. This

is in line with several previous white matter studies in 22q11.2DS (Bakker et al., 2016;

Barnea-Goraly et al., 2003; da Silva Alves et al., 2011; Jalbrzikowski et al., 2014; Kates

et al., 2015; Olszewski et al., 2017; Perlstein et al., 2014; Sundram et al., 2010). However,

as reviewed in Scariati et al. (2016), reductions of FA have also been frequently reported

in 22q11.2DS, making the results regarding this measure considerably heterogeneous. Al-

though most frequently, FA is argued to represent a general measure of white matter in-

tegrity (where increased levels suggest healthier, more coherently packed and myelinated

bundles), it has also been suggested that increased levels of FA could reflect abnormal

decreases in axonal branching, which would in turn lead to a reduction of the amount

of fiber crossings (Arlinghaus et al., 2011; Hoeft et al., 2007). Other proposals regarding

the cellular nature of increased FA include flattened bundles allowing for increased white

matter density (Bode et al., 2011), or fewer arched fibers (Cheng et al., 2011). Importantly

however, a recent study on adolescents (ranging from 15 to 21 years) with 22q11.2DS has

observed that increases in FA were driven by reductions in RD which, as mentioned, reflect

excessive levels of myelination (Perlstein et al., 2014). These results were later confirmed

on the same sample, at ages 18-25 (Olszewski et al., 2017). Interestingly, murine models

of white matter pathology indicate that FA and RD metrics are interdependent (Harsan

et al., 2006). Indeed, white matter bundles become more anisotropic when myelination is

increased (i.e., RD is reduced). Our results support these findings, as we found systematic

combinations of increased FA and reduced RD in many white matter tracts and through-

out their full developmental trajectory. Thus, although higher FA has traditionally been

linked to higher white matter integrity, in 22q11.2DS, its combination with decreased RD

suggests that high FA might rather be an indicator of abnormal developmental gains in

diffusion directionality, driven by excessive myelination processes.

When considering the shape of the developmental trajectories, findings confirmed our

hypothesis proposing that most tracts and DTI metrics should follow non-linear patterns

of development. Indeed, we found non-linear curves for most tracts in FA, RD and MD,

both in TD controls and in patients. While FA showed progressive increases until reach-

ing its peak, RD and MD followed inverse trajectories with progressive decreases until

reaching a minimum. AD was the only measure to show almost exclusively linear tra-

jectories. For FA and MD, our results regarding the developmental trajectories and the

age ranges of maturation peaks match results reported in previous longitudinal studies

performed on healthy TD subjects (Lebel and Beaulieu, 2011; Lebel et al., 2012). For RD

and AD, although developmental trajectories have not been characterized in TD controls

and findings are somewhat heterogeneous, most evidence points to progressive reductions

in RD and relatively subtle decreases (or even no changes) in AD (Kumar et al., 2012;

Schmithorst and Yuan, 2010), which is also consistent with our findings.
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Still regarding the shape of the trajectories, we also initially hypothesized that 22q11.2DS

would be associated with different developmental curves compared to TD controls, which

would reflect alterations in the timing of maturation. This observation has indeed been

made for grey matter maturation in the syndrome (Schaer et al., 2009). However, this

hypothesis could not be confirmed, as developmental trajectories did not differ in shape

between TD controls and patients with 22q11.2DS in our study. This is in contrast with

previous cross sectional studies showing significant age x group interactions (Deng et al.,

2015; Jalbrzikowski et al., 2014) and a lack of normal increase in whole-brain FA and in

the total number of streamlines for patients with 22q11.2DS (Ottet et al., 2013; Padula

et al., 2015). Note, however, that these studies were all based on cross-sectional data

with smaller samples and narrower age ranges than the current study, making it difficult

to determine the exact nature of developmental trajectories in each group. By contrast,

the current study used a large sample and statistical methods specifically constructed

to capture developmental trajectories. Results of this more detailed characterization of

white matter development thus suggest the existence of parallel maturational processes

in 22q11.2DS individuals and TD controls, albeit with a persistent pathological “gap” in

patients with 22q11.2DS that does not appear to be compensated over time. Finally, the

presence of identical trajectory shapes for white matter microstructure also contrasts with

the typical age x group interaction effects found for grey matter maturation in this popu-

lation (e.g. multiple studies report accelerated cortical thinning in 22q11.2DS during the

transition from childhood to adulthood) (Schaer et al., 2009). This suggests that white

matter and grey matter development are regulated by distinct developmental mechanisms.

Although the exact causal mechanism leading to white matter microstructural disrup-

tions is unknown, the differences in group intercepts and persistent alterations in AD, in

particular, point to the existence of early prenatal developmental abnormalities. Indeed,

evidence from animal models (Meechan et al., 2009) and post-mortem neuropathological

studies (Kiehl et al., 2009) indicates that 22q11.2DS involves aberrant prenatal neuronal

migration, resulting in abnormal positioning of axonal tracts through mediation of axonal

guidance cues (López-Bendito et al., 2006). Given that AD is thought to reflect tracts

organization, it is possible that reductions in this metric are caused by disrupted axonal

organization, which occurred during early stages of cortical development.

However, the maturation process of white matter structure also involves myelination,

which mainly occurs after birth and extends into the third decade of life (Lebel et al., 2012;

Linderkamp et al., 2009). Thus, the persistent white matter alterations observed through-

out the entire developmental trajectories of 22q11.2DS individuals cannot exclusively be

the consequence of prenatal mechanisms, but are also necessarily caused by abnormal

developmental processes occurring during postnatal development.

Preliminary evidence for a genetic mechanism underlying disrupted postnatal white

matter development has been recently provided (Perlstein et al., 2014). Indeed, the au-

thors found associations between white matter microstructural alterations and the Nogo-66

receptor gene (also called or Reticulon 4 receptor, i.e., RTN4R) polymorphism. This gene

is known to be involved in the inhibition of axonal outgrowth trough the interaction of
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axon terminals and myelin (Fournier et al., 2001). In 22q11.2DS, the altered expression

of this gene (due to the presence of a single allele) could affect myelination and/or axonal

sprouting processes (Perlstein et al., 2014), resulting in alterations of local diffusion prop-

erties. Thus, an interesting future line of work could focus on the potential role of the

RTN4R gene in alterations of white matter developmental trajectories.

The second aim of the main study was to characterize white matter developmental

trajectories in individuals with 22q11.2DS based on the presence of two risk factors, cog-

nitive decline and the UHR status. In what follows, we first discuss findings relative to

cognitive decline, and subsequently for the UHR status.

4.2.2 Cognitive decline is associated with a lack of age-related changes

in the corpus callosum

When patients were divided depending on their individual cognitive evolution, a significant

interaction effect was observed for FA in the corpus callosum (FMAJ). More specifically,

patients with constant or improving cognitive function were characterized by a pronounced

non-linear trajectory with evident increases in FA until adulthood, which resembles the

shape of normative developmental trajectories. By contrast, patients experiencing a cog-

nitive decline showed a flattened developmental trajectory, with higher initial FA values

around the age of 10 and very subtle increases later on, such that this group has reduced

values of FA starting from around 14 years old (see Figure 3.9). Thus, our findings sug-

gest that cognitive decline is associated with a co-occurrent impairment of maturational

processes in the FMAJ.

It is impotant to note that our findings did not confirm our initial hypothesis proposing

that cognitive decline would be associated with alterations in association and projection

tracts, which was based on results from the only previous study investigating the relation-

ship between cognitive decline and white matter microstructure (Nuninga et al., 2017).

The authors indeed found that a cognitive decline prior to scan is associated with increased

FA in the SLF, the cingulum, the internal capsule and the superior frontal-occipital fasci-

culus, but did not detect any differences in the corpus callosum. Although surprising, this

difference might be explained by several methodological differences. First, while previous

findings are based on a sample with a narrow age range (mean age = 17.8; SD = 3.2), our

study includes patients from 7-35 years. Second, results from Nuninga et al. (2017) are

based on cross-sectional diffusion data, whereas our analysis characterized the longitudi-

nal trajectory of white matter across multiple assessments. Finally, group differences were

assessed using a voxel-based approach in Nuninga et al. (2017), but our study used prob-

abilistic tractography. Thus, when using the recommended longitudinal design adapted

for the delineation of multiple developmental processes (e.g., cognitive and neuroanatom-

ical development) (Kraemer et al., 2000), findings suggest that individuals experiencing a

cognitive decline have alterations in commissural tracts.

Generally, the corpus callosum is responsible for interhemispheric communication, as it

connects the left and right hemispheres. Its caudal part, called the splenium or forceps ma-

jor, more specifically connects the temporal, parietal and occipital lobes (Aboitiz et al.,
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1992; Hofer and Frahm, 2006). Interestingly, increased size of the corpus callosum has

been associated with higher cognitive scores in non-psychotic individuals with 22q11.2DS

(Shashi et al., 2012), which points to the existence of compensatory mechanisms in patients

showing better cognitive functioning. This is in line with our findings, as the non-linear

developmental increases in FA observed in patients with a favorable cognitive evolution

in our study suggests the presence of microstructural reorganizations (which may induce

changes in tract size) throughout development. Our longitudinal findings further refined

this developmental picture by indicating that conversely, patients experiencing a cognitive

degradation show a lack of age-related changes in the splenium of the corpus callosum.

Thus, these results confirm our hypothesis suggesting that cognitive decline is associated

with deviant developmental trajectories of white matter microstructure. As such, white

matter alterations in the splenium of the corpus callosum might provide a useful anatom-

ical marker for conversion to psychosis and may potentially reflect early neurobiological

alterations underlying the emergence of the illness.

4.2.3 The UHR status is associated with deviant developmental trajec-

tories of the corpus callosum and the cingulum

When classifying subjects based on the UHR criteria (i.e., when comparing patients with

22q11.2DS who fulfilled the UHR criteria for at least one of their assessments, versus those

who never qualified as UHR), results again yielded a significant interaction effect for FA

in the FMAJ. An additional interaction effect was also observed for AD in the left CAB.

More specifically, FA in the FMAJ followed a similar trajectory in UHR and non-UHR

patients until late adolescence; after this stage however, they became increasingly divergent

(Figure 3.10). Indeed, in non-UHR individuals, the trajectory followed a pattern similar

to normative development of FA for this tract, as levels of FA reached a peak around

20 years and then gradually decreased. By contrast, UHR individuals showed abnormal

age-related changes, as FA followed a constant increase into adulthood for this group.

Regarding the left CAB, AD showed slowly declining values in non-UHR subjects,

whereas UHR patients initially showed lower values of AD but followed gradual increases,

resulting in higher AD values starting from late adolescence (Figure 3.10). Thus, our

results suggest that individuals qualifying for the UHR diagnosis at least once during

their development are characterized by altered maturational trajectories of commissural

and limbic connections.

Our findings are in partial alignment with other DTI studies investigating the relation-

ship between prodromal psychotic symptoms and white matter in patients with 22q11.2DS.

Indeed, while significant group differences were found in the splenium of the corpus cal-

losum (Kikinis et al., 2017) and the cingulum (Padula et al., 2017; Roalf et al., 2017),

studies also reported group differences in multiple fronto-temporal tracts which were not

significant in the current study. Moreover, alterations were not observed in the same DTI

metrics as our study. Thus, our results partially confirm our initial hypothesis, which was

based on existing literature in 22q11.2DS. Indeed, we could confirm structural alterations

in limbic and commissural tracts for patients at UHR, but fronto-temporal tracts were not
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associated with any alterations in our study.

However, two major differences between the design of the above-mentioned studies

and ours could explain the difference in results. First, these studies were cross-sectional,

whereas we used a longitudinal design to delineate white matter integrity. While cross-

sectional designs may still provide valuable information regarding the nature of group

differences, results should be interpreted with some caution, as correlations may signifi-

cantly vary depending on the age ranges included in the tested sample and may thus not

necessarily truthfully reflect the underlying neurodevelopmental process (Kraemer et al.,

2000). Second, previous studies used less standardized criteria for the categorization of

patients. Indeed, while our study used the well-defined UHR criteria, previous investiga-

tions distinguished different subgroups of patients based merely on the severity of positive

symptoms (where a subject was considered “at high risk of psychosis” when presenting a

score higher than 3 in one of the 5 positive symptoms scales), without any consideration of

the frequency and duration of symptoms (which are assessed in the UHR diagnosis). How-

ever, especially in the context of a longitudinal study, the inclusion of temporal aspects

of the symptomatology is of the essence, as an extended presence of abnormal behavior is

more likely related to long-term neuroanatomical anomalies.

Surprisingly, when considering findings in high risk patients of the general population,

our finding of increased FA in the FMAJ departs from the most consistent findings in

non-deleted UHR patients. Indeed, in non-deleted UHR patients, most studies report re-

duced levels of FA in several long association tracts, the cingulum, the stria terminalis, the

internal and capsules, the corona radiata and the corpus callosum (reviewed in Canu et al.,

2015). However, at later stages of the disease, results are more heterogeneous, as reduced

levels of FA have been extensively highlighted in patients with first episode psychosis and

chronic schizophrenia, but multiple studies also reported increased FA in several white

matter tracts, including interhemispheric tracts (Canu et al., 2015). Thus, it is possible

that, due to the deletion, patients with 22q11.2DS fulfilling the UHR criteria show more

pronounced alterations at early stages of the illness compared to patients of the general

population. However, we cannot discard the possibility that pathways leading to psychosis

follow distinct patterns in the general population and in 22q11.2DS.

Regarding AD, although this metric has rarely been studied in the UHR population

or in chronic idiopathic schizophrenia, evidence suggests that both early and advanced

stages of the illness are associated with increased values of AD in several tracts and

regions, including clusters of adjacent to the middle temporal gyrus which could include

the CAB (Bakker et al., 2016; Fitzsimmons et al., 2013). The present findings may provide

a refinement of this picture, where neurodevelopmental anomalies of AD are localized to

the cingulum and start to show increased values starting from late adolescence only.

Of note, after removing patients older than 28 years in the non-UHR group as these

were considered possible outliers, differences remained significant for the FMAJ but not

for the left CAB. As such, results regarding the cingulum should be considered with cau-

tion, as patients assessed after 28 years may have driven the observed group differences.
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The association of UHR diagnosis and deviant development of the FMAJ, however, is a

robust finding that may represent a valuable biomarker of early stages of psychosis.

Importantly, on a more global level, both risk factors (cognitive decline and UHR

status) share a common involvement of the splenium of the corpus callosum. Deviant de-

velopmental trajectories in this tract thus represent strong candidate biomarkers for con-

version to psychosis on a neuroanatomical level. Moreover, this finding provides further

evidence for the neurodevelopmental nature of schizophrenia, and supports the disconnec-

tion hypothesis suggesting that the illness is related to aberrant connectivity of cortical

areas.

4.2.4 Limitations

In this section, we discuss the main limitations of this study.

Firstly, despite the relatively high sample size, it included a limited number of subjects

with more than two time points (n = 20) and did not capture early childhood (i.e., before

5 years old) and later stages of adulthood (i.e., after 35 years old). Indeed, while our

results consistently indicate identical developmental curves both for 22q11.2DS and TD

controls, this does not exclude the possibility that when considering even larger ranges

of the life span, differential trajectories would emerge. For instance, extensive white

matter maturational processes are known to occur during the first months and years after

birth (Gao et al., 2009; Mukherjee et al., 2002; Schneider et al., 2004) and these early

changes could potentially be the origin of the subsequent, relatively persistent alterations

observed in 22q11.2DS. Similarly, during adulthood and aging, white matter is also known

to undergo some specific structural modifications (Lebel et al., 2012). It is not impossible

that individuals with 22q11.2DS show differential patterns of aging that we were unable

to capture in the present study, especially given that some of the white matter tracts

reach their maturation peak only around the mid-30s, which corresponds to the oldest

subjects of our study. Future investigations should thus include a longitudinal follow-up

of younger, as well as older participants, in order to better characterize the corresponding

developmental events.

Moreover, sample sizes were reduced for the characterization of developmental trajec-

tories associated with risk factors for psychosis (N = 49 for the cognitive decline analysis;

N = 80 for the UHR analysis), and our sample comprised a relatively restricted number

of patients qualifying for the UHR status (N = 17), which may have reduced statistical

power for the corresponding statistical analyses. In addition, while UHR criteria are well

standardized and widely used, the UHR population still represents a heterogeneous group

in terms of outcome. Indeed, around 30-40% of individuals (with or without 22q11.2DS)

meeting the UHR criteria convert to psychosis (Schneider et al., 2016; Schultze-Lutter

et al., 2015), but around 50% of UHR patients will remit (Addington et al., 2011). In

the current study for instance, individuals with 22q11.2DS presented various psychiatric

outcomes, as 3 were initially non-UHR and converted to UHR at later time points, 5

were initially UHR but remitted at later time points , 2 remained UHR across all as-
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sessments, and 2 converted to psychosis (among whom one being initially UHR, and the

other one initially non-UHR). However, due to the small sizes of these subgroups, their

neuroanatomical trajectories could not be investigated in the present study. Evidence

from a study investigating non-deleted patients provided preliminary evidence suggesting

that white matter followed distinct developmental pathways depending on the outcome

(Carletti et al., 2012). Thus, it is important that future studies including larger samples

are conducted in order to better characterize the developmental trajectories of UHR in-

dividuals with different outcomes. It is likely that the subgroup of subjects converting to

psychosis will demonstrate a pattern of deviant white matter development, while patients

who remain at high risk or remit will show milder forms, or even an absence of anomalies.

A next limitation arises from the fact that individuals with 22q11.2DS often show

relatively high levels of anxiety (Gothelf et al., 2007), which implies that MRI acquisitions

were sometimes impossible, or yielded images of poor quality due to agitation during the

scan. As a result, a certain number of patients could not be included in this study, which

reduced the statistical power and may potentially have affected our results.

Furthermore, potential confounds can arise from medication, given that a substantial

amount of patients with 22q11.2DS received medication during the studied developmental

period (see 2.1). Drug administration during variable periods of development may indeed

affect neuroanatomical measures including DTI metrics.

Patients with 22q11.2DS are also characterized by high levels of comorbidity, with

frequent co-occurrences of psychotic disorders, mood disorders and/or anxiety disorders

(Schneider et al., 2014a). As these psychiatric disorders have been associated with white

matter alterations (Ayling et al., 2012; Brühl et al., 2014; Eng et al., 2015; Olvet et al.,

2016; Sarrazin et al., 2014), their presence may represent a confounding factor.

Several limitations arise from TRACULA, the method used for tracts reconstruction.

Indeed, this tractography tool overcomes the drawbacks of most other available methods

due to its adapted longitudinal pipeline, its ability to avoid tracts misalignments and

its sensitivity to variable diffusion values within tracts of interest. However, as this is a

ROI-based method, TRACULA merely provides the possibility to study a predefined set

of regions of interest (i.e., tracts) and is blind to any diffusion metrics located outside

these areas. For instance, in 22q11.2DS, a recent machine-learning study has revealed the

involvement of the extreme capsule and the middle longitudinal fasciculus (Tylee et al.,

2017), two long-range tracts that are not reconstructed by TRACULA and are, more

generally, not considered in other hypothesis-based DTI analysis methods. Moreover, in

idiopathic schizophrenia, several post-mortem and DTI studies indicate that the illness

is associated with abnormalities in short-range U-shaped fibers connecting adjacent gyri

and local intraregional fibers (Akbarian et al., 1993; Eastwood and Harrison, 2005; Joshi

et al., 2012; Nazeri et al., 2013). As short-range fibers have, to our knowledge, never been

studied in 22q11.2DS, it would be important to identify alterations in this component of

white matter for this population, and to determine whether these structures are involved

in the neuroanatomical pathophysiology of psychosis.

Another limitation related to TRACULA is that prior to tracts reconstruction, the
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longitudinal pipeline involves a robust rigid within-subject registration of all time points

of a given subject, in order to create the within-subject template. Although the use of

such as template is generally valid and provides considerable improvements regarding the

reliability and sensitivity to changes, the current registration methods used for its creation

are suboptimal in cases where intracranial volume, and thus the shape of tracts undergo

extensive changes during the studied developmental period (Yendiki et al., 2016).

A final limitation of TRACULA lies in the fact that the processing involves several

iterations of visual inspections to verify the quality of tracts reconstruction, making the

analysis time consuming and prone to subjective interferences.

This study is further limited by aspects inherent to DTI image resolution, as DTI

images provide information at a mm scale, and therefore do not contain information at

the axonal (i.e., cellular) level (Mori et al., 2009) or even molecular level. As such, DTI

studies can only formulate hypotheses regarding pathological mechanisms underlying the

observed alterations of diffusion properties, but cannot provide direct causal inferences.

Nevertheless, DTI studies currently represent one of the most powerful tools to assess

white matter microstructural properties in humans in vivo, and results produced using

this technique may provide crucial insights that will guide the development of animal

study designs aiming at the identification of causal mechanisms underlying white matter

anomalies.

Regarding diffusion metrics, the difficult interpretation of FA also brings some limita-

tions. Indeed, both increased and decreased levels of FA have been related to pathological

mechanisms, making this measure particularly ambiguous (Scariati et al., 2016). Interpre-

tations thus extend in many different directions, starting with the most common proposal

that FA is indicative of white matter integrity, to the suggestion that increased levels of

FA could reflect abnormal decreases in axonal branching (Arlinghaus et al., 2011; Hoeft

et al., 2007), or even the hypothesis that increased FA is resulting from flattened axonal

bundles (Bode et al., 2011) or fewer arched fibers (Cheng et al., 2011). It thus becomes ev-

ident that the interpretation of FA alone is relatively precarious, and cannot really inform

about the underlying microstructural properties related to a given disease. However, in

the context of our study, this limitation was addressed through the consideration of other

diffusion measures, particularly RD and AD, which provided the possibility to develop

a more accurate understanding of microstructural abnormalities present throughout the

development of individuals with 22q11.2DS.

Finally, the current study employed a univariate approach to study developmental

characteristics of white matter microstructure in 22q11.2DS, investigating diffusion prop-

erties independently in every single tract. However, multivariate approaches combining

diffusion metrics and white matter tracts may provide better characterizations of subtle

or complex patterns of alterations (Tylee et al., 2017). Recently, even wider, multimodal

multivariate techniques, using not only structural but also functional data, have demon-

strated an accurate identification of pathological processes associated with 22q11.2DS or

with psychotic symptoms, specifically (Padula et al., 2017). Nevertheless, although in-
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herently univariate, mixed models currently represent the most advanced and strongly

recommended tool for the analysis of developmental trajectories (Krueger and Tian, 2004;

Locascio and Atri, 2011; Mills and Tamnes, 2014), making it the best suited tool for the

analysis of longitudinal data.
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CHAPTER 5

CONCLUSION

In summary, this study provided strong evidence that 22q11.2DS is associated with widespread

developmental alterations in most white matter tracts and diffusion metrics, suggesting

global disruptions of long-range communication. The direction of alterations systemati-

cally followed a pattern of reduced AD, RD and MD combined with increased FA in all

tracts for patients with 22q11.2DS. In addition, 22q11.2DS and TD controls were char-

acterized by similar developmental curves, with non-linear age-related changes for most

tracts and DTI metrics. The persistent developmental gap observed in 22q11.2DS is likely

resulting from both early and ongoing pathological mechanisms.

Moreover, this study provided preliminary evidence for the presence of deviant white

matter developmental trajectories in commissural and limbic tracts for patients with

22q11.2DS at high risk of psychosis. In particular, abnormal development of the splenium

of the corpus callosum was visible both in patients at UHR and in patients experiencing a

cognitive decline. Thus, aberrant development in this tract represents a strong candidate

biomarker for the prediction of psychosis. This neurodevelopmental marker may serve for

the identification of populations in need of early intervention, but also for the development

of pharmaceutical treatment targets. These findings also support the neurodevelopmental

and dysconnectivity hypotheses of schizophrenia, where prodromal stages of the disease

are associated with early alterations of structural connectivity.

Thus, the characterization of white matter development in the 22q11.2DS popula-

tion and in subgroups of patients with risk factors of psychosis has provided valuable

insights regarding the general neurodevelopmental profile of the syndrome, and regarding

the neurodevelopmental pathways associated with early stages of schizophrenia. Yet, the

neurobiological mechanisms underlying the observed developmental anomalies of white

matter microstructure are still largely unknown. Future studies using animal models and

post-mortem data should focus on the elucidation of processes responsible for disruptive

white matter maturation. Another future line of research involves extensive longitudinal

studies of white matter development, including large samples of patients with 22q11.2DS

qualifying for the UHR status. Such studies would provide the opportunity to obtain a fine-
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grained characterization of white matter development according to each clinical outcome

(i.e., persisting UHR, remittent, or conversion to psychosis), and could further investigate

the involvement of the splenium of the corpus callosum in the etiology of schizophrenia.
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APPENDIX

A.1 Supplementary material for the preliminary study

A.1.1 Annual percent change in 22q11.2DS and TD controls

Figure A.1: Annual percent change (APC) is shown for MD (figure A), FA (figure B), RD
(figure C) and AD (figure D), respectively. In each graph, the average APC is reported per group
and for each white matter tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = for-
ceps minor; atr = anterior thalamic radiation; cab = cingulum, angular bundle; ccg = cingulum,
cingulate bundle; cst = corticospinal tract; ilf = inferior longitudinal fasciulus; slfp = superior
longitudinal fasciculus, parietal bundle; slft = superior longitudinal fasciculus, temporal bundle;
unc = uncinate fasciculus.
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Mean Diffusivity

Tract type Hem. Tract APC
22q11.2DS

APC TD
controls

p-
value

Projection left ATR -0.002 0.847 0.124
right ATR 0.038 0.441 0.327
left CST -0.881 -0.017 0.124
right CST -1.461 -0.281 0.037

Commissural FMAJ -0.678 -0.377 0.356
FMIN -0.101 0.463 0.356

Association left CAB -0.139 -0.083 0.356
right CAB -0.711 0.215 0.124
left CCG -0.846 -0.319 0.327
right CCG -1.011 0.042 0.124
left ILF 0.092 -0.119 0.327
right ILF -0.101 -0.076 0.882
left SLFP -0.308 0.094 0.327
right SLFP -0.71 -0.116 0.221
left SLFT -0.213 0.295 0.124
right SLFT -0.432 0.02 0.224
left UNC 0.228 -0.08 0.472
right UNC -0.082 0.009 0.888

Table A.1: Mean annual percentage change (APC) of Mean Diffusivity in 22q11.2DS compared
to TD controls. Significant group differences are indicated in bold. All p-values were corrected for
multiple comparisons.

Axial Diffusivity

Tract type Hem. Tract APC
22q11.2DS

APC TD
controls

p-
value

Projection left ATR -0.154 0.491 0.184
right ATR -0.001 0.245 0.542
left CST -0.645 -0.196 0.187
right CST -0.97 -0.177 0.011

Commissural FMAJ -0.247 -0.181 0.916
FMIN 0.269 0.501 0.475

Association left CAB -0.273 -0.459 0.807
right CAB -0.578 0.079 0.187
left CCG -0.17 -0.063 0.807
right CCG -0.146 0.556 0.187
left ILF -0.099 -0.05 0.763
right ILF -0.034 0.079 0.834
left SLFP -0.135 0.087 0.627
right SLFP -0.369 -0.084 0.686
left SLFT -0.184 0.18 0.227
right SLFT -0.171 0.021 0.661
left UNC 0.063 0.169 0.763
right UNC 0.048 0.172 0.791

Table A.2: Mean annual percentage change (APC) of Axial Diffusivity in 22q11.2DS compared
to TD controls. Significant group differences are indicated in bold. All p-values were corrected for
multiple comparisons.
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Radial Diffusivity

Tract type Hem. Tract APC
22q11.2DS

APC TD
controls

p-
value

Projection left ATR 0.187 1.253 0.17
right ATR 0.082 0.681 0.287
left CST -1.16 0.286 0.112
right CST -2.081 -0.374 0.069

Commissural FMAJ -1.437 -0.703 0.243
FMIN -0.478 0.57 0.287

Association left CAB -0.012 0.261 0.261
right CAB -0.827 0.354 0.123
left CCG -1.686 -0.564 0.243
right CCG -2.051 -0.511 0.184
left ILF 0.354 -0.163 0.261
right ILF -0.169 -0.247 0.991
left SLFP -0.495 0.12 0.243
right SLFP -1.071 -0.125 0.17
left SLFT -0.24 0.446 0.17
right SLFT -0.704 0.039 0.17
left UNC 0.426 -0.301 0.264
right UNC -0.185 -0.119 0.98

Table A.3: Mean annual percentage change (APC) of Radial Diffusivity in 22q11.2DS compared
to TD controls. No significant group differences were evident in this measure. All p-values were
corrected for multiple comparisons. All p-values were corrected for multiple comparisons.

Fractional Anisotropy

Tract type Hem. Tract APC
22q11.2DS

APC TD
controls

p-
value

Projection left ATR -0.319 -0.959 0.215
right ATR -0.097 -0.488 0.433
left CST 0.456 -0.267 0.151
right CST 1.019 0.138 0.081

Commissural FMAJ 0.656 0.235 0.151
FMIN 0.791 0.246 0.426

Association left CAB -0.064 -0.906 0.151
right CAB 0.776 -0.355 0.125
left CCG 1.371 0.383 0.125
right CCG 1.793 0.86 0.199
left ILF -0.265 0.083 0.464
right ILF 0.252 0.296 0.953
left SLFP 0.36 -0.176 0.167
right SLFP 0.796 0.002 0.111
left SLFT 0.041 -0.45 0.151
right SLFT 0.581 -0.117 0.081
left UNC -0.329 0.495 0.151
right UNC 0.422 0.312 0.953

Table A.4: Mean annual percentage change (APC) of Fractional Anisotropy in 22q11.2DS com-
pared to TD controls. No significant group differences were evident in this measure. All p-values
were corrected for multiple comparisons.
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A.1.2 Repeated measures ANOVA comparing 22q11.2DS and TD con-

trols

Figure A.2: Preliminary study (N = 70) - Repeated measures ANOVA results for Mean Diffu-
sivity in each white matter tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = for-
ceps minor; atr = anterior thalamic radiation; cab = cingulum, angular bundle; ccg = cingulum,
cingulate bundle; cst = corticospinal tract; ilf = inferior longitudinal fasciulus; slfp = superior
longitudinal fasciculus, parietal bundle; slft = superior longitudinal fasciculus, temporal bundle;
unc = uncinate fasciculus.
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Figure A.3: Preliminary study (N = 70) - Repeated measures ANOVA results for Axial Diffu-
sivity in each white matter tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = for-
ceps minor; atr = anterior thalamic radiation; cab = cingulum, angular bundle; ccg = cingulum,
cingulate bundle; cst = corticospinal tract; ilf = inferior longitudinal fasciulus; slfp = superior
longitudinal fasciculus, parietal bundle; slft = superior longitudinal fasciculus, temporal bundle;
unc = uncinate fasciculus.
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Figure A.4: Preliminary study (N = 70) - Repeated measures ANOVA results for Radial Diffu-
sivity in each white matter tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = for-
ceps minor; atr = anterior thalamic radiation; cab = cingulum, angular bundle; ccg = cingulum,
cingulate bundle; cst = corticospinal tract; ilf = inferior longitudinal fasciulus; slfp = superior
longitudinal fasciculus, parietal bundle; slft = superior longitudinal fasciculus, temporal bundle;
unc = uncinate fasciculus.
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Figure A.5: Preliminary study (N = 70) - Repeated measures ANOVA results for Fractional
Anisotropy in each white matter tract.
Legends: lh = left hemisphere; rh = right hemisphere; fmajor = forceps major; fminor = for-
ceps minor; atr = anterior thalamic radiation; cab = cingulum, angular bundle; ccg = cingulum,
cingulate bundle; cst = corticospinal tract; ilf = inferior longitudinal fasciulus; slfp = superior
longitudinal fasciculus, parietal bundle; slft = superior longitudinal fasciculus, temporal bundle;
unc = uncinate fasciculus.
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