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Chapter 1 

General Introduction
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Let’s just face it – it’s complex. Neurodevelopment is complex. Brains are complex. 
Developmental disorders are complex. Neuroimaging techniques are complex. 
Behaviour is complex. Within this thesis all of these complexities are addressed and 
attempts are made to disentangle and elucidate certain aspects of neurodevelopment, 
the neurobiology of developmental disorders and the inference of neuroimaging 
metrics.  

A collection of articles is presented that for the most part focus on the neuroanatomic 
and neurochemical correlates of Tourette syndrome (TS) and Attention-deficit/
hyperactivity disorder (ADHD). However, it also extends in parts to include other 
neurodevelopmental disorders and at other times contracts its focus to investigate 
ADHD only. Furthermore, the final empirical chapter (chapter 8) relates to healthy 
development only. Understanding healthy neurodevelopment is paramount, as 
without it one can never accurately identify deviations from it associated with 
specific behaviours or disorders. 

In this opening chapter I will briefly introduce what we know about 
neurodevelopment, the neurodevelopmental disorders studied and neuroimaging 
techniques before attempting to synopsise what remains to be elucidated and the 
challenges faced moving forward. To conclude I will give the specific objectives of 
this thesis and an outline of the individual chapters that resulted from these.

Neurodevelopment 
Neurodevelopment is a broad term that encompasses the changes that occur in the 
central nervous system from early foetal stages through childhood, adolescence 
and continuing into early adulthood. The brain changes dynamically throughout 
the lifespan with different regions, tissue types and circuits having distinct 
developmental profiles (Giedd and Rapoport 2010). Multiple processes are involved 
such as cell growth, differentiation, synaptogenesis and myelination. Psychiatric 
disorders with an onset during childhood when the brain is so actively changing are 
considered neurodevelopmental disorders and are assumed to be due to disruptions 
of early brain development and associated cognitive functions.

Neurodevelopmental disorders  
According to the fifth edition of the Diagnostic and Statistical Manual of Mental 
Disorders (DSM 5) (American Psychiatric Association 2013a) there are various 
distinct neurodevelopmental disorders. However, the high level of comorbidity 
between many of these disorders and often overlap in their constituent symptom 
dimensions makes grouping and investigating several disorders together an 
excellent method for exploring their possible shared aetiology and pathophysiology 
(Huisman-van Dijk et al. 2016; Thapar et al. 2017). Furthermore, unless disorders 
are investigated together conclusively determining their common and unique 
correlates remains difficult. The use of continuous measures of symptom severity  
of for example hyperactivity, inattention, social-communicative problems, impulsive 
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and compulsive behaviours  across all participants in a study enables the modelling 
of these various cross-disorders symptoms and their interplay without applying 
arbitrary diagnostic thresholds. In the study of neurodevelopmental disorders 
where multi-morbidity is the rule rather than the exception (Thapar et al. 2017) 
this allows the heterogeneity and complexity of neurodevelopmental disorders to 
be addressed. This approach which has been dubbed the Research Domain Criteria 
(RDoC; Cuthbert 2014) is becoming more favoured in recent years (Robbins et al. 
2012; Thapar et al. 2017).  Initially the focus of this thesis was on TS and ADHD. 
However, as I mentioned above, investigating these in isolation without also 
considering other neurodevelopmental disorders such as obsessive-compulsive 
disorder (OCD) and autism spectrum disorder (ASD) or their symptoms is not ideal 
due to the high rate of comorbidity these also share with TS, ADHD and each other 
(Figure 1).

Figure 1 Simplified schematic of the overlap of neurodevelopmental disorders

TS 

TS is characterised by the presence of multiple motor and one or more phonic tics 
that exhibit fluctuating courses of intensity, frequency and severity (Leckman et al. 
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1998; Bloch and Leckman 2009; American Psychiatric Association 2013a). Although 
once considered rare, a number of recent studies have reported prevalence rates 
of TS between 0.4% and 1% (Robertson 2008; Robertson 2015). Tics usually first 
present in childhood between 4-8 years and increase in severity reaching their peak 
between 10-12 years of age before a slow decline in severity is often seen through 
adolescence and into adulthood (Bloch and Leckman 2009). Most patients with TS 
in childhood will be tic free or retain some mild tics in adulthood, however, a small 
percentage do not remit or even worsen in adulthood, ~5% (Bloch and Leckman 
2009). Psychiatric comorbidity in TS is very common with lifetime prevalence rates 
of any psychiatric comorbidity estimated at up to 86% (Cohen et al. 2013; Hirschtritt 
et al. 2015). These most commonly include ADHD (~50%) and OCD (20-60%) 
(Robertson 2000; Debes et al. 2010; Hirschtritt et al. 2015), while the occurrence of 
ASD in patients with TS is also higher than expected by chance (Canitano and Vivanti 
2007).

ADHD 

ADHD is a common neurodevelopmental disorder affecting approximately 5% of 
the school age population (Polanczyk et al. 2007) and characterised by pervasive 
age-inappropriate inattention and/or hyperactivity and impulsivity associated 
with impairments of functioning (American Psychiatric Association 2013a). As 
mentioned, ADHD is common in patients with TS. Conversely, the presence of tics 
within patients with ADHD has been estimated at approximately 20% (Roessner et 
al. 2007).

OCD 

OCD is characterised by intrusive, recurrent thoughts or images (obsessions) 
and repetitive behaviours or mental acts (compulsions) that cause significant 
impairment, distress and/or are severely time consuming (American Psychiatric 
Association 2013b). Although not classified as a neurodevelopmental disorder by the 
DSM-5 OCD has long been considered within the neurodevelopmental framework 
(Rosenberg and Keshavan 1998). The lifetime prevalence estimate of OCD ranges 
from 2.3-3.0% (Ruscio et al. 2010; Subramaniam et al. 2012) with much higher 
lifetime prevalence rates for OC symptoms, 10.1-28.2% (Fullana et al. 2010; Ruscio 
et al. 2010; Subramaniam et al. 2012).  

ASD 

ASD affects approximately 1.5% of the population (Christensen et al. 2016) and is 
characterised by deficits in social interaction, communication and by restricted, 
repetitive and stereotyped behaviours, interests and activities and abnormal sensory 
processing (American Psychiatric Association 2013a). ASD can be reliably diagnosed 
from 2 years of age onward by an experienced clinician and generally remains stable 
over time (Lord et al. 1994). However, as a spectrum disorder symptoms range in 
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severity and traits are found in a continuum through both the healthy population 
and those diagnosed with ASD (Robinson et al. 2011; Constantino and Charman 
2016).

Box 1 Tourette syndrome nomenclature  

There is some inconsistency about the naming and acronyms for what I here 
refer to as Tourette Syndrome. The disorder first described by Georges Gilles de 
la Tourette and which has historically borne his name has become more widely 
known as Tourette Syndrome. However, the various editions of the DSM have 
referred, probably more appropriately, to it as a disorder rather than a syndrome, 
leading to the name of Tourette’s Disorder (e.g. American Psychiatric Association 
1987; American Psychiatric Association 2000; American Psychiatric Association 
2013b). We therefore have various names currently being used based on personal 
or journal preferences. The three versions also give rise to three different 
acronyms; Gilles de la Tourette Syndrome (GTS), Tourette Syndrome (TS) and 
Tourette’s Disorder (TD). This too can lead to confusion. No less because TD is 
also frequently used as an acronym for Tic Disorders or Typical Development. In 
the various chapters to follow I had to follow different protocols for many of the 
published articles. However, for consistency I have altered the publications where 
necessary to use Tourette Syndrome (TS) throughout the thesis.  

(On a somewhat related note. For the publication of some of these chapters the 
publishing journals required the use of America English rather than my preferred 
British English. For the purposes of consistency, appeasing my own slight OC 
tendencies and because unnecessary commas are just unnecessary I have 
transformed this whole thesis back to British English. Apologies to any of you with 
opposing OC tendencies.)  

Shared aetiology of neurodevelopmental disorders  
All of the disorders mentioned have been shown to be highly heritable in their own 
right and also to cluster together in families (Lichtenstein et al. 2010; Rommelse et 
al. 2010; Mathews and Grados 2011; Robinson et al. 2011; Davis et al. 2013; Pauls et 
al. 2014; Faraone et al. 2015). By this I mean the probability of a sibling or relative of 
a child with TS, for example, also having TS or another neurodevelopmental disorder 
is higher than chance. It was shown that TS and OCD share much of their genetic 
architecture (Mathews and Grados 2011) and have even been proposed to be different 
expressions of the same underlying genetic factors (Pauls et al. 1991). Similarly OCD 
and ADHD share genetic risk factors, however, the relationship between ADHD and 
TS is more complex and may relate more to shared environmental factors (Mathews 
and Grados 2011). ASD has also been shown to partially share genetic risk factors 
with various other neurodevelopmental disorders including tic disorders and ADHD 
(Lichtenstein et al. 2010; Rommelse et al. 2010). 



6

Pathophysiology of neurodevelopmental disorders 
On a neural-systems level a generally accepted pathophysiological model of 
neurodevelopmental disorders remains elusive, although the cortico-striatal-
thalamo-cortical (CSTC) networks in both human and animal model studies have 
repeatedly been highlighted as the aetiological centre of dysfunction that underpins 
various neurodevelopmental disorders (Leisman and Melillo 2013). The basal 
ganglia is a cluster of sub-cortical grey matter structures central to the CSTC loops. 
They are densely connected to the cortex and comprised of the caudate, putamen 
(together referred to as the dorsal striatum), globus pallidus and nucleus accumbens 
(see Figure 2).  

Several CSTC loops, originally hypothesised by Alexander and colleagues (1986), 
have been described and were initially thought to be functionally and anatomically 
segregated. However, more recent research suggests CSTC loops are highly integrated 
(Haber and Knutson 2009; Milad and Rauch 2012). Dysfunction of individual loops is 
supposedly responsible for specific symptoms such as tics, obsessions, compulsions, 
hyperactivity and irregular reward processing (Mink 2006; Chamberlain et al. 2008; 
Makki et al. 2009; Lapidus et al. 2014; van den Heuvel et al. 2016). Interaction 
between the loops, rather than (or as well as) the anatomical proximity of affected 
areas in the basal ganglia, may account for the high level of comorbidity between 
disorders. 

Figure 2 Simplified schematic of the main cortico-striatal-thalamo-cortical loops
Reproduced from Krack et al. (2010). Cn - caudate nucleus, GPe - globus pallidus pars externa, GPi - globus 
pallidus pars interna, Put - putamen, STN - sub-thalamic nucleus. 
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For many years dopamine dysfunction within CSTC loops was considered the 
primary cause of tics (Singer et al. 1982) and related to difficulties with attention 
and impulsivity (Swanson et al. 2007). However, in more recent years the role of 
glutamate has also been queried (Singer et al. 2010). Glutamate is the primary 
excitatory neurotransmitter found in the brain (Monaghan et al. 1985; Pittenger et 
al. 2011), essential in CSTC transmission and often co-transmitted with dopamine 
(Chuhma et al. 2009). The glutamatergic system is therefore of interest as a possible 
therapeutic target if its hypothesised role can be confirmed. 

Although the structure and neurochemistry of CSTC circuits have been implicated 
in TS, ADHD, OCD and ASD the evidence is not conclusive (Felling and Singer 
2011; Leisman and Melillo 2013; Naaijen et al. 2015). Moreover, the complexity of 
these heterogeneous disorders and their overlap needs to be further addressed to 
determine the common and unique correlates of specific disorders and symptoms. 
Finally, it is not clear what abnormalities may constitute the aetiology of symptoms 
rather than result from them.

Neuroimaging techniques 
Magnetic resonance imaging (MRI) is at the forefront of neuroimaging research due 
to its safety and ability to produce detailed images of in vivo brains. Multiple imaging 
types allow various aspects of neuro-anatomy and neuro-function to be elucidated.

Anatomical MRI scans (T1-weighted images) deliver sharp contrast between grey 
matter, white matter and cerebrospinal fluid (CSF) allowing structural variation 
to be examined. This includes measures such as volume, surface area, thickness 
and gyrification of the surface. Additionally, less traditional metrics can also be 
investigated such as the shape of structures or intrinsic curvature of the surface. 
The latter of these is of particular interest as it may relay information about the 
cytoarchitecture of the underlying cortex (Ronan et al. 2011) rather than information 
solely about the gross morphometry (see box 3, figure 3).  

Diffusion-weighted MRI on the other-hand allows researchers to extrapolate the state 
of the white matter microstructure. This MRI sequence is sensitive to the random 
movement of water molecules in the brain. This differs based on tissue organisation, 
for instance in white matter bundles water diffuses more easily along the fibres 
than across them, in grey matter water diffusion is hindered in every direction by 
cell bodies and in CSF diffusion is unimpeded. These differences make it possible to 
reconstruct a model of the white matter tracts in the brain and extract metrics from 
these tracts that relate to the coherence, myelination or packing density of the white 
matter tracts (Beaulieu 2002).  

Proton magnetic resonance spectroscopy (1H-MRS) is a powerful in vivo method for 
quantifying concentrations of neurochemicals in the brain (Soares and Law 2009). 
The sequence produces spectra with peaks that correspond to protons of molecules 
that are differentiated by the electromagnetic properties of their close neighbours in 
the molecule. Each molecule thereby produces a unique pattern of peaks that makes 
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it identifiable and quantifiable.  

Functional MRI (fMRI) scans provide information of brain activity either during rest 
or associated with specific tasks. These types of scans were also collected as part of 
the studies utilised in this thesis. However, their analysis has not been included here 
as they form the basis of multiple other PhD theses. 

Box 2 Intrinsic curvature  

Intrinsic curvature (IC) of a surface can be a difficult concept to grasp. It relates to 
the fundamental curvature of the surface. It does not relate to how the surface is 
bent in 3-D space like folding. Folding of the surface can be quantified as extrinsic 
curvature or using the local gyrification index at a larger scale. No IC of the surface 
is required for folding, for instance a sheet of paper which is intrinsically flat can 
be bent in space to form folds (or a cylinder). However, a surface with non-zero IC, 
such as a football, cannot be flattened out without tearing the surface.  

IC of the cortical surface is of interest as it may hold information regarding the 
underlying cytoarchitecture (Ronan et al. 2011). This is due to the common 
mechanism that produces both IC and alters the distribution of short-range 
connections in the cortex  differential expansion. Surface expansion is depicted 
schematically in the below figure with points on a line. Differential expansion 
of the cortex results in either positive or negative intrinsic curvature values 
depending on whether expansion is faster at the centre or edges of the surface. 
Uniform expansion (zero IC) results in an overall increase in distances between 
points but no change in the proportion of long to short connections. 

Figure 3 Mathematically curvature of a surface is described by the principle curvatures; k1 and k2, 
these are respectively the maximum and minimum curvatures and are always found orthogonal to each 
other. Extrinsic curvature (mean curvature) is simply the average of these principle curvatures while 
the IC is the product of the principle curvatures. Thus, as IC is based on a product if the minimum 
curvature is zero than the product will inevitably also equal zero, i.e. for the cylinder above IC=0. 
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Aims and chapter outline 
The overall aim of this thesis was to determine the unique and common 
neuroanatomical and neurochemical correlates of TS and ADHD with a main focus 
on the CSTC circuitry. The general hypothesis was that there is variation associated 
with both TS and ADHD but that the localisation would be disorder or symptom 
specific. A further aim was to identify cortical variations associated with ADHD and 
healthy development. 

Chapter 2 in this thesis is a descriptive paper of how the project memorialised within 
the empirical chapters of this thesis are embedded within the larger TS-EUROTRAIN 
project. This chapter also gives an overview of the state of TS research at present 
(well, more accurately  at the outset of the project a few years ago). The rest of this 
thesis makes use of data from two different large studies; (1) TS-EUROTRAIN/
COMPULS (chapters 3-6) and (2) the NeuroIMAGE study (chapters 7-8) as outlined 
in boxes 3 and 4. 

Chapters 3-6 all investigate aspects of the role of the CSTC circuits in 
neurodevelopmental disorders. Primarily the focus was on TS and ADHD while 
ASD and OCD symptoms were also accounted for. Previous literature is inconclusive 
regarding the association between CSTC loops and TS and ADHD in children. 
Structure of the basal ganglia and the white matter tracts connecting it to frontal 
regions were of primary interest. Additionally, the anterior cingulate cortex (ACC) 
has been hypothesised to be involved in regulating cross-disorder behaviours such 
as compulsivity and impulsivity through top-down cognitive control (Dalley et al. 
2011). 

Thus chapters 3-6 addressed the following: Chapter 3 aimed to elucidate the 
common and unique basal ganglia structural correlates of TS and/or ADHD in 
children.

Chapter 4 investigated the microstructure of white matter CSTC loops (i.e. striatum/
thalamus seeds, frontal cortex targets). 

Chapter 5 aimed to determine the association of glutamate within regions of the 
CSTC (left dorsal striatum and bilateral ACC) with TS and/or ADHD.  

Chapter 6 expanded on the methods presented in chapters 3-5 by applying a 
multimodal approach. Anatomical, diffusion and MRS data were analysed together 
with advanced neuroimaging techniques. Various metrics all purportedly related to 
the cortical cytoarchitecture were extracted from the same region of the ACC. The 
aim of this was to validate the claims that each metric related to cell density and 
determine how cross disorder symptoms may relate to cytoarchitecture.  

In chapter 7, the focus moved from CSTC networks to the cortex as a whole. Previous 
studies had suggested ADHD to be a dysconnectivity disorder with some diffusion 
imaging findings supporting this concept regarding long-range connections. To 
determine if this also extended to short-range connectivity within the grey matter of 
the cortex we availed of the NeuroIMAGE sample and applied the advanced method 
of intrinsic curvature analysis (IC, see Box 2). Concurrently, we also investigated 
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local gyrification index with the hypothesis that, although related, IC would be much 
more sensitive than LGI to detect subtle morphological abnormalities in ADHD that 
relate to the cortical connectivity.  

Finally, in the last empirical chapter, chapter 8, we again made use of the large 
NeuroIMAGE sample. Although here we took a step back and investigated healthy 
development only. The aim was to determine how cortical metrics vary with age 
and sex though adolescence and early adulthood and how the metrics relate to each 
other. Fully understanding healthy development is vital for recognising deviations 
from it that may relate to neurodevelopmental disorders.  

A General Discussion then follows to integrate the findings and discussions from the 
intermediary chapters and wraps up with some discussion of future directions for 
research. 

Box 3 TS-EUROTRAIN/COMPULS cohort

Most of this thesis (chapters 3-6) utilises a study sample collected in collaboration 
between the TS-EUROTRAIN and COMPULS studies. TS-EUROTRAIN is a pan-
European network of early stage researchers bonded by their shared focus on TS 
research (Forde et al. 2016). Chapter 2 of this thesis details this network and the 
projects that comprise it. One of these projects is the focus of this thesis (project 
10). COMPULS is an international multi-site investigation of compulsivity and 
impulsivity across disorders (OCD and ASD). However, we additionally collected 
data from participants with ADHD and TS. Thus the cohort studied here in 
chapters 3-6 is from one neuroimaging site (Nijmegen) and comprises children 
(8-12 years) with TS (n=60), ADHD (n=45) and healthy controls (n=60). Chapter 
6 additionally utilised the participants with OCD and ASD from the Nijmegen site. 
Data collection included structural and functional MRI scans, MRS data, diagnostic 
interviews, behavioural questionnaires, neuropsychological tests and blood (or 
saliva) samples for genetic testing. Details of collection can be found in Naaijen 
and colleagues (2016).

Box 4 NeuroIMAGE cohort

The NeuroIMAGE study is the first follow-up of the Dutch part of the International 
Multicentre ADHD Genetics project (confusingly called IMAGE despite not 
including any neuroimaging data). Families (n=331) with at least one ADHD 
proband and one sibling and healthy control families (n=153) participated in 
NeuroIMAGE (2009-2012) at one of two study sites in the Netherlands; VU 
Amsterdam and University Medical Centre Nijmegen. Participants in NeuroIMAGE 
were mainly adolescents with an average age of 17 years. An extensive array of 
data was collected including; structural and functional MRI scans, diagnostic 
interviews, behavioural questionnaires, neuropsychological tests and blood (or 
saliva) samples for genetic testing. Further details of the recruitment and testing 
procedures can be found in the design paper by von Rhein et al. (2015) and on the 
website (www.neuroimage.nl), where a list of previous publications on the sample 
can also be found. The final two empirical chapters of this thesis (chapters 7 and 
8) utilise this study cohort.
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