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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). 
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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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Abstract 
Gilles de la Tourette Syndrome (TS) is characterised by the presence of multiple 
motor and phonic tics with a fluctuating course of intensity, frequency and severity. 
Up to 90% of patients with TS present with comorbid conditions, most commonly 
attention-deficit/hyperactivity disorder (ADHD) and obsessive-compulsive disorder 
(OCD), thus providing an excellent model for the exploration of shared aetiology 
across disorders. TS-EUROTRAIN (FP7-PEOPLE-2012-ITN, Grant Agr.No.316978) 
is a Marie Curie Initial Training Network (http://ts-eurotrain.eu) that aims to 
elucidate the complex aetiology of the onset and clinical course of TS, investigate 
the neurobiological underpinnings of TS and related disorders, translate research 
findings into clinical applications and establish a pan-European infrastructure 
for the study of TS. This includes the challenges of (i) assembling a large genetic 
database for the evaluation of the genetic architecture with high statistical power; 
(ii) exploring the role of gene-environment interactions including the effects of 
epigenetic phenomena; (iii) employing endophenotype-based approaches to 
understand the shared aetiology between TS, OCD and ADHD; (iv) establishing a 
developmental animal model for TS; (v) gaining new insights into the neurobiological 
mechanisms of TS via cross-sectional and longitudinal neuroimaging studies; 
and (vi) partaking in outreach activities including the dissemination of scientific 
knowledge about TS to the public. Fifteen partners from academia and industry 
and twelve PhD candidates pursue the project. Here, we aim to share the design 
of an interdisciplinary project, showcasing the potential of large-scale collaborative 
efforts in the field of TS. Our ultimate aims are to elucidate the complex aetiology 
and neurobiological underpinnings of TS, translate research findings into clinical 
applications and establish Pan-European infrastructure for the study of TS and 
associated disorders.
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Introduction
Gilles de la Tourette Syndrome (TS) is a frequent disorder (0.4% -1%; Robertson 2008, 
2015b), characterised by multiple motor and phonic tics and high comorbidity with 
attention-deficit/hyperactivity disorder (ADHD; 50%) and obsessive-compulsive 
disorder (OCD; 20-60%; American Psychiatric Association 2013; Bloch and Leckman 
2009; Debes et al. 2010; Hirschtritt et al. 2015; Leckman et al. 1998; Robertson 2000). 
The need to overcome fragmentation and accelerate research into the aetiology of 
TS and its related conditions has motivated the establishment of TS-EUROTRAIN 
(http://ts-eurotrain.eu), a Marie Curie Initial Training Network (ITN, 2012-2016) 
that focuses on the investigation of the genetic aetiology and pathophysiology of 
TS while aiming to translate findings into clinical research. The network spans 
13 academic and two industrial partners as well as two patient groups. Twelve 
individual, yet complementary, PhD projects interact to form a comprehensive study 
of TS and comorbidities from genetics and epigenetics through to physiology, brain 
anatomy and function. These projects are all currently underway and can roughly be 
divided into three groups by their main approach; genetic (and epigenetic), animal 
models and human neuroimaging, respectively. Research into the neurobiology of 
TS stands at the precipice of discovery thanks to collaborative efforts (Georgitsi et 
al. 2016). With this report, we would like to share our efforts as an example of how, 
taking advantage of expertise across different disciplines and resources across the 
TS scientific and patient community we aimed to build a project that would achieve 
goals beyond and above the reach of individual labs. At the same time we provide an 
overview of some of the largest-scale projects aiming to understand the aetiology of 
TS. These projects may be expected to impact the field considerably in the coming 
years.

Genetics, epigenetics and gene expression 
The first genome-wide association study (GWAS) to investigate the role of single 
nucleotide polymorphisms (SNPs) in TS did not manage to identify SNPs that meet 
the genome-wide significance level for association to TS, however, four additional 
GWAS for TS are currently underway (coordinated by the Tourette Association 
International Consortium for Genetics [TSAICG], European Multicentre Tics in 
Children Studies [EMTICS], Netherlands twin register [NTR] and deCODE) and the 
future meta-analysis of these datasets is expected to provide important insights 
into the aetiology of the disorder (Figure 1; Paschou 2013; Scharf et al. 2013). 
Furthermore, in recent years, four independent TS cohorts have been examined, 
studying the role of Copy Number Variants (CNVs) in TS (Fernandez et al. 2012; 
McGrath et al. 2014; Nag et al. 2013; Sundaram et al. 2010). Regarding gene 
expression investigations, so far, most studies were carried out on samples of small 
number (Gomez et al. 2014; Gunther et al. 2012; Lennington et al. 2014; Liao et al. 
2010; Lit et al. 2007, 2009; Tang et al. 2005; Tian et al. 2011a, 2011b, 2012) and 
need to be verified in large TS cohorts. On the other hand, studies on the epigenetics 
of TS (such as DNA methylation, histone modification and micro-RNA (miRNA) 
alteration (Goldberg et al. 2007; Pagliaroli et al. 2016) remain scarce (Abelson et al. 
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2005; Delgado et al. 2014) and in fact, the first ever epigenome-wide study for TS 
was only recently published through TS-EUROTRAIN efforts (Zilhão et al. 2015). We 
address the whole spectrum of TS genetics from various angles; genetic, epigenetic, 
gene expression and their interaction with environmental factors.

Project 1 Genome-wide search for genes conferring risk of TS (Muhammad 
Sulaman Nawaz & Hreinn Steffanson, deCODE Genetics) 

This project makes use of the extensive Icelandic population genotyping done by 
deCODE genetics. Approximately one third of the population (100,000) has been 
genotyped into which 20,000,000 SNPs from the Icelandic sequencing project 
have been imputed. Tasks include (i) a genome-wide search for genetic variants 
conferring risk of TS. This consists of a search for common and rare variants in more 
than 500 chip typed subjects diagnosed with TS, (ii) a genome wide search for CNVs 
associated with TS, (iii) a test for association of identified variants with phenotypic 
measures as well as performance on neuropsychological tests, (iv) an investigation 
of how implicated variants may lead to alteration of gene-expression pathways 
through analysis of already generated expression cohorts.  

Project 2 Investigation of the role of CNVs as genetic susceptibility factors 
involved in the pathogenesis of TS and co-morbid disorders (Rayan Houssari, 
Juan Ignacio Rodriguez Arranz, Mehar Arumilli & Zeynep Tümer, Kennedy Center, 
Copenhagen University Hospital, Rigshospitalet) 

The aim of this project is to untangle novel molecular genetic mechanisms underlying 
TS and related disorders, by using bioinformatic network analysis of CNVs combined 
with phenotype data of 261 TS-patients residing in Denmark. All the patients were 
assessed by experienced clinicians at the Tourette Clinic, Copenhagen University 
Hospital for TS, OCD and ADHD using validated diagnostic instruments (Debes et al. 
2008). Furthermore, information about other family members was collected through 
interviews revealing approximately  77% of the families to be multiplex with at least 
two family members affected by TS or one of the common comorbidities. A biobank 
consisting of cell-lines, DNA, RNA and serum has been established. All the patients 
have been screened using the Affymetrix CytoScan HD chromosome microarray 
platform with more than 2.6 million copy number markers and the bioinformatic 
data analysis is under way. This study, in collaboration with other members of the 
network, has already enabled identification of the AADAC gene as a susceptibility 
factor for TS when deleted (Bertelsen et al. 2015).
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Figure 1 Network of reported candidate genes associated with TS 
This image was produced (by JW) with Ingenuity pathway analysis software and shows how the 
proteins encoded by the candidate genes reported to be associated with TS are linked with each other. 
Please see legend for description of what each symbol and colour represents. ADRA1A - adrenoceptor 
alpha 1A, ADRA2A - adrenoceptor alpha 2A, ADRA2C - adrenoceptor alpha 2C, BTBD9 - BTB (POZ) 
domain containing 9, CaMKII - calcium/calmodulin-dependent protein kinase II, CCT8- chaperonin 
containing TCP1, subunit 8 (theta), CNTNAP2- contactin-associated protein-like 2, COMT- catechol-O-
methyltransferase, CTNNA3 - catenin (cadherin-associated protein), alpha 3, CTTNBP2 - contactin binding 
protein 2, CUL3 - cullin 3, DBH - dopamine beta-hydroxylase (dopamine beta-monooxygenase), DLGAP3 - 
discs, large (Drosophila) homolog-associated protein 3, DRD1 - dopamine receptor D1, DRD2 - dopamine 
receptor D2, DRD3 - dopamine receptor D3, DRD4 - dopamine receptor D4, ERK 1/2 - extracellular signal-
regulated kinases 1/2, HDC - histidine decarboxylase, HNF4A - hepatocyte nuclear factor 4 alpha, HTR2A 
- 5-hydroxytryptamine (serotonin) receptor 2A, G protein-coupled, HTR2C - 5-hydroxytryptamine 
(serotonin) receptor 2C, G protein-coupled, IL1RN - interleukin 1 receptor antagonist, KCNE1 - potassium 
channel, voltage gated subfamily E regulatory beta subunit 1, KCNE2 - potassium channel, voltage gated 
subfamily E regulatory beta subunit 2, LHX6 - LIM homeobox 6, MAOA - monoamine oxidase A, MRPL21 
- mitochondrial ribosomal protein L21, MRPL3 - mitochondrial ribosomal protein L3, MYC - v-myc 
avian myelocytomatosis viral oncogene homolog, NLGN4X - neuroligin 4, X-linked, NRXN1 - neurexin 1, 
OFCC1 - orofacial cleft 1 candidate 1, PPARA - peroxisome proliferator-activated receptor alpha, RCAN1 
- regulator of calcineurin 1, PSEN1/2 - presenilin 1/2, SLC1A3 - solute carrier family 1 (glial high affinity 
glutamate transporter), member 3, SLC6A3 - solute carrier family 6 (neurotransmitter transporter), 
member 3, SLC6A4 - solute carrier family 6 (neurotransmitter transporter), member 4, SLITRK1 - SLIT 
and NTRK-like family, member 1, TPH2 - tryptophan hydroxylase 2, YWHAB - tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein, beta.

Project 3 Gene-Environment interactions defining the onset and clinical 
course of tics and obsessive-compulsive symptoms (Shanmukha Sampath 
Padmanabhuni & Peristera Paschou, Democritus University of Thrace) 

The aim of this project is to investigate the interaction between genetic and 
environmental factors that may lead to the onset of tics. Following a systems biology 
approach information from multiple sources are integrated; including genome-
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wide genotyping, gene expression patterns, epigenetics and longitudinal clinical 
observations. Through collaboration with the FP7-HEALTH project EMTICS, a 
special focus is placed on group A streptococcal infections and stress as a possible 
trigger for tic onset. EMTICS also offers us access to genome-wide genotype data 
of 1,000 patients (followed up on a monthly basis for 12 months) as well as gene 
expression data on 200 TS patients that are followed up for tic exacerbation and 
remission in an attempt to correlate with environmental factors. Gene expression 
and correlation with environmental triggers is also investigated in a cohort of first 
degree relatives of patients with TS that develop tic symptomatology within a three-
year follow-up period. Furthermore, the first ever epigenome-wide association study 
for tics, analysing data from the NTR, has been carried out (Zilhão et al. 2015). This 
study comprised the largest epigenetic data collection so far undertaken (411,469 
autosomal methylation sites, assessed in 1,678 individuals). Although no site 
reached genome wide significance, the top hits include several genes and regions 
previously associated with neurological disorders and warrant further investigation 
(Zilhão et al. 2015).

Project 4 Epigenetic and functional characterization of proposed genetic 
variants and regions implicated in the pathogenesis of TS and related 
phenotypes (Luca Pagliaroli & Csaba Barta, Semmelweis University) 

The aim of this project is to shed light on the main epigenetic mechanisms, such as 
DNA methylation, histone modification and miRNA, and their possible role in TS. Tasks 
include (i) the study of candidate miRNAs which are predicted to be in the control 
of tissue-specific gene expression by in vivo target validation of in silico proposed 
miRNA target genes, (ii) screening of cell lines and TS animal models treated with 
dopaminergic and glutamatergic modulating compounds for epigenetic regulatory 
markers, (iii) investigation of brain tissue samples from treated and untreated 
animal models developed within the TS-EUROTRAIN consortium to determine DNA 
methylation profiles and histone modification changes and (iv) investigation of 
blood samples from patients with TS for whole genome DNA methylation profiling 
(Zilhão et al. 2015), as mentioned in project 3.

Project 5 Integrated genetic networks underlying comorbid TS and OCD 
(Joanna Widomska, Jan Buitelaar, Geert Poelmans & Jeffrey Glennon, Radboud 
University Medical Center, Nijmegen) 

The aim of this project is to determine the extent of ‘genetic overlap’ in terms of 
shared underlying gene pathways and molecular signalling cascades between TS 
and OCD and to provide further insights into how aberrant processes underlie these 
genetically related, clinically overlapping but still distinct neurodevelopmental 
disorders. Combining literature search approaches with diverse bioinformatics 
analytic tools (e.g. Ingenuity Pathway Analysis), top candidate genes emerging from 
GWASs of TS (Scharf et al. 2013), OCD (Mattheisen et al. 2014; Stewart et al. 2013) 
and corroborating genetic evidence including data from recurrent and ‘genome-
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wide’ CNV studies, candidate gene studies, miRNA expression data, animal models 
and gene expression studies are selected and evaluated. The genes presenting 
overlap between TS and OCD are ranked and used to construct integrated genetic 
networks that represent the ‘molecular landscape’ of the overlapping traits between 
TS and OCD, as well as TS itself. The molecular landscape of OCD alone has recently 
been published (van de Vondervoort et al. 2016). This approach will be instrumental 
to discover unknown causative genes, pathways and mechanisms and identify 
common pleiotropic genetic risk variants as possible therapeutic targets.

Project 6 The genetic epidemiology of TS, tics and related phenotypes (Nuno 
Rodrigues Zilhäo Nogueira, Dorret I. Boomsma & Danielle Cath, Utrecht University & 
VU University Medical Center) 

This study uses data that has been gathered by the NTR over the last 25 years, on 
twins and family members (n=16896 individuals with SNP, epigenetic and expression 
data in subsamples), including a range of phenotypic data from questionnaires and 
genetic data. Structure equation model fitting procedures are used to model the 
phenotypic resemblance between family members and the relative contribution of 
genetic and environmental factors to variation and covariation among traits. Also, 
genome-wide association methodologies are being used to disentangle the genetic 
architecture underlying the aetiology of TS traits by estimating SNP heritability and 
polygenic risk scores for example.

Project 7 Developing algorithmic prediction models for TS and related 
disorders (John Alexander & Peristera Paschou, Democritus University of Thrace) 

With the continuous development of state of the art technologies for generating 
large amounts of genomic data, there is a need to develop new methodologies in 
order to identify promising SNPs and candidate genes for further experimental 
validation. Using genetic data available for TS and related disorders, this project 
develops and applies new methodologies to scan high throughput genomic data 
(genome-wide association data, next generation sequence data and microarrays). 
For example, using meta-analysis data comprised of 1285 TS cases and 4964 
controls ancestry-matched to the TS sample from the first GWAS (Scharf et al. 2013), 
we perform pathway, protein-protein interaction and gene-ontology analysis in 
order to dissect the molecular mechanisms underlying TS. Furthermore, using novel 
bioinformatics tools for SNP based and gene based functional analysis, we perform 
candidate gene prioritisation, gene set enrichment and tissue enrichment analysis. 
We also construct functional interaction networks using combined information from 
the enriched functional and pathway results. This project will aid in highlighting 
pathways involved in the susceptibility of TS and will bring out susceptibility factors 
that interact in order to confer risk for TS.
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Animal models 
Animal models of disease are an integral part of disease investigation and drug testing. 
However, ill-suited or inappropriate models are often used for these purposes. While 
multiple useful animal models for tic disorders exist, not all of these adequately 
mimic the syndrome and crucially there is a lack of a juvenile model for TS, despite it 
being a childhood onset disorder. Two animal model projects within TS-EUROTRAIN 
work to remedy these shortcomings, by developing a new juvenile TS model within 
which the cortico-striato-thalamo-cortical (CSTC) circuitry and in particular the role 
of the glutamatergic system are being investigated. Furthermore, the effect of older 
and newer psychotropic compounds (e.g. riluzole and aripiprazole) are tested and 
novel targets identified. Similarly to the genetics and human neuroimaging projects 
a wide field of investigation is taken to include common comorbidities. Furthermore, 
samples from these projects undergo epigenetic testing as mentioned in project 4.

Project 8 Finding developmental aspects and possible drug targets of TS and 
OCD: metabotropic glutamatergic mechanisms in a neurodevelopmental rat 
model of repetitive behaviours (Ester Nespoli & Bastian Hengerer, Boehringer 
Ingelheim Pharma GmbH & Co. KG) 

The unilaterally lesioned 6-hydroxidopamine (6-OHDA) adult rat is a well-
established model used in Levodopa-induced Dyskinesia research. In this model a 
rapid degeneration of nigrostriatal neurons is chemically induced by the intrastriatal 
or intranigral administration of 6-OHDA, which selectively targets monoaminergic 
neurons. Chronic application of L-dopa to 6-OHDA lesioned rats leads to the 
development of repetitive involuntary movements, mainly involving the forepaw, 
neck and mouth (Cenci et al. 1998). This appears as a consequence of the striatal 
super sensitivity to dopamine, caused by higher surface expression of dopamine 
receptors, which is a putative pathological mechanism of TS and is induced in this 
model via previous dopamine deprivation (Buse et al. 2013). Here this model is 
translated to juvenile rats, inducing the lesion in postnatal days and monitoring its 
neurodevelopmental consequences. This provides new insights into the pathological 
mechanism of tics during development and a new tool to test therapeutic options for 
this disease.

Project 9 Investigation of the effect of classical and new psychotherapeutic 
approach in a rat model for TS - a Magnetic Resonance Spectroscopy (MRS) 
study (Francesca Rizzo & Andrea Ludolph, University of ULM) 

This study compares the in vivo efficacy of a classical and a new therapeutic approach 
on tic management and their respective neurochemical effect in a rat model of TS 
(Bronfeld et al. 2013). Aripiprazole is a 2nd generation antipsychotic drug (classical 
approach) that has been found to be effective on tic management and to have a 
well-tolerated side effect profile (Kawohl et al. 2009). It is known that dopamine 
metabolism is dysfunctional in TS, but neuroimaging research and genetic studies 
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also implicate other neurotransmitters in tic generation: histamine, serotonin, 
noradrenaline, endocannabinoids, glutamate and GABA (Buse et al. 2013; Udvardi et 
al. 2013). Since the glutamate and dopamine systems are closely connected, a newly 
proposed approach for TS treatment consists of the glutamatergic modulator riluzole, 
which is known to exert neuroprotection from glutamate excito-toxicity both in vitro 
and in vivo (Risterucci et al. 2006). Magnetic resonance spectroscopy (MRS) is used 
in an animal model to longitudinally analyse glutamate metabolites in the brain 
over a critical period of time in TS; childhood through to early adulthood when tics 
appear and reach their maximum severity. The discovery of new pharmacological 
targets can provide new direction in drug development for TS.

Neuroimaging 
Our three (human) neuroimaging projects are highly complementary with similar 
techniques used across all sites so as to allow for the cross-comparison of findings 
with limited methodological confounding factors. Projects 11 and 12 even pool 
data for certain comparisons. Each project utilises MRS to evaluate the role of the 
glutamatergic system; T1-weighted structural magnetic resonance imaging (MRI) 
to examine structural brain differences; functional MRI (fMRI; resting state and task 
specific) data to interrogate the functional coupling between cognitive, limbic and 
sensory-motor CSTC networks; and diffusion-weighted MRI (dMRI) data to inspect 
the structural connectivity. Each project does, however, differ in the populations 
under investigation and aims to address different unknown areas regarding TS 
neurobiology. Together these works, along with the animal MRI study, may have 
implications on future glutamatergic modulatory therapies for tic suppression and 
could potentially extend the current pathophysiological model of TS and related 
circuits beyond CSTC circuitry (Figure 2).

Project 10 Structural and functional neural correlates of paediatric TS and 
ADHD (Natalie Forde, Jan Buitelaar & Pieter Hoekstra, University Medical Center 
Groningen) 

Few neuroimaging studies of TS have investigated brain structure and function 
in children with even fewer longitudinal studies tracking the development of TS 
(Ganos et al. 2013). Furthermore, the similarities and differences between ADHD 
and TS have yet to be explicitly tested (Plessen et al. 2007). For this study structural, 
functional (resting state and task-dependent stop-signal and reward tasks) and 
dMRI data are acquired alongside MRS for glutamate and glutamine concentrations, 
neuropsychological and phenotypic data from 180 children between 8-12 years of 
age (60 TS with or without ADHD, 60 ADHD only and 60 healthy controls). Common 
and unique neural correlates of TS and ADHD are elucidated. Furthermore genetic 
data is acquired and will be analysed as part of the EU-funded TACTICs project. Lastly 
a three year follow-up has been granted where the same battery of tests, including 
MRI,  will be undertaken to allow the course of TS and ADHD to be investigated.  
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Figure 2 Major neurotransmitter pathways related to TS  pathophysiology 
Simplified schematic illustration of the major neurotransmitter systems reported and hypothesized to be 
involved in TS pathophysiology. Other neuromodulatory systems that have been implicated include the 
cholinergic, histaminergic and endocannabinoid systems. The figure was adapted based on information 
from Singer (Singer, 2013) and Schumann et al., (Schumann et al., 2010). 5-HT - serotonergic, ACC - 
anterior cingulate cortex, Amygd - amygdala, Caud - Caudate nucleus, DA - dopaminergic, DR - dorsal 
raphe nucleus, GABA - gamma-aminobutyric acid, Glu - glutamatergic, GP - globus pallidus, MCC - mid 
cingulate cortex, NAcc - nucleus accumbens, OFC - orbitofrontal cortex, PCC - posterior cingulate cortex, 
PFC - prefrontal cortex, Put - putamen, RN - raphe nucleus, SMA - supplementary motor area, SN - 
substantia nigra, Tha - thalamus, VM-PFC - ventromedial prefrontal cortex, VTA - ventral tegmental area

Project 11 Studying the role of glutamate in CSTC circuit function and structure 
in adult TS and OCD (Siyan Fan, Dick Veltman, Odile van den Heuvel, Petra Pouwels, 
Ysbrand van der Werf & Danielle Cath, Department of Clinical & Health Psychology, 
Utrecht University & VU University Medical Center) 

The neural correlates of TS and OCD have scarcely been compared and contrasted 
despite the high rate of co-occurrence (Freeman et al. 2000). This project is to 
investigate how altered glutamatergic function (as measured with MRS) is related 
to changes in structure (T1- and diffusion- weighted) and function (resting state 
and task-dependent stop-signal task) of the CSTC circuits in adult patients with TS 
and OCD in comparison to healthy individuals. A similar range of neuroimaging, 
neuropsychological and phenotypic data to the above is acquired from adults with 
TS, OCD and healthy controls (n=20 per group). The participants with OCD as well as 
the controls have been chosen from a previous local OCD study while those with TS 
are newly recruited. Genetic data is collected to contribute to genetic analysis within 
other projects of the network and to perform imaging-genetic analyses.
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Project 12 Elemental, neurochemical and network based analysis of the 
pathophysiological mechanisms of TS (Ahmad Seif Kanaan, Harald Möller & 
Kirsten Müller-Vahl, Hannover Medical School & Max Planck Institute for Human 
Cognitive and Brain Sciences)

Neuroimaging and behavioural data are acquired from up to 40 adult patients 
before and after treatment with the pharmacological agent aripiprazole, an 
atypical antipsychotic agent which is commonly used to treat TS. At the elemental 
level, we use Quantitative Susceptibility Mapping (QSM) techniques to investigate 
whether patients exhibit an altered distribution of iron concentrations within basal 
ganglia nuclei in comparison to 40 healthy controls. At the neurochemical level, 
we investigate the role of the glutamatergic system within cortico-striatal regions 
using MRS at baseline and following treatment. At the network level, we use resting-
state fMRI to investigate the interaction between large scale networks and their 
relationship to clinical status.

Anticipated outcomes of TS-EUROTRAIN 
TS-EUROTRAIN is a showcase of the potential impact of large-scale interdisciplinary 
and collaborative efforts aiming to understand TS. Our basic science research 
combined with clinical neuroimaging studies will greatly increase our knowledge 
of the biological underpinnings of TS and related disorders and allow a suitable 
biological model for these disorders to be established. The benefits of our research 
will include the potential identification of novel treatment targets and the availability 
of a suitable animal model on which to test newly developed pharmacotherapies 
targeting these newly identified biological pathways. This will ultimately lead to 
improved treatments and consequently increased quality of life for those suffering 
from TS and their families. Despite being common, TS is still considered a rare, 
unusual disease by the public and has been associated with symptoms and signs 
causing social misunderstanding and stigmatisation (Robertson 2015a; Roessner 
et al. 2011). Undertaking a comprehensive scientific and outreach programme TS-
EUROTRAIN has the important aspiration to help raise awareness about TS, alleviate 
stigmatisation and transform TS into a model disorder for the development of 
European policies for the promotion of childhood mental health. 
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Abstract 
Background: Tourette Syndrome and Attention-Deficit/Hyperactivity disorder 
often co-occur and have both been associated with structural variation of the basal 
ganglia. However, findings are inconsistent and comorbidity is often neglected. 

Methods: T1-weighted magnetic resonance images from children (n=141, 8-12 
years) with Tourette syndrome and/or Attention-Deficit/Hyperactivity Disorder and 
controls were processed with the FMRIB integrated registration and segmentation 
tool to determine basal ganglia nuclei volume and shape. Across all participants, basal 
ganglia nuclei volume and shape were estimated in relation to Tourette Syndrome 
(categorical), Attention-Deficit/Hyperactivity Disorder-severity (continuous across 
all participants) and their interaction. 

Results: Analysis revealed no differences in basal ganglia nuclei volumes or shape 
between children with and without Tourette Syndrome, no association with 
Attention-Deficit/Hyperactivity Disorder-severity and no interaction between the 
two. 

Conclusion: We found no evidence that Tourette Syndrome, Attention-Deficit/
Hyperactivity Disorder-severity or the combination thereof are associated with 
structural variation of the basal ganglia in 8-12 year old patients.
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Introduction 
While Tourette Syndrome (TS) is characterised by the presence of both motor 
and vocal tics (American Psychiatric Association 2013) there are also frequently 
concurrent psychiatric comorbidities. These occur in up to 86% of those with TS 
during their lifetime (Hirschtritt et al. 2015). Attention-Deficit/Hyperactivity 
Disorder (ADHD) is the most common of these occurring in approximately 40% 
of TS cases (Rickards 2011). Even more patients with TS have ADHD symptoms 
without meeting full diagnostic criteria (Robertson 2000). 

Structural neuroimaging studies of both disorders have highlighted alterations 
in the nuclei of the basal ganglia (BG); caudate nucleus (CN), putamen (Pu) and 
globus pallidus (GP) (Felling and Singer 2011; Frodl and Skokauskas 2012; Nakao 
et al. 2011). However, the literature of TS and ADHD neuroimaging research is 
inconsistent and determining if BG structural abnormalities are unique or common 
to the respective disorders is difficult as few studies have examined groups with 
TS and ADHD together in one study. Furthermore those that have, have been 
underpowered and inconsistent in their findings (Castellanos et al. 1996; Jeppesen 
et al. 2014; Peterson et al. 1993; Singer et al. 1993; Zimmerman et al. 2000). 

In the present study we aimed to elucidate whether BG structural abnormalities are 
associated with TS in children and whether they occur in relation to comorbid ADHD 
symptoms. This was done by investigating BG volumes and shape in participants 
with TS and/or ADHD and healthy controls side-by-side in a well-sized pediatric 
sample, thereby focusing on the age range where tics are most frequently present 
(Bloch and Leckman 2009).

Methods 
Participants 

All participants (Table 1) satisfied the following inclusion criteria; 8-12 years, 
IQ>70, Caucasian decent, no previous head injuries or neurological disorders, no 
contra indications for MRI assessment, no major physical illness and available good 
quality MR scan. Participants of the TS group met DSM-5 criteria for Tourette’s 
Disorder (n=46) or Persistent (Chronic) Motor or Vocal Tic Disorder (with motor 
tics only; n=1); psychiatric comorbidities (e.g. ADHD and obsessive-compulsive 
disorder [OCD]) were not excluded. Participants of the ADHD group had a diagnosis 
of ADHD or sub-threshold ADHD, those with tics and/or OCD were excluded. Healthy 
controls had no mental disorders as screened for by the Child Behaviour Checklist 
(Bordin et al. 2013). Parents/guardians of all participants gave written informed 
consent, additionally participants who were 12 years of age provided their written 
assent. This study was approved by the regional ethics board (CMO Regio Arnhem-
Nijmegen). 
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Table 1 Demographic details

TS ADHD Control Test statistic p-value

n 47 39 55
ADHD, diagnosis/
subthreshold 22/10 35/4 0/0

Age years, mean(SD) 10.5 (1.4) 10.7 (1.3) 11.0 (1.0) 2.48 0.29
Sex, male/female 41/6 21/18 39/16 11.72 0.003**
aIQ, mean(SD) 105 (11) 102 (13) 109 (12) 3.18 0.04
Handed, right/left 42/5 36/3 50/5 0.22 0.89
bADHD severity,
mean(SD) 62.9 (11.3) 70.9 (10.7) 45.5 (4.9) 86.98 <0.0001***

cTic severity, mean(SD)
T=20.6 (8.6)
M=13.4 (5.0)
V=7.2 (5.5)

- -

cAge tic onset years, 
mean(SD) 5.6 (1.7) - -

cDuration since tic onset 
years, mean(SD) 5.0 (1.8) - -

dOCD, n 9 - -
eMedication
Stimulant
Atomoxetine
Antipsychotic
Clonidine

11
0
8
2

26
1
1
0

aEstimated from a subtest of the Wechsler Intelligence Scale for Children-III (Wechsler, 2002) rating. bT-
scores from the Conners’ Parent Rating Scale – Revised Long version (Conners et al. 1997). cDetermined 
with the Yale Global Tic Severity Scale (Leckman et al. 1989). Total (T), Motor (M) and Vocal (V) severity-
ratings exclude impairment score. dTotal-score ≥16 on the Children’s Yale-Brown Obsessive Compulsive 
Scale (Scahill et al. 1997). eCurrent medication status, determined from parental report. *p<0.05, **p<0.01. 
ADHD – Attention-Deficit/Hyperactivity Disorder, K-W – Kruskal-Wallis, OCD – Obsessive Compulsive 
Disorder, SD – standard deviation, TS – Tourette Syndrome.

Phenotypic information 

Various instruments were used to determine the presence and severity of disorders; 
TS - Yale Global Tic Severity Scale using 0-50 ratings, not considering overall 
impairment (YGTSS; Leckman et al. 1989),  ADHD and/or other psychiatric disorders 
- Schedule for Affective Disorders and Schizophrenia for School-Age Children 
(K-SADS; Kaufman et al. 1997), screening interview plus appropriate modules if 
required; OCD - Children’s Yale-Brown Obsessive Compulsive Scale (CY-BOCS; Scahill 
et al. 1997); ADHD severity - Conners’ Parent Rating Scale – Revised Long version 
(CPRS-RL; Conners et al. 1997). Full-scale IQ was estimated by four subtests of the 
Wechsler Intelligence Scale for Children-III (WISC-III; Wechsler 2002). Medication 
status was determined from parental report.

MR acquisition and processing 

T1-weighted anatomical images were acquired on a 3T Siemens Prisma scanner 
(Siemens, Erlangen, Germany) with a transversal, 3D MPRAGE parallel imaging 
sequence (parameters: TE=2.98 ms, TI=900 ms, TR=2300 ms, flip angle=9 degrees, 
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voxel size=1x1x1.2 mm, acquisition time=5.30 minutes). Datasets were processed 
with the automated FMRIB integrated registration and segmentation tool (FIRST) 
(Patenaude et al. 2011; Smith et al. 2004; Woolrich et al. 2009) standard procedure 
to generate volumetric data and surface meshes for subcortical structures. BG nuclei 
surfaces were reconstructed in native space (useReconNative, First_utils), aligned to 
the average structure shape for the cohort (useRigidAlign) and scaled to account for 
size differences (useScale). Probability maps for grey and white matter tissue types 
were estimated using the VBM8 toolbox (Ashburner and Friston 2000) of Statistical 
Parametric Mapping (SPM8; Wellcome Department of Cognitive Neurology). Total 
brain volume (TBV) was calculated as the voxel-wise sum of both probability maps.

Statistical analysis 

A repeated measures analysis of co-variance (ANCOVA) was used to determine 
the effect of TS and ADHD-severity (continuous measure across all groups) and 
their interaction on BG nuclei volumes. A categorical factor for TS was deemed 
more robust than using symptom severity due to the fluctuating nature of tics 
in TS while a continuous measure for ADHD-severity was utilised as multiple 
participants, particularly within the TS group, displayed ADHD symptoms without 
meeting criteria for diagnosis. Hemisphere was included as the repeated measure 
with hemisphere-by-TS and hemisphere-by-ADHD-severity interaction terms as 
measures of asymmetry difference associated with the respective disorders. TBV, 
sex, age and IQ were used as covariates. BG nuclei shape were analysed using FSL 
randomize (Winkler et al. 2014) with 5,000 random permutations and threshold-
free cluster enhancement (TFCE; Smith and Nichols 2009). Sex, age and IQ were 
entered as covariates. Contrasts tested shape differences between those with and 
without TS and positive or negative associations between shape and ADHD-severity. 
A separate model was used to assess the interaction effect of TS and ADHD-severity 
on shape, using the same covariates. The effect of current stimulant medication use 
on volumes or shape within patients (TS and/or ADHD) was investigated in similar 
models including TS, ADHD-severity, age, sex and IQ as covariates. Additionally 
for the volume analysis TBV and hemisphere were included. With similar models 
current antipsychotic use within the TS group was also analysed.

Results 
There were no main effects of TS, ADHD-severity or significant interactions between 
TS and ADHD-severity on BG volume (Table 2) or shape. 

In the volume analysis hemisphere was seen to have a significant effect in the CN 
(left smaller than right) and a trend (uncorrected) towards an interaction with 
TS. This was not mirrored in the Pu and GP; no significant effects of hemisphere 
or hemisphere-by-TS interaction were seen (Table 2). No hemisphere-by-ADHD-
severity interactions were seen. TBV was significant in each region. It did not differ 
with TS (t=-0.90, p=0.37), ADHD-severity (t=-0.90, p=0.37) or their interaction 
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(t=0.78, p=0.44). No effect of stimulant or antipsychotic medication was seen on 
either BG nuclei volume or shape.

Table 2 Results from basal ganglia volume analysis 

Caudate Nucleus Putamen Globus Pallidus

F p-value F p-value F p-value

TS 0.29 0.59 0.27 0.60 3.60 0.06
ADHD severity 0.001 0.98 0.04 0.85 0.06 0.81
TS x ADHD severity 2.55 0.11 0.14 0.71 0.80 0.37
Hemisphere 27.02 <0.001 2.47 0.12 3.50 0.06
Hemisphere x TS 3.13 0.08 0.80 0.37 0.92 0.34
Hemisphere x ADHD severity 0.45 0.50 0.19 0.67 0.25 0.62
TBV 55.09 <0.001 44.81 <0.001 100.19 <0.001

F statistics and uncorrected p-values are presented from analysis of basal ganglia volumes in relation 
to Tourette Syndrome (TS), attention-deficit/hyperactivity disorder (ADHD) -severity and hemisphere, 
including their interaction terms (*). TBV – total brain volume.

Discussion 
This is the largest pediatric study of BG structures to investigate TS and ADHD 
together. Complementary volume and shape analyses of BG nuclei revealed no 
structural alterations associated with either the presence of TS, ADHD-severity or 
their interaction. 

Although both TS and ADHD have been previously associated with volume 
alterations in the BG (Felling and Singer 2011; Frodl and Skokauskas 2012; Nakao et 
al. 2011) the literature to date is heterogeneous. The current null findings replicate 
in a larger sample a small number of studies that found no associations between 
BG nuclei volume and TS (n=13-38; Roessner et al. 2009; Williams et al. 2013) 
and no association between either TS or ADHD and BG nuclei volumes (n=14-37; 
Castellanos et al. 1996; Jeppesen et al. 2014; Singer et al. 1993; Zimmerman et al. 
2000) in children. Furthermore, consistent with previous findings in children, the 
current study also found no asymmetry abnormalities associated with TS (Peterson 
et al. 2003; Williams et al. 2013). The few studies that have reported associations 
between BG volume and TS in children have been inconsistent regarding the 
regions implicated and direction of change; increased Pu volume bilaterally (n=49 
and 14 TS cases, respectively; Ludolph 2006; Roessner et al. 2011), reduced CN 
volume bilaterally (n=154, child and adult sample; Peterson et al. 2003) or left only 
(n=23; Makki et al. 2008). Although all these studies relate to children there may 
still be consequential demographics differences. The few studies that have shown 
associations between BG structure and TS had a slightly higher mean age (Ludolph 
2006) or a wider age range (Makki et al. 2008; Peterson et al. 2003; Roessner et 
al. 2011) than the current study. It is possible therefore that the former studies in 
question identified differences that occur later in development. BG abnormalities 
have been more consistently reported in adult samples (e.g. Müller-Vahl et al. 2009; 
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Peterson et al. 2003). Along with the results here this implies that BG abnormalities 
in TS reflect compensatory mechanisms or an effect of the illness but do not relate 
to TS aetiology. 

Two (overlapping) meta-analyses of BG structure in ADHD (Frodl and Skokauskas 
2012; Nakao et al. 2011) showed right BG nuclei volume reductions in children 
with ADHD. However, similar to the current findings the large NeuroIMAGE study 
of ADHD (n=307) in adolescence found no main effect of ADHD on BG volumes 
either by VBM (Bralten et al. 2015) or automated segmentation analyses (Greven 
et al. 2015). The second of these studies did, however, show an age-by-diagnosis 
interaction. This suggests that differences become apparent with increasing age 
and may account for the current null findings as the cohort was young (8-12 years). 
Another possible source of the discrepancy between the current and former studies 
is the use of a continuous measure for ADHD instead of a categorical group for 
analysis. The dimensional approach is favoured (Robbins et al. 2012) opposed to 
categorising subjects with arbitrary thresholds, especially considering the large 
number of subjects with TS that display ADHD or sub-threshold ADHD. 

In addition to volume analysis we also applied shape analysis, which is more sensitive 
to subtle morphological differences. In TS only one small study to date examined 
BG morphology differences in children and they found no relation between TS and 
shape (Williams et al. 2013) which is in accordance with the findings presented 
here. In ADHD studies, inward deformation of the BG has been seen in children and 
adolescents with ADHD compared to controls (Qiu et al. 2009; Shaw et al. 2014; Sobel 
et al. 2010). The current study did not corroborate these findings. This discrepancy 
may relate to demographic differences as discussed above. 

In the current study we found no stimulant-dependent associations with BG structure 
in line with the large (n=540) longitudinal study of BG development in ADHD by Shaw 
and colleagues (2014) who reported no association between stimulant treatment 
history and developmental trajectories. However, other studies in ADHD reported 
normalising effects of stimulants on BG structure (Frodl and Skokauskas 2012; 
Nakao et al. 2011; Sobel et al. 2010). Our study was under-powered to determine 
the effect of antipsychotic treatment on brain structure during development and this 
warrants further study. 

Our findings should be considered in light of certain limitations. Females were 
underrepresented in the TS sample, as is expected as males are more frequently 
affected than females (Hirschtritt et al. 2015). There were, however, no interactions 
with sex suggesting the sex imbalance did not confound our findings. Nine 
participants from the TS group also had OCD. ADHD and OCD were recently shown 
to have opposing associations with BG structure, although comorbidity was not 
considered (Norman et al. 2016). Here we saw that OCD-severity was not predictive 
of BG nuclei volumes within the TS group and removal of participants with OCD did 
not alter our findings. 

In conclusion, we found no evidence that TS, ADHD or their combination are 
associated with BG structure in patients aged 8-12 years.
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Supplementary Material Chapter 3

Supplementary figure 1 Basal ganglia nuclei 
Left caudate nucleus (blue) and left putamen (red). Globus pallidus is hidden behind putamen.

Supplementary figure 2 Basal ganglia nuclei volumes per group 
Left (grey) and right (white) volumes are shown for (a) the caudate nucleus, (b) the putamen and (c) the 
globus pallidus for each group. 

feed your head
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Abstract
Background: Dysregulation within cortico-striatal-thalamo-cortical (CSTC) 
networks is hypothesised to underlie Tourette syndrome (TS) and attention-deficit/
hyperactivity disorder (ADHD). However, evidence from neuroimaging studies 
implicating the white matter of the CSTC networks has been inconsistent. Here we 
aimed to determine the common and unique CSTC white matter correlates of TS, 
ADHD-severity and their interaction.

Methods: We analysed 82 magnetic resonance imaging (MRI) data sets of children 
with TS (n=22, age M=10.7 [SD=1.2] of whom n=8 also had ADHD), ADHD (n=19, 
age M=11.1 [SD 1.3]) and of healthy controls (n=41, age M=11.0 [SD=1.1]). The MRI 
data included diffusion-weighted (DW, B0=2, diffusion gradients=64 [b=1500s/
mm2]) and T1-weighted (MPRAGE) datasets that survived quality assessment. DW 
images were corrected for motion and cardiac artefacts. The constrained spherical 
deconvolution algorithm was applied followed by deterministic tractography in 
Dipy. Tractography seeds (striatum and thalamus) and targets (frontal cortex 
regions) were derived from subject specific Freesurfer reconstructions. Fractional 
anisotropy (FA) and mean diffusivity (MD) were extracted from each isolated tract 
and analysed in relation to TS (categorical), ADHD severity (continuous across all 
subjects) and their interaction for each connection of interest, with age and sex as 
covariates. 

Results: Analyses revealed no association between CSTC white matter metrics 
and TS, ADHD severity or their interaction (p>0.05 in all cases following multiple 
comparison correction).

Conclusion: In conclusion our findings do not show large CSTC white matter 
involvement in TS, ADHD-severity or their interaction in children. Subtle 
abnormalities may be present and detectable with larger samples.
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Introduction 
Dysregulation within cortico-striatal-thalamo-cortical (CSTC) networks is 
hypothesised to underlie both Tourette syndrome (TS) and attention-deficit/
hyperactivity Disorder (ADHD; Leisman and Melillo 2013). Individual CSTC loops 
are thought to be primarily, although not exclusively, dysfunctional in TS and ADHD 
with aberrant integrative interplay between the loops accounting for the high rate of 
comorbidity between the disorders (Mink 2006). TS is characterised by the presence 
of motor and vocal tics and approximately 40% of those with TS also present 
with ADHD (Robertson 2000; Roessner et al. 2007; Rickards 2011), showing age-
inappropriate symptoms of inattention, hyperactivity and/or impulsivity (American 
Psychiatric Association 2013). Both TS and ADHD are common childhood onset 
disorders affecting approximately 1% (Robertson 2003; Robertson 2008) and 5% 
(Polanczyk et al. 2007) of school aged children, respectively.  

Several CSTC loops, originally hypothesised by Alexander and colleagues (Alexander 
et al. 1986), have been described and were initially thought to be functionally and 
anatomically segregated. However, more recent research suggests that 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, impulsions, hyperactivity and irregular reward processing 
(Mink 2006; Makki et al. 2009; Langen et al. 2011a; Lapidus et al. 2014). Studies 
have suggested that the sensorimotor, associative and limbic loops may be primarily 
associated with tics, ADHD symptoms and obsessive/compulsive behaviours, 
respectively (Langen et al. 2011a; Langen et al. 2011b). Interaction between these 
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 like 
TS and ADHD.  

The white matter between distant structures constitutes the biological substrate 
through which regions connect. The organisation of the white matter may influence 
the functional connectivity within and between the loops. A useful method for the 
non-invasive in vivo analysis of white matter microstructure is diffusion-weighted 
magnetic resonance imaging (DWI). This technique is sensitive to the movement of 
water molecules which varies according to tissue type. A model of the major white 
matter tracts in the brain can be constructed from DWI data (tractography) as water 
molecules diffuse more easily along white matter fibres than across them. Metrics 
derived from DWI data, such as fractional anisotropy (FA) and mean diffusivity 
(MD), are proposed to relate to the microstructure of the white matter fibres. 
These metrics may relate to numerous biological variables such as the degree of 
myelination of fibres, their coherence or packing density (Beaulieu 2002). 

Evidence implicating the structure of white matter in the CSTC networks in the 
respective disorders has been inconsistent. TS in adults has been associated 
with both increased (Worbe et al. 2014) and decreased (Cheng et al. 2014) CSTC 
structural connectivity, while in children with TS one study reported decreases 
(Makki et al. 2009). Structural connectivity has been inferred from various metrics 
and methods of analysing DWI data and in itself is an ambiguous term which should 
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be used with caution (Jones et al. 2013). Structural abnormalities are indexed by FA, 
MD and apparent diffusion coefficient (ADC) amongst others. Increased MD (adult 
study; Draganski et al. 2010) and ADC (pediatric and adolescent study: Govindan 
et al. 2010) in orbitofrontal regions have been reported while other DWI studies 
found no evidence for CSTC involvement in TS in either child or adult populations 
(Thomalla et al. 2009; Neuner et al. 2010; Jackson et al. 2011). ADHD too has been 
associated with alterations in the white matter tracts of the CSTC networks although 
again not always consistently, (for reviews see; Konrad and Eickhoff 2010; Cubillo 
et al. 2012; van Ewijk et al. 2012). More recently, a large familial study of ADHD 
from van Ewijk and colleagues (2014) reported widespread reduced FA in ADHD 
compared to controls. However, paradoxically within the ADHD group FA increased 
with increasing symptom count in various white matter tracts including sections of 
the CSTC network (partially overlapping with categorical findings of reduced FA in 
ADHD).   

The heterogeneity of previous findings is likely related to factors such as small 
sample sizes, the presence of comorbidities and potentially different neurobiological 
presentation of the disorders in child and adult patients. Finally, various 
methodological approaches have been employed. The differences relate to two 
main choices (1) the type of algorithm used to model the diffusion of water within 
voxels; tensor (diffusion tensor imaging [DTI]) or non-tensor based and (2) whether 
analyses are conducted in a voxel-wise (e.g. voxel-based analysis [VBA] and tract-
based spatial statistics [TBSS]) or tract-wise manner, where metrics are extracted 
from a reconstructed tract (tractography). Unfortunately, no gold standard has been 
established as the field is still progressing rapidly and each method has its own 
merits and limitations as has been widely noted (Jones 2010; Jones and Cercignani 
2010; Jones et al. 2013; Maier-Hein et al. 2016). However, the superiority of non-
tensor based methods over DTI and the advantages of tract-based measures over 
voxel-based are clear (Cercignani 2010; Tournier et al. 2011; Auriat et al. 2015).  

In the current study we attempted to address the limitations faced by previous 
studies by investigating a relatively large sample of children (n=82, 8-12 years) with 
TS and/or ADHD and healthy children to determine what white matter structural 
variation within the CSTC networks relates to the respective disorders or their co-
occurrence. Furthermore, we applied an advanced pre-processing technique to 
enhance image correction for motion artefacts (PATCH; Zwiers 2010), a tractography 
algorithm (Constrained Spherical Deconvolution [CSD]; Tournier et al. 2008) 
that allows the tracking of fibres in areas of crossing fibres and extracted density 
weighted FA from a priori selected CSTC tracts. We hypothesised that CSTC white 
matter structure would vary with ADHD-symptom severity (across all participants) 
and differ between those with and without TS. Moreover, we expected that these 
findings would be tract specific. The limited age range was meant to reduce the 
confound of developmental changes and focus on an age where both TS and ADHD 
are commonly seen (Bloch and Leckman 2009; Hirschtritt et al. 2015). We modelled 
ADHD severity across all participants as ADHD symptoms are commonly seen in 
children with TS and can also be found to an extent within typically developing 
children.   
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Methodology 
Participants 

Patients with TS and/or ADHD were recruited via child and adolescent psychiatry/
neurology departments and patient associations throughout the Netherlands. 
Control participants were recruited via schools. Investigations of fronto-striatal 
glutamate concentrations (Naaijen et al. 2017) and basal ganglia volume and shape 
analyses (Forde et al. 2016) of this cohort have previously been reported. 

Eighty-two participants with good quality magnetic resonance imaging (MRI; 
see Pre-processing section) and full phenotypic data were included in this study. 
Written informed consent was provided by parents or guardians of all participants. 
Additionally, participants of 12 years of age gave written assent. The study was 
approved by the regional ethics board (CMO Regio Arnhem Nijmegen).  

Inclusion criteria for all participants included being aged 8-12 years on day of testing, 
IQ>70, Caucasian decent, no previous head injuries or neurological disorders, no 
contra indications for MRI assessment and no major physical illness. Participants 
of the TS group met DSM-5 criteria for Tourette’s Disorder or Persistent Motor or 
Vocal Tic Disorder (Motor type), assessed with the Yale Global Tic Severity Scale 
(YGTSS; Leckman et al. 1989). Psychiatric comorbidities (e.g. ADHD and obsessive-
compulsive disorder [OCD]) were not excluded. Participants of the ADHD group 
were required to have a diagnosis of ADHD or subthreshold ADHD (4 or 5 symptoms 
of either inattention or hyperactivity-impulsivity), assessed with the Schedule for 
Affective Disorders and Schizophrenia for School-Age Children (K-SADS; Kaufman et 
al.,1997). Participants with a sub-threshold diagnosis were included for two reasons; 
first, to match the high level of subthreshold ADHD in the TS group and second, to 
allow the use of continuous measures for ADHD severity across all participants 
within the study. Those with tics (who did not meet inclusion criteria for the TS 
group) and/or OCD were excluded from the ADHD group. Healthy controls had no 
mental disorders, according to the Child Behaviour Checklist (CBCL) and Teacher 
Report Form (TRF; Bordin et al. 2013), in addition to meeting common inclusion 
criteria. 

Phenotypic information 

Tic severity was rated by diagnostic interview with both parent(s) and child 
present using the YGTSS. The K-SADS screening semi-structured interview was 
administered to a parent of each participant, followed if needed by appropriate 
modules, to determine the presence of ADHD and/or other psychiatric disorders. 
The Children’s Yale-Brown Obsessive Compulsive Scale (CY-BOCS; Scahill et al. 1997) 
was administered in participants of the TS group to determine OCD comorbidity.

Phenotypic traits were assessed using questionnaires. The Conners’  Parent Rating 
Scale - Revised Long version (CPRS-RL; Conners et al. 1997) and Children’s Social 
Behavioural Questionnaire (CSBQ; Luteijn et al. 2000) were used to rate ADHD 
severity and assess symptoms of autism, respectively. Compulsive behaviours were 
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rated with the compulsivity subscale of the Repetitive Behaviour Scale - revised 
(RBS-R; Lam and Aman 2007). Full-scale IQ was estimated by four subtests of the 
Wechsler Intelligence Scale for Children-III (WISC-III; Wechsler, 2002): Vocabulary, 
Similarities, Block design and Picture completion. Medication history was collected 
from parental report of current and previous treatment, this method of data 
collection has previously been shown to correspond well with pharmacy records 
(Kuriyan et al. 2014).

MR image acquisition 

MRI datasets were acquired on a 3T Siemens Prisma scanner (Siemens, Erlangen, 
Germany) at the Donders Institute for Brain, Cognition and Behaviour, Nijmegen, 
the Netherlands. Before scanning participants were first familiarised with the MRI 
procedure and instrument sounds in a practice scanner where the importance of 
lying still was explained. During scanning participants had their heads stabilised 
with cushions and had a piece of tape across their foreheads to help awareness of 
possible movement while scanning.  

Diffusion-weighted datasets were acquired with a pulse gradient spin echo EPI 
sequence. Two non-diffusion weighted reference images (B0) and 64 images with a 
diffusion gradient (b = 1500 s/mm2) were acquired at each of 72 transversal slices 
with the following parameters: TE = 103 ms, TR = 12,000 ms, slice thickness = 2 mm, 
in-plane resolution = 2 x 2 mm and acquisition time = 13.48 minutes.   

T1-weighted anatomical images were acquired with a sagittal, 3D magnetization 
prepared rapid gradient echo (MPRAGE) parallel imaging sequence with the 
following parameters: TE = 2.98 ms, TI = 900 ms, TR = 2300 ms, slice thickness = 
1.2 mm, flip angle = 9 degrees, in-plane resolution of 1 x 1 mm and acquisition time 
= 5.30 minutes.

Pre-processing 

Diffusion data were de-noised with a local principal component analysis (LPCA) 
noise filter as well as affine transformed to correct for motion and eddy current 
distortions in SPM8 (London, UK). Susceptibility distortions were non-linearly 
corrected along the phase encode direction to optimally match the T1-weighted 
image (Visser et al. 2010). Finally, diffusion tensors were robustly estimated using 
the PATCH algorithm (Zwiers 2010) to eliminate artefacts in the data from cardiac 
and head motion.  

T1-weighted data were processed using the ‘recon-all’ FreeSurfer v5.3 pipeline 
to generate reconstructions of the pial and white/grey matter surfaces as well as 
subcortical segmentations (Fischl et al. 1999b; Dale et al. 1999; Fischl et al. 1999a; 
Fischl and Dale 2000).  

Image quality and metrics of image quality were inspected at each stage of pre-
processing and reconstruction. 4D DW images were also looped and viewed in each 
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plane. Poor quality datasets were removed from analysis (n=13, 9 and 5 from the TS, 
ADHD and healthy control groups, respectively). Numbers reported throughout this 
paper are excluding these datasets. 

Seeds, targets and stop mask 

Frontal cortical labels (caudalmiddlefrontal, lateralorbitofrontal, precentral, 
rostralmiddlefrontal, superiorfrontal, frontalpole, medialorbitofrontal, paracentral, 
parsopercularis, parsorbitalis and parstriangularis) from the Desikan-Killiany Atlas 
(Desikan et al. 2006) were converted to volumes in FreeSurfer (mri_label2vol), while 
the FreeSurfer subcortical segmentations were converted to nifti format with mri_
convert before individual nuclei (left and right; thalamus, caudate and putamen) 
were isolated and binarised with fslmaths. Caudate and putamen structures were 
combined to produce left and right striatal seeds. Seeds and targets were transformed 
from FreeSurfer space to diffusion space by applying the sum of the transformation 
matrices from FreeSurfer to native T1 space and T1 to diffusion space, respectively 
generated by linear registration of the FreeSurfer T1 image to the T1 native space 
image and the T1 native space image to the average B0 diffusion image with FMRIB’s 
Linear Image Registration Tool (FLIRT; Jenkinson and Smith 2001; Jenkinson et al. 
2002). Next, targets and seeds were binarised to create masks for tractography.

A stop mask was defined on the MNI152 T1 2mm brain image provided with the 
FSL package. Regions of interest (ROIs) consisting of an axial plane inferior to the 
thalamus, the mid sagittal slice and a coronal plane posterior to the thalamus were 
combined to produce a stop mask. This mask was similarly transformed to diffusion 
space for each individual by applying the transform acquired from registering the 
MNI image to each individual subjects average B0 image. Targets were also eroded 
slightly using the fslmaths erode function and all combined together with the stop 
mask (consisting of one axial, sagittal and coronal slice) to generate one master stop 
mask that would restrict tractography to frontal intra-hemispheric tracks only and 
not allow tracking to continue through targets.

Tractography of CSTC tracts 

The CSD algorithm was applied to the data within the Dipy program (Garyfallidis 
et al. 2014). This is a non-tensor based method for robustly determining the 
fibre orientations within a voxel. A liberal (FA>0.15) white matter mask was 
used to reduce computing time and limit reconstruction of the ODF to within 
white matter regions. A deterministic tracking approach was undertaken 
(DeterministicMaximumDirectionGetter and LocalTracking) which incorporated the 
stopping mask, described above (8 tracks were propagated per seed voxel, step size 
= 0.5, stop threshold FA=0.15). Tracking was seeded separately from the striatum 
and thalamus in each hemisphere. Generated streamlines for each seed were then 
filtered using select frontal lobe targets (caudalmiddlefrontal, lateralorbitofrontal, 
precentral, rostralmiddlefrontal and superiorfrontal) from the same hemisphere. 
Individual tracts were then explored in TrackVis where the manual removal of 
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spurious streamlines was conducted if necessary before density weighted mean 
FA and MD for the tract bundle were extracted. This mean is the average of values 
from the points along the streamlines in a bundle. If less than 20 streamlines were 
reconstructed for a tract then these metrics were excluded from analysis.

Statistics 

Statistical analyses were conducted in the R statistics program (R Core Team 2013). 
Group (TS vs ADHD vs HC) differences in sex and handedness were tested with 
Pearson’s chi-squared test while differences in age and IQ were assessed with a one-
way analysis of variance (ANOVA). If assumptions of homogeneity of variance and 
normality of distributions were not met (p>0.05 in Bartlett’s test of homogeneity 
of variance and Shapiro-Wilk normality test) a non-parametric Kruskal-Wallis rank 
sum test was used instead. See Table 1 for group characteristics. 

Indices (mean FA and MD) extracted from tracks connecting seeds to targets were 
analysed separately using linear mixed-effects models (lmer function of lme4 
package [Bates et al. 2015]). To determine their association with the metrics TS 
(yes/no), ADHD severity (CPRS-RL DSM combined T-score) and the interaction 
were modelled as fixed factors. Age and sex were also included. Hemisphere was 
treated as a repeated measure and modelled as a fixed factor with a per-participant 
random intercept. Interactions with hemisphere were included in the initial model 
with higher order interactions removed in a stepwise manner if they were not 
significantly adding to the model. Statistical significance of factors was determined 
using conditional F tests with Kenward-Roger correction of degrees of freedom as 
implemented with the Anova function of the car package (Fox and Sanford, 2011). 
In total there were 20 models (5 targets x 2 seeds x 2 measures). To adjust for 
multiple comparisons we calculated the number of effective tests (Meff; Nyholt 2004) 
that were run given the relatedness of metrics/tracts and adjusted our alpha level 
accordingly to 0.003. Later the influence of IQ, autism symptoms (CSBQ core score 
[sum of subscales 2, 4, 5 and 6]) and compulsive behaviours (RBS-R compulsivity 
subscale) on the metrics were examined. Finally, within the patient groups similar 
models, with age, sex, ADHD-severity and hemisphere, were used to investigate the 
influence of tic severity (TS group only) and medication use (all patients, model 
additionally included TS) on the metrics.   

Results  
Demographics 

Following exclusion based on MRI image quality, as outlined in the Pre-processing 
section, 82 participants were included for analysis, see Table 1 for demographic 
details. Both patient groups has lower IQ compared to the control group (t=3.4, 
p=0.04). There was also a sex imbalance across groups where girls were under-
represented in the TS group, this is in line with studies that have shown TS to be 
much more common in boys (Hirschtritt et al. 2015). Of the twenty-two participants 
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in the TS group n=21 had a diagnosis of Tourette’s Disorder while n=1 had a diagnosis 
of Persistent Motor or Vocal Tic Disorder (Motor type). Moreover, n=8 met criteria 
for co-occurring ADHD (6 or more symptoms of either inattention or hyperactivity-
impulsivity on the K-SADS) and n=4 for co-occurring OCD (≥16 total score on the 
CYBOCS). This is in line with the previously reported high levels of comorbidity in 
TS (Hirschtritt et al. 2015) and makes it a representative sample of participants with 
TS. Total tic severity ranged from minimal to moderate or marked in participants 
the week before scanning (7-33 [out of a possible 50] on the YGTSS). Symptoms of 
inattention and hyperactivity-impulsivity in the ADHD group ranged from mild to 
severe (CPRS-RL DSM T-scores; inattentive 52-88 and hyperactive-impulsive 44-90). 

Table 1 Demographic details

TS ADHD Control Test statistic p-value

n 22 19 41

Age years, mean (SD) 10.7 (1.2) 11.1 (1.3) 11.0 (1.1) 0.77 0.47

Sex, m/f 20/2 7/12 27/14 13.3 0.001**
aIQ, mean (SD) 104 (12) 104 (9) 110 (11) 3.4 0.04*

Handed, r/l 20/2 19/0 37/4 2.0 0.38
bADHD severity,
mean (SD) 60.9 (11.2) 72.5 (10.9) 45.5 (5.2)

cTic severity, mean (SD) 22.5 (8.0) - -
cAge tic onset years, 
mean (SD) 5.4 (1.9) - -

cDuration since tic onset  
years, mean (SD) 5.3 (1.9) - -

dOCD, n 4 - -
eMedication 
Antipsychotic
Stimulant
Clonidine

5
6
1

0
13
0

0
0
0

aEstimated from a subtest of the Wechsler Intelligence Scale for Children-III(Wechsler 2002) rating. bT-
scores from the DSM combined subscale of the Conners  Parent Rating Scale  Revised Long version (Conners 
et al. 1997). cDetermined with the Yale Global Tic Severity Scale (Leckman et al. 1989). dTotal-score ≥16 
on the Children s Yale-Brown Obsessive Compulsive Scale (Scahill et al. 1997). eCurrent medication status, 
determined from parental report. *p<0.05, **p<0.01. ADHD - Attention-Deficit/Hyperactivity Disorder, 
OCD - Obsessive Compulsive Disorder, SD - standard deviation, TS - Tourette Syndrome.
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Tractography 

Analyses of tracts connecting the striatum to the frontal targets included all 82 
subjects with the number of observations ranging from 161-164. Analyses of tracts 
from the thalamus to the caudal middle frontal region included 75 subjects (n=37 
HC, n=16 ADHD and n=22 TS) with only 105 observations (n=61 left and n=44 right). 
The other tracts seeded from the thalamus included all 82 subjects with the number 
of observations ranging from 154-164. Given the low number of observations 
and that metrics from the left and right hemisphere were not always available for 
the same subjects the thalamus to the caudal middle frontal tracts were analysed 
separately for left and right.  

Linear mixed effects model analyses revealed no significant associations between 
the DWI metrics and TS, ADHD-severity or their interaction in any of the CSTC tracts 
investigated (all p-values >0.01, adjusted alpha level = 0.003, Table 2, Figure 1). IQ 
(all p-values > 0.02), autism symptom severity (all p-values > 0.04) and compulsive 
behaviours (all p-values > 0.03) had no influence on the model. Current stimulant and 
antipsychotic medication use within patients was also not significantly associated 
with FA or MD (all p-values > 0.006, adjusted alpha = 0.003) and tic severity did not 
significantly predict either metric within the TS group (all p-values > 0.03, adjusted 
alpha = 0.003). 

Analysis of the right thalamus to caudal middle frontal connection indicated lower FA 
in those with TS (F=14.78, p=0.0004) and an association with TS-by-ADHD-severity 
(F=16.32, p=0.0003). However, this analysis was based on very few participants 
(n=10 with TS) and the figure (Figure 1) contradictorily suggests a higher median 
FA in the TS group compared to those without TS. Further investigation suggests 
the effect is driven by 3 of the 10 individuals with a low FA. Given the small number 
of participants, the large variance and the higher median FA we strongly caution 
against over interpretation of this finding before its confirmation in a larger sample. 
No other significant associations were seen between the DWI metrics and TS, ADHD-
severity or their interaction in the left or right connection of the thalamus to the 
caudal middle frontal region (all p-values < 0.09). 
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Table 2 Association of TS, ADHD-severity and their interaction with CSTC white matter metrics

Superior 
Frontal 

Rostral Middle 
Frontal Precentral Lateral Orbital 

Frontal
Caudal Middle 

Frontal
Coef  
SE

F 
p

Coef 
SE

F
p

Coef 
SE

F
p

Coef 
SE

F
p

Coef 
SE

F
p

Striatum

FA

TS -0.047 
0.023

4.06 
0.05

-0.018 
0.025

0.51 
0.48

-0.046 
0.027

2.90 
0.09

-0.024 
0.021

1.30 
0.26

-0.064 
0.028

5.34 
0.02

ADHD 
severity

8.8E-6 
1.7E-4

0.00 
0.96

-4.5E-7 
1.8E-4

0.00 
0.99

5.6E-5 
2.0E-4

0.08 
0.78

-7.0E-5 
1.5E-4

0.21 
0.65

1.2E-5 
2.0E-4

0.004 
0.95

TS x ADHD- 
severity

7.7E-4 
3.8E-4

4.02 
0.05

3.0E-4 
4.1E-4

0.55 
0.46

6.7E-4 
4.5E-4

2.21 
0.14

3.6E-4 
3.4E-4

1.09 
0.30

9.1E-4 
4.6E-4

3.94 
0.05

MD

TS 1.7E-5 
3.0E-5

0.35 
0.56

1.9E-5 
2.7E-5

0.51 
0.48

1.7E-5 
2.0E-5

0.68 
0.41

2.6E-5 
2.7E-5

0.93 
0.34

2.3E-5 
3.4E-5

0.46 
0.50

ADHD 
severity

-2.8E-7 
2.2E-7

1.69 
0.20

-6.9E-8 
2.0E-7

0.12 
0.73

-3.0E-7 
1.5E-7

3.99 
0.05

-2.2E-7 
2.0E-7

1.30 
0.26

-2.7E-7 
2.4E-7

1.20 
0.28

TS x ADHD- 
severity

-2.0E-7 
4.9E-7

0.18 
0.68

-3.1E-7 
4.5E-7

0.48 
0.49

-1.5E-7 
3.4E-7

0.20 
0.66

-3.8E-7 
4.4E-7

0.75 
0.39

-2.3E-7 
5.6E-7

0.17 
0.69

Thalamus

FA

TS -0.069 
0.031

4.98 
0.03

-0.064 
0.032

4.05 
0.05

-0.004 
0.036

0.01 
0.91

-0.085 
0.033

6.56 
0.01

ADHD 
severity

-1.1E-4 
2.3E-4

0.23 
0.63

-5.9E-5 
2.3E-4

0.07 
0.80

-4.1E-5 
2.7E-4

0.02 
0.88

1.3E-4 
2.4E-4

0.30 
0.58 - -

TS x ADHD- 
severity

1.2E-3 
5.1E-4

5.12 
0.03

1.0E-3 
5.3E-4

3.86 
0.05

4.0E-6 
6.0E-4

0.00 
0.99

1.3E-3 
5.5E-4

5.44 
0.02

MD

TS 2.3E-5 
2.7E-5

0.74 
0.39

4.4E-5 
3.1E-5

2.07 
0.15

1.9E-5 
2.6E-5

0.57 
0.45

7.0E-5 
3.9E-5

3.21 
0.08

ADHD
severity

-2.4E-7 
2.0E-7

1.44 
0.23

-9.1E-8 
2.2E-7

0.17 
0.69

-9.5E-8 
1.9E-7

0.25 
0.62

-1.0E-7 
2.9E-7

0.13 
0.72 - -

TS x ADHD-
severity

-2.9E-7 
4.4E-7

0.42 
0.52

-6.7E-7 
5.1E-7

1.73 
0.19

-2.8E-7 
4.2E-7

0.42 
0.52

-1.1E-6 
6.5E-7

2 . 7 7 
0.10

Results from linear mixed effects models where hemisphere was treated as repeated measure with age 
and sex as covariates. Adjusted alpha level following correction for multiple tests was 0.003. ADHD - 
Attention-Deficit/Hyperactivity Disorder, coef - coefficient, FA - fractional anisotropy, MD - mean 
diffusivity, SE - standard error, TS - Tourette Syndrome. No associations survived correction for multiple 
comparisons.
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Figure 1 For illustrative purposes FA and MD are depicted per group for each tract investigated. The 
two left most columns represent tracts derived from the striatal seeds while the two right most columns 
correspond to those from the thalamic seeds. ADHD - Attention-Deficit/Hyperactivity Disorder, FA - 
fractional anisotropy, HC - healthy control, MD - mean diffusivity, TS - Tourette Syndrome.
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Discussion 
This study investigated white matter structure of the CSTC networks in children 
with TS, ADHD or both and healthy controls. FA and MD were used as metrics of 
white matter structure and were extracted from tracts connecting the thalamus and 
striatum to various intra-hemispheric frontal cortex targets. Following multiple 
comparison correction no associations were seen between CSTC network white 
matter and TS, ADHD-severity or their interaction. Although not significant anymore 
following multiple comparison correction a subtle pattern in the results appears to 
indicate lower FA in TS in various CSTC white matter tracts. However, this requires 
confirmation. In a small subset of participants metrics were available for the tract 
between the thalamus and caudal middle frontal region, analysis of this tract from 
the right hemisphere revealed lower FA in TS, however, as mentioned in the Results 
section this effect appears to be driven by only three individuals with TS while the 
TS group median is higher than in those without TS. We therefore suspect this is 
a false positive finding resulting from a combination of a small sample size and 
large variance. No associations were seen between CSTC white matter and autism 
symptom severity or compulsive behaviours across all participants or between 
CSTC white matter and tic severity within the TS group. Our findings suggest that 
proposed abnormal dysfunction of the CSTC loops in TS and ADHD is unrelated to 
any large variation in the connecting white matter tracts between the frontal cortex 
and striatal or thalamic regions.  

Few previous studies have focussed on CSTC white matter in TS. Of those that have, 
two investigated adult patients, one concluding there to be enhanced connectivity 
between basal ganglia nuclei and the cortex including the supplementary motor 
area (Worbe et al. 2014) and the other reduced connectivity between basal ganglia 
nuclei and frontal cortical regions again including the supplementary motor area 
(Cheng et al. 2014). Finally one study of children with TS (n=18) found reduced 
connectivity between the caudate nucleus and left anterior dorsolateral frontal 
cortex but no differences in the white matter connecting the basal ganglia nuclei to 
any of the other frontal regions (Makki et al. 2009). Results of the current study fit 
with the mainly negative previous findings of this former study (Makki et al. 2009). 
The small discrepancy in findings may relate to methodological differences; for 
instance probabilistic versus deterministic tractography or seed choice – caudate 
nucleus verses dorsal striatum (caudate nucleus + putamen). Multiple whole 
brain voxel-based studies corroborate the current findings of no large CSTC white 
matter involvement in TS (Thomalla et al. 2009; Neuner et al. 2010; Jackson et 
al. 2011), however, only the last of these included children with TS (n=14, 10-18 
years). Another small study in children with TS (n=15, 8-17 years) again found no 
association of FA with TS but did see increases in ADC in discrete regions of the CSTC 
circuitry (Govindan et al. 2010). Finally, adult studies have reported no association 
between FA and TS in CSTC white matter but increased MD in the orbitofrontal 
cortex (Draganski et al. 2010) and decreased FA and increased ADC in various 
frontal clusters (Müller-Vahl et al. 2014). Thus the literature is heterogeneous and 
the various methodological approaches that have been employed make comparisons 
and drawing conclusions troublesome. However, the current study and previous 
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studies of children with TS indicate that there are no large track-wise alterations 
in the CSTC white matter. Alterations reported in adults with TS may occur later as 
a consequence of the disorder or in response to it, alternatively adult patients may 
constitute a subset of patients with more severe biological abnormalities and  whose 
tics persist into adulthood.  

Most studies of ADHD, in contrast to the current study, have used a case-control 
design. However, we were interested in the cross disorder impact of ADHD symptoms 
and thus utilised a dimensional approach as advocated previously (Robbins et al. 
2012). Numerous previous studies found reduced FA of CSTC tracts in children with 
ADHD (Konrad and Eickhoff 2010; Xia et al. 2012; Cubillo et al. 2012; Wu et al. 2014; 
Gau et al. 2015) although there have also been some reports of increased FA (Silk et 
al. 2009; Davenport et al. 2010; Li et al. 2010). Despite this there is little evidence 
linking white matter variation to ADHD symptoms, consistent with the current 
study. One previous study did find an association between (generalised) FA of the 
tract connecting the left caudate nucleus to the orbitofrontal region and inattentive 
symptoms within the ADHD group but this association was not reflected across all 
participants (Wu et al. 2014). Similarly in a large study of adolescents, FA within 
the participants with ADHD was positively associated with symptom count (van 
Ewijk et al. 2014), unfortunately, symptom count data on healthy participants was 
not analysed. The former of these two studies along with the current study show 
that severity of ADHD symptoms across disorders and healthy variation are not 
related to CSTC white matter. Although within those with a diagnosis of ADHD and 
therefore higher severity there is some, albeit limited, evidence to suggest there is 
an association between white matter structure and symptom severity or count.

Our study included children with TS and/or ADHD allowing the in-depth study of 
these highly comorbid conditions together for the first time. Furthermore, the use 
of continuous measures - for hyperactivity/impulsivity, inattention, autism and 
compulsive behaviours - across all subjects enabled the modelling of these various 
cross-disorders symptoms without applying arbitrary thresholds as recommended 
(Robbins et al. 2012; Cuthbert 2014). However, this study also has some limitations. 
First, only a small number of girls with TS were included. This reflects the higher 
population prevalence in boys (Hirschtritt et al. 2015). Analyses were repeated in the 
male sample only (data not shown) with similar findings but caution is warranted if 
extrapolating these results to girls with TS. Second, although we find no large CSTC 
white matter variation associated with TS or ADHD-severity the possibility remains 
that subtle differences may be present but undetectable given our current sample 
size. While results were not significant following multiple comparison correction in 
this study a subtle pattern was present potentially implicating various CSTC white 
matter tracts in TS which warrants clarification in a larger sample. Third, this study 
focussed solely on the CSTC loops and while we deem this was appropriate, the CSTC 
model of TS, ADHD (and OCD) may be an over simplification of complex disorders 
(Milad and Rauch 2012; Castellanos and Proal 2012). Interaction with multiple 
other regions (i.e. amygdala and hippocampus) can modulate CSTC loops (Haber 
and Knutson 2009) as well as other brain regions having been implicated in the 
disorders (Menzies et al. 2008; Felling and Singer 2011; Greene et al. 2015). Finally, 
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and as is the case with all studies of DWI data, there are methodological limitations 
to consider. For instance the use of tensor based metrics (i.e. FA and MD) of the 
white matter microstructure is problematic as it is severely affected by the presence 
of crossing fibres in the brain (which is estimated to occur in approximately 90% 
of voxels (Jeurissen et al. 2013) at the standard resolution that dMRI scans are 
acquired [~2x2x2 mm]) and partial volume effects. Here although we continue to 
utilise tensor metrics we address partial volume effects by using a weighted mean 
of the metrics rather than averaging the value of the voxels that streamlines pass 
through.  

In conclusion our findings do not show large CSTC white matter involvement in 
TS, ADHD-severity or their interaction in children. Subtle abnormalities may be 
present and detectable with larger samples. Furthermore, functional connectivity 
and the relationship between structural and functional connectivity within the CSTC 
circuitry warrants further investigation.  
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Abstract
Background: Both Tourette syndrome (TS) and Attention-Deficit/Hyperactivity 
Disorder (ADHD) have been related to abnormalities in glutamatergic 
neurochemistry in the fronto-striatal circuitry. TS and ADHD often co-occur and the 
neural underpinnings of this co-occurrence have been insufficiently investigated in 
prior studies.

Methods: We used proton magnetic resonance spectroscopy (1H-MRS) in children 
between 8 and 12 years of age (TS n=15, ADHD n=39, TS+ADHD n=29 and healthy 
controls n=53) as an in vivo method of evaluating glutamate concentrations in the 
fronto-striatal circuit. Spectra were collected on a 3 Tesla Siemens scanner from 
two voxels in each participant: the anterior cingulate cortex (ACC) and the left 
dorsal striatum. LC-model was used to process spectra and generate glutamate 
concentrations in institutional units. A one-way analysis of variance was performed 
to determine significant effects of diagnostic group on glutamate concentrations.

Results: We did not find any group differences in glutamate concentrations in 
either the ACC (F(3,132)=0.97, p=0.41) or striatum (F(3,121)=0.59, p=0.62). Furthermore, 
variation in glutamate concentration in these regions was unrelated to age, sex, 
medication use, IQ, tic or ADHD severity. Obsessive-compulsive (OC) symptoms were 
positively correlated with ACC glutamate concentration within the participants with 
TS (rho=0.35, puncorrected=0.02).

Conclusion: We found no evidence for glutamatergic neuropathology in TS or ADHD 
within the fronto-striatal circuits. However, the correlation of OC-symptoms with 
ACC glutamate concentrations suggests that altered glutamatergic transmission is 
involved in OC-symptoms within TS, but this needs further investigation.
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Introduction
Tourette syndrome (TS) and Attention-Deficit/Hyperactivity Disorder (ADHD) are 
early onset neurodevelopmental disorders affecting approximately 1% (Robertson 
2008) and 5% (Polanczyk et al. 2007) of children and adolescents, respectively. 
While TS is characterised by the presence of motor and vocal tics (American 
Psychiatric Association 2013) there are also psychiatric comorbidities present in up 
to 86% of those with TS during their lifetime (Hirschtritt et al. 2015). ADHD is the 
most common, occurring in approximately 40% of cases (Rickards 2011) and even 
more TS patients have ADHD symptoms that do not meet the threshold for diagnosis 
(Robertson 2000). Conversely, the presence of tics within patients with ADHD has 
been estimated at 20% (Roessner et al. 2007). ADHD itself is characterised by age 
inappropriate inattention and/or hyperactivity/impulsivity leading to impaired 
functioning (American Psychiatric Association 2013). 

Both disorders have been associated with abnormalities in fronto-striatal circuits 
(Leisman and Melillo 2013; Mink 2006), although the overlap in conditions has 
confounded research to date. Structural and functional neuroimaging studies 
have reported alterations in the caudate nuclei, putamen and anterior cingulate 
cortex (ACC) in TS (Ganos et al. 2013; Peterson et al. 2003) and ADHD (Frodl and 
Skokauskas 2012; Hart et al. 2013; Nakao et al. 2011) relative to controls, although 
not always consistently. It has been proposed that excitatory abnormalities in 
the striatum cause erroneous inhibition of neurons in the globus pallidus (GP) 
internus, which in turn leads to disinhibition of prefrontal neurons which results 
in tic phenomena (Albin and Mink 2006). These striatal abnormalities may also 
underlie the high rate of comorbidity with other disorders, like ADHD and obsessive 
compulsive disorder (OCD; Hirschtritt et al. 2015) due to the aberrant integrative 
interplay of different fronto-striatal circuits including connections with the ACC 
(Albin and Mink 2006; Mink 2001). Dopamine dysfunction within the fronto-striatal 
circuit has long been considered the primary cause of tics (Singer et al. 1982) 
and has been related to difficulties with attention and impulsivity (Swanson et al. 
2007). However, as glutamatergic, GABAergic, serotonergic, cholinergic and opioid 
as well as dopaminergic systems all operate within the fronto-striatal circuits it is 
plausible that multiple neurotransmitter systems may be involved in TS and ADHD 
(Singer et al. 2010). Glutamate is the primary excitatory neurotransmitter found in 
the brain (Monaghan et al. 1985; Pittenger et al. 2011), essential in fronto-striatal 
transmission and often co-transmitted with dopamine (Chuhma et al. 2009). Post-
mortem analysis of a small number of brains from people who had TS corroborate 
the view that glutamate is involved in TS as reduced levels of glutamate were seen in 
the GP and substantia nigra of the TS brains compared to control brains (Anderson 
et al. 1992). 

Additional insights into the underlying neurobiology of TS and ADHD can be 
found by investigating brain neurochemistry. This can be achieved by using proton 
magnetic resonance spectroscopy (1H-MRS) which allows for non-invasive in vivo 
quantification of specific neurometabolites. There have been just four MRS studies of 
TS to date, three of which focused on GABA concentrations either in the primary and 
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secondary motor areas (Draper et al. 2014) or the sensory motor cortex (Puts et al. 
2015; Tinaz et al. 2014). DeVito and colleagues (2005) on the other hand investigated 
multiple neurochemicals including Glx, the combined signal from glutamatergic 
compounds (glutamate + glutamine), within multiple regions; premotor cortex, 
caudate nucleus, putamen and thalamus with a 3 Tesla scanner in a sample of 25 
(male only) children and adolescents with TS in comparison to controls. No group 
differences were seen in Glx in any of the regions. Within the putamen lower creatine 
(Cre) levels bilaterally and lower N-acetyl aspartate and choline in the left putamen 
were found. Reduced Cre bilaterally in the caudate nucleus was also seen but this did 
not reach significance. 

Many more MRS studies of disorders related to TS, such as ADHD and OCD, have 
been conducted. For a review of these studies in ADHD, OCD and autism spectrum 
disorder (ASD) see Naaijen and colleagues (2015). However, findings were 
inconsistent, plagued by heterogeneous methodologies, sample selection (i.e. 
child or adult, inclusion or exclusion of comorbidities), voxel placement and often 
inadequate field strengths to distinguish glutamate from glutamine (Naaijen et al. 
2015). Despite these issues the review tentatively summarised increased striatal Glx 
levels are associated with both ADHD and OCD and increased ACC Glx levels with 
paediatric ADHD. 

In the current study we assessed a large number of children between the ages of 
8-12 years which allowed us to focus on a group where tics are most frequently 
observed and not limit ourselves to the subset of patients whose tics persist into 
adulthood (Bloch and Leckman 2009). Furthermore we directly addressed the 
confounds of comorbidity rampant in previous studies by including a TS+ADHD 
group in addition to ADHD, TS and healthy control (HC) groups. Based on previous 
findings in childhood ADHD (Naaijen et al. 2015), we expected increased glutamate 
concentrations in both regions of interest. This is the first study to investigate fronto-
striatal glutamate in children with TS. Given the theory that excitatory abnormalities 
in the striatum result in tics, we expected to observe raised glutamate in the striatum 
of TS patients.

Methods
Participants

Participants with TS and/or ADHD: TS with/without ADHD n=60, ADHD without 
TS n=60 were recruited via child and adolescent psychiatry departments and 
patient associations throughout the Netherlands, while healthy controls (HC; n=60) 
were found mainly through schools. The final numbers included for analysis (i.e. 
with usable data) can be found in the Results Demographics section and Table 1 
(n=136 for the ACC and n=125 for the striatum). Written informed consent was 
provided by the parents/guardians of all participants and written assent was also 
given by participants who were 12 years of age. This study was approved by the 
regional ethics board (CMO Regio Arnhem-Nijmegen, numbers: NL42004.091.12 & 
NL48377.091.14). Inclusion criteria for all participants included being aged 8-12 
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years, IQ>70, Caucasian decent, no previous head injuries or neurological disorders, 
no contra indications for MRI assessment and no major physical illness. 

Inclusion criteria for ADHD and TS were meeting DSM-5 criteria for these disorders. 
Those with sub-threshold ADHD (Kiddie Schedule for Affective Disorders and 
Schizophrenia [K-SADS; Kaufman et al. 1997] score of 4 or 5 on either subscale) 
were also included. Persistent Motor or Vocal Tic Disorder (Motor type) was also 
allowed for the TS group. Common psychiatric comorbidities like oppositional 
defiant disorder were not excluded. Within the TS group, ADHD and OCD were not 
excluded, while in the ADHD group those with tics and/or OCD were excluded. Within 
the HC group no psychiatric disorders were allowed, as determined by screening 
questionnaires (Child behaviour checklist [CBCL] and Teacher Report Form [TRF]; 
Bordin et al. 2013). Subjects were divided into four groups; HC, TS, ADHD and 
TS+ADHD, see Table 1 for demographics. Participants were required to refrain from 
consuming caffeine on the day of testing. Medications for tics were continued as 
normal while stimulant medication was withheld for 48 hours before testing.

Phenotypic information

TS diagnosis was confirmed, and tic severity rated, by diagnostic interview with 
parent(s) and child present using the Yale Global Tic Severity Scale (YGTSS; Leckman 
et al. 1989). To determine the presence of ADHD and/or other psychiatric disorders 
the K-SADS (Kaufman et al. 1997) interview was administered to the parent(s). 
All interviews were conducted by experienced researchers who were trained and 
overseen by a child and adolescent psychiatrist (JKB). The screening module was 
used, followed if needed by disorder-specific modules. If participants screened 
positive for possible OCD the Children’s Yale-Brown Obsessive Compulsive Scale (CY-
BOCS; Scahill et al. 1997) was administered with both parent(s) and child present. 
The CY-BOCS interview was conducted with each participant of the TS group due to 
the relatedness of symptoms and common co-occurrence of OCD and TS. 

Full-scale IQ was estimated by four subtests of the Wechsler Intelligence Scale for 
Children-III (WISC-III; Wechsler 2002): Vocabulary, Similarities, Block design and 
Picture completion. Questionnaires were further used to assess phenotypic traits. 
The Conners’ Parent Rating Scale – Revised Long version (CPRS-RL; Conners et al. 
1997) was used to rate ADHD severity. Additional questionnaires were used to assess 
the presence of autistic symptoms and compulsive behaviours; the Children’s Social 
Behavioural Questionnaire (CSBQ; Luteijn et al. 2000) and Repetitive Behaviour 
Scale (RBS-R; Lam and Aman 2007). Information about medication history was 
gathered from parental report which has previously been shown to correlate well 
with pharmacy records (Kuriyan et al. 2014). Interviews on psychiatric symptoms 
were conducted about an un-medicated period.

T1-weighted MRI acquisition

All MRI datasets were acquired on the same 3T Siemens Prisma (Siemens, Erlangen, 
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Germany) scanner located in the Donders Institute for Brain, Cognition and Behaviour, 
Nijmegen, the Netherlands. T1-weighted anatomical images were acquired with 
a transversal, 3D magnetization prepared rapid gradient echo (MPRAGE) parallel 
imaging sequence with the following parameters: TR = 2300 ms, TE = 2.98 ms, TI 
= 900 ms, FoV = 256 mm, slice thickness = 1.20 mm, Flip angle 9 degrees, in plane 
resolution = 1.0×1.0 mm, acceleration factor = 2, acquisition time = 5:30 min. Each 
participant also had their head stabilised with cushions during scanning and had a 
piece of tape across their foreheads to help awareness of possible movement while 
scanning. All participants were first familiarised with the MRI procedure in a mock 
scanner where the importance of lying still was explained.

MRS acquisition

Proton spectra were acquired using a point resolved spectroscopy (PRESS) sequence 
in two regions of interest, with chemically selective suppression (CHESS) water 
suppression (Haase et al. 1985). A single 8 cm3 voxel was centred on the midline 
covering the pregenual ACC anterior and slightly superior to the genu of the corpus 
callosum (TR = 3000 ms, TE = 30 ms, number of averages = 96, bandwidth = 5 kHz, 
number of points = 4096). A second, similar voxel was located in the left dorsal 
striatum covering the caudate nucleus and putamen. Unsuppressed water reference 
spectra (16 averages) were also acquired as part of the standard acquisition. See 
Figure 1 for location of the voxels and an example spectrum. Both voxels were 
placed to include a maximum amount of grey matter and a minimum amount of 
cerebrospinal fluid (CSF). T1-weighted images were used for voxel placement and 
later for tissue segmentation during processing. Acquisition time was six minutes 
per voxel.

Processing

LCModel, version V6.03-0I (Provencher 1993, 2001), was used to conduct spectral 
analysis. LCModel uses a linear combination of simulated or in vitro metabolite 
solution spectra as a reference to identify and quantify the major resonance of in 
vivo spectra. 

Water referenced metabolite concentrations were automatically calculated in 
institutional units (i.u.). Institutional units are presented since we did not correct 
for the T1 and T2 relaxation times of the metabolites or the T1 relaxation time of 
water. The T2 of tissue water was corrected for assuming the signal had decayed 
by 30% at the echo time (Lu et al. 2005). No correction was made for the T2 decay 
of metabolites. In addition, there are other scanner-dependent factors that can 
affect the absolute scaling (e.g. details of coil combination), such that metabolite 
concentrations measured in i.u. are preferred over attempting to scale to absolute 
concentrations in millimolar (mM). The unified segmentation procedure within the 
VBM8 toolbox of SPM8 (Statistical Parametric Mapping release 8, London, UK) was 
used to process the T1 images and produce grey matter (GM), white matter (WM) 
and CSF probability maps. Spectroscopy voxels were mapped onto these maps to 
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provide the partial volume of GM, WM and CSF within each spectroscopy voxel (fGM, 
fWM and fCSF) and to allow for group comparisons of the placement of the spectroscopy 
voxels. Additionally, to correct for differing amounts of water in each tissue and for 
partial volume effects we corrected individual metabolite concentrations for water 
concentrations with the following formula (Gasparovic et al. 2006): 

Metabolitecorrected

 = MetaboliteRaw * ((43300 * fGM + 35880 * fWM + 55556 * fCSF)/35880) * (1/(1 - fCSF))

where 43300, 35880 and 55556 are the water concentrations in mM for GM, WM 
and CSF (Ernst et al. 1993), respectively, as described by the LCModel manual 
(Provencher 2014). These concentrations correspond to 77.9, 64.4 and 100%, 
respectively, assuming that CSF is pure water (Ernst et al. 1993). This includes a 
correction for the fraction of the MRS voxel occupied by CSF, along with corrections 
for the water concentration in each of the tissue types. The factor 35880 in the 
denominator is included since the initial LCModel analysis was carried out assuming 
the voxel was pure WM.

Quality control

Statistical analyses were restricted to spectra with linewidth (full-width at half-
maximum; FWHM) ≤0.1 ppm, Cramér-Rao lower bounds (CRLB) ≤20%, signal 
to noise ratio ≥5 or corrected glutamate concentrations less than two standard 
deviations from the mean. Furthermore, anatomical scan quality was visually 
checked as these were used for voxel placement and tissue segmentation. Fifteen 
participants were excluded from both analyses due to poor structural scan quality. A 
further seven spectra from the ACC (n=136) and 20 spectra from the striatal analyses 
(n=125) were excluded based on spectral quality. In addition to the exclusion of 
those with ≥20% CRLB values, we investigated group differences in CRLBs to verify 
that possible differences in glutamate levels were not due to differences in CRLBs 
(Kreis 2015).
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Figure 1 Location of the two voxels are shown on a T1-weighted anatomical image for the pregenual 
ACC including an example spectrum (top) and the left dorsal striatum including an example spectrum 
(bottom). Peaks corresponding to individual metabolites are highlighted. The thin black line represents 
the frequency-domain data, the red line is the LCModel fit. In the top panel the residuals are plotted (the 
data minus the fit).  Cho - Choline, Cre - creatine, Gln - glutamine, Glu - glutamate, Glx - Glu + Gln, mI - myo-
inositol, NAA - N-Acetylaspartate.

Statistics

Statistical analyses were conducted with the R statistical program (R Core Team 
2013). Differences between the four groups in categorical measures were tested 
with Pearson’s chi-squared tests. Group differences in continuous measures were 
assessed with a one way analysis of variance (ANOVA) or Welch Two Sample t-test 
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if assumptions of homogeneity of variance and normality of distributions were met 
(p>0.05 in Bartlett’s test of homogeneity of variance and Shapiro-Wilk normality 
test). If these assumptions were violated a non-parametric Kruskal-Wallis rank sum 
test was used. ADHD severity was only tested between the ADHD and TS+ADHD 
group. Similarly measures related to tics and OC-symptoms were only tested 
between the TS and TS+ADHD groups. 

Group differences in voxel tissue composition and spectral quality were assessed 
with an ANOVA. Group differences in glutamate were analysed first with age and 
sex included as covariates. These covariates were removed from analysis as they 
did not significantly contribute to the model. This resulted in the use of an ANOVA 
followed if appropriate by Bonferroni corrected post-hoc pairwise t-tests. The 
influence of IQ, ADHD severity, ASD symptoms, medication status, repetitive and 
compulsive behaviours were also examined by inclusion in an ANCOVA. Correlations 
between glutamate levels and phenotypic measures of those with TS (tic severity, 
age of onset, duration since tic onset and OC-symptoms) were assessed with 
Pearson’s correlation tests if normally distributed or Spearman’s rank correlation 
rho test if not. Tests were then Bonferroni corrected for multiple comparisons. In the 
supplementary material we added the same analysis for Glx.

Results
Demographics

MR spectra were acquired for a total of 162 of the original 180 participants. Three 
participants from the ADHD group were found not to have ADHD (K-SADS <4 in both 
subscales) and one presented with tics but did not meet criteria for TS or Chronic 
Motor Tic disorder (CMT). These four participants were thereafter excluded from 
analysis. Due to spectral or segmentation quality concerns 22 spectra were excluded 
from the ACC analysis (n=136) and 35 from the striatal analysis (n=125). The TS 
group was subdivided into those that also had ADHD (TS+ADHD; n=29, 27 for the 
ACC and striatal analyses, respectively) and those that did not (TS; n=15, 17 for 
the ACC and striatal analyses, respectively). Participants with sub-threshold ADHD 
were included in either the ADHD group or the TS+ADHD group if comorbid with TS. 
Details of the groups used for analysis of the ACC are reported in Table 1 (n=136). 

Analysis of the striatum included fewer participants (n=125) due to exclusion 
based on spectral quality (n=22). This did not significantly alter the demographic 
distributions between groups (n=48, 17, 33 and 27 for the HC, TS, ADHD and 
TS+ADHD groups, respectively) regarding age (K-W χ2=1.64, p=0.65), sex (χ2=8.09, 
p=0.04), IQ (F(3,117)=2.25, p=0.09) and handedness (χ2=0.82, p=0.84). ADHD severity 
between the ADHD and TS+ADHD groups differed slightly but not significantly 
with respect to total and inattentive scores (t=1.90, p=0.06; t=1.84, p=0.07; t=0.99, 
p=0.33 for total, inattentive and hyperactive CPRS scores, respectively) while tic 
severity (t=0.31, p=0.76; t=-0.54, p=0.59; K-W χ2=~0, p=0.99 for total, motor and 
vocal YGTSS scores respectively) and OC-symptoms (K-W χ2=1.52, p=0.22) remained 
similar between the TS and TS+ADHD groups. 
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Age of tic onset (t=-0.51, p=0.62) and duration since tic onset (t=-0.06, p=0.95) did 
not differ significantly between the TS and the TS+ADHD group. For both analyses 
sex was not balanced between groups, mainly due to a low number of girls with TS 
having been included. This reflects the proportionately fewer girls affected by TS 
compared to boys (Robertson 2015). Sex was included in the model to account for 
this imbalance, however, it was found not to affect the model significantly and was 
therefore subsequently removed. 

Spectral quality

Groups did not differ significantly in mean voxel percentage GM, WM or CSF in either 
ACC (F(3,132)=0.30, p=0.83, F(3,132)=0.61, p=0.61 and F(3,132)=0.26, p=0.85, respectively) 
or striatum (F(3,121)=1.77, p=0.16, F(3,121)=1.77, p=0.16 and F(3,121)=1.73, p=0.16, 
respectively). In the ACC voxel across all groups the tissue percentages were: GM 70 
(7)%, WM 11 (2)% and CSF 18 (7)%. For the striatal voxel these were GM 58 (7)%, 
WM 42 (7)% and CSF 1 (1)%. 

To verify that the spectral quality did not differ between the groups, we compared 
the CRLB estimated standard deviations in both of the voxels, using a one-way 
ANOVA across the four groups. CRLB’s did not differ between groups in the ACC 
(F(3,132)=1.35, p=0.26) or the striatum (F(3,121)=0.37, p=0.77). Furthermore all CRLB’s 
were in the range 3-7% SD, all SNR were > 20 and all FWHM were in the range of 
0.02-0.09 reflecting overall good quality of the ACC spectrum in all four groups. For 
the striatum, CRLB’s were in the range 5-17%, SNR were > 11 and FWHM were in 
the range of 0.04-0.09.
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Table 1 Demographic details

TS ADHD TS+ADHD Control Test statistic p-value

n 15 39 29 53
Age years, 
mean(SD) 10.4(1.2) 10.7(1.2) 10.7(1.6) 10.0(1.0) K-W χ2=2.98 0.40

Sex, m/f 13/2 21/18 25/4 38/15 χ2=10.70 0.01*
aIQ, mean(SD)
Range

105(12), 
81 – 126

103(13), 
71 – 137

106(11), 
85 – 124

109(11), 
86 – 133 F=2.47 0.06

Handed, r/l 14/1 36/3 25/4 48/5 χ2=0.90 0.82

bADHD severity, 
mean(SD)

T=51.7(7.0)
I=50.9(8.2)
H=52.2(8.5)

T=71.9(9.7)
I=69.3(10.0)
H=71.2(11.1)

T=68.7(9.1)
I=65.2(9.8)

H=70.0(10.4)

T=45.5(4.9)
I=45.5(6.0)
H=46.1(3.7)

t=1.37
t=1.69
t=-0.44

0.18†
0.10†
0.66†

CSBQ core autism 
score, mean(SD) 9.53(10.58) 12.46(7.78) 17.66(9.40) 1.42(1.89)

RBS compulsivity 
score, mean(SD) 1.67(1.59) 0.69(1.24) 2.55(3.00) 0.09(0.35)

cTic dx, n TS=14
CMT=1 - TS=29 -

cTic severity, 
mean(SD)

T=20.4(7.9)
M=13.6(4.3)
V=6.8(4.7)

-
T=20.8(9.2)
M=13.1(5.5)
V=7.7(5.7)

-
t=-0.13
t=0.33

K-W χ2=0.22

0.89
0.75
0.64

cAge tic onset 
years, mean(SD) 5.3(1.7) - 5.7(1.7) - t=-0.75 0.46

cDuration since 
tic onset years, 
mean(SD)

5.0(1.8) - 5.0(2.0) - t=0.06 0.95

dOCD dx, n 3 - 6 -
dOC-symptoms, 
mean(SD) 8.47(8.6) - 6.75(8.4) - K-W χ2 =0.78 0.38

eMedication
Stimulant
Atomoxetine
Antipsychotic
Clonidine

0
0
2
0

24
1
1
0

9
0
7
2

-

aIQ estimated from a subtest of the Wechsler Intelligence Scale for Children-III (WISC-III; Wechsler 2002). 
bADHD severity ratings reflect T-scores from the Conners’ Parent Rating Scale – Revised Long version 
(Conners et al. 1997). cTic diagnosis and severity were determined and rated with the Yale Global Tic 
Severity Scale (Leckman et al. 1989). Tic severity is reported excluding impairment score. dOCD diagnosis 
was determined as a total-score of ≥16 on the Children’s Yale-Brown Obsessive Compulsive Scale (Scahill 
et al. 1997). eCurrent medication status, determined from parental report of current and previous 
medication use. †Statistics refer to an ADHD versus TS+ADHD contrast. *p<0.05, **p<0.01. ADHD - 
Attention-Deficit/Hyperactivity Disorder, CSBQ - Children’s Social Behavioural Questionnaire, CMT - 
Chronic Motor Tic, dx - diagnosis, H - hyperactive, I - inattentive, C - combined, K-W - Kruskal-Wallis, 
M - motor, m/f - male/female, OCD - Obsessive Compulsive Disorder, r/l - right/left, RBS - Repetitive 
Behaviour Scale, SD - standard deviation, t - Welch Two sample t-test, T - total, TS - Tourette syndrome, 
V - vocal.
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ACC

Age and sex had no significant influence on the ANCOVA model and were subsequently 
excluded. There was no group difference in corrected glutamate levels ANOVA (F(3, 

132)=0.97, p=0.41, Figure 2). There was no influence of IQ (p=0.61), total CPRS ADHD 
severity T-score (p=0.56), inattentive CPRS T-score (p=0.70), hyperactive CPRS 
T-score (p=0.48), CSBQ core autism symptom-score (p=0.64) or RBS compulsivity 
score (p=0.92). Current medication use showed no significant effect on glutamate 
levels when any current medication (p=0.65), current stimulant medication (p=0.28) 
or current antipsychotic medication (p=0.56) were investigated. 

There were no correlations in those with tics between corrected glutamate 
concentrations and tic severity (total p=0.77, motor p=0.40, vocal p=0.53), duration 
since (p=0.38) or age of onset (p=0.16). A significant positive correlation (rho=0.35) 
between ACC glutamate and CY-BOCS total score (p=0.02) was found. This correlation 
was also present for the obsessions (rho=0.30, p=0.045) and compulsions (rho=0.31, 
p=0.04) severity scales separately. However, the two subscales were highly 
correlated (rho=0.55, p<0.001). However, none of the correlations with glutamate 
concentration survived correction for multiple comparisons (12 correlation 
analyses). The analysis was limited to the participants that were administered the 
CY-BOCS (n=44, all with TS).

Striatum

Similarly for the striatal analysis there were no significant effects of age or sex 
on glutamate levels. Group analysis revealed no difference in striatal corrected 
glutamate levels (F(3, 121)=0.59, p=0.62, Figure 2). Again there was no influence of 
IQ (p=0.63), total CPRS ADHD severity T-score (p=0.78), inattentive CPRS T-score 
(p=0.80), hyperactive CPRS T-score (p=0.75), CSBQ core autism symptom score 
(p=0.37), RBS compulsivity score (p=0.25) or current medication use (any p=0.73, 
stimulant p=0.80 or antipsychotic p=0.06). There were no correlations between 
corrected glutamate concentrations and tic severity (total p=0.34, motor p=0.46 
vocal p=0.22), duration since (p=0.19) or age of onset (p=0.08). There was no 
association between glutamate and CY-BOCS total score (rho=-0.25, p=0.11).

Glx

There were also no group differences in Glx concentration in either the ACC or 
striatum (see Supplementary Material for details).
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Figure 2 Boxplots of glutamate concentrations per group in the ACC and striatum. No group differences 
in glutamate levels were seen. ADHD – attention-deficit/hyperactivity disorder, HC – healthy controls, i.u. 
– Institutional Units, TS – Tourette syndrome, TS+ADHD – Tourette syndrome and comorbid attention-
deficit/hyperactivity disorder.

Figure 3 Correlation of ACC glutamate concentration with obsessive-compulsive symptoms (CY-BOCS 
total score) in participants with TS. ACC – anterior cingulate cortex, CY-BOCS – Children’s Yale-Brown 
Obsessive Compulsive Scale, i.u. – Institutional Units, TS – Tourette syndrome. The solid line and its 
shaded area denote the linear regression fit line and its 95% confidence interval.
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Discussion 
This is the first study to investigate glutamate concentrations in both TS and 
ADHD together. We found no group differences in ACC or left striatal glutamate 
concentrations. The findings were not confounded by any demographic differences 
between the groups, spectral quality, medication use or OC-symptoms. Glutamate 
levels in the ACC correlated with OC-symptoms within the participants with TS 
(n=44) but did not relate to either tic or ADHD measures of severity. 

Only one previous study examined glutamate concentrations in TS by investigating 
the combined Glx signal in children and adolescents and they were unable to find Glx 
differences in the brain regions investigated. In corroboration with results presented 
here (both Glx and glutamate analyses) they found no difference in the putamen but 
unfortunately did not also examine the ACC (DeVito et al. 2005). Previous studies 
did, however, suggest glutamate involvement in TS although the nature of this is yet 
unclear with both hyper- and hypo-glutamatergic states being hypothesised (Singer 
et al. 2010). For instance, a post-mortem analysis by Anderson and colleagues 
(Anderson et al. 1992) showed reduced glutamate levels in the GP and substantia 
nigra of those with TS, while a study investigating serum glutamate concentrations 
showed increased levels in adult TS patients compared to controls (Janik et al. 2010). 
Our current findings do not support the hypothesis of glutamatergic involvement in 
the fronto-striatal network in TS. 

The current study found no difference in those with ADHD compared to healthy 
controls or any association between glutamate levels and ADHD severity scores in 
either the ACC or striatum. Previous studies have been confounded by methodological 
issues but do appear to show increased Glx levels in both these regions in paediatric 
ADHD compared to controls (Naaijen et al. 2015), an observation not replicated here, 
and reduced striatal Glx in adults with ADHD (Maltezos et al. 2014). Associations 
with symptom severity have been reported previously in adults with ADHD in which 
negative correlations between inattentive symptoms and glutamate-to-creatine 
ratios in the ACC (Dramsdahl et al. 2011) or Glx levels in the basal ganglia (Maltezos 
et al. 2014) were  reported. However, these studies were performed in adults, who 
differ in both ADHD symptoms (Polanczyk et al. 2007) and glutamate levels (Horská 
et al. 2002) compared to children. 

Possibly the most interesting finding of the current study, however, is the potential 
positive correlation between ACC glutamate levels and OC-symptoms within 
participants with TS. The correlation was present also for both the obsessions 
and compulsions subscales separately. This suggests the association with ACC 
glutamate concentration relates to the severity of OC-symptoms irrespective 
of these dimensions. Elevated ACC glutamate may be associated with cognitive 
control deficits related to obsessions and compulsions (Botvinick et al. 2004). 
However, these findings failed to survive correction for multiple comparisons so 
should be interpreted with caution. Previous literature investigating associations 
with symptom severity in OCD samples have also shown positive correlations with 
glutamatergic compounds. For instance, correlations between Glx levels in dorsal 
and rostral ACC (Yücel et al. 2008) and caudate nucleus (Gnanavel et al. 2014) 
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and total symptom severity as measured with the Y-BOCS were reported before, 
although only in adult samples. Our findings should, however, only be interpreted in 
relation to OC-symptoms within TS. No studies so far have examined glutamatergic 
compounds in childhood TS and OCD together. Further studies are required to see 
if the current trend-findings extend to OC-symptoms within paediatric OCD and 
across other disorders that exhibit similar behaviours, such as ASD. Furthermore, 
this is a child sample of participants and how these findings relates to OC-symptoms 
in adult TS will remain unclear until further research is conducted. 

The current study ranks among the first to use MRS to investigate brain 
neurochemical concentrations in TS and is the very first to investigate glutamate 
concentrations in both TS and ADHD together. However, the study was limited by 
the small number of TS participants who presented without ADHD/sub-threshold 
ADHD, these figures are in line with what is expected given the high comorbidity 
rates of ADHD in TS (Hirschtritt et al. 2015). It is unlikely that this significantly 
hindered the study as our null findings regarding tics and ADHD are supported 
by the lack of correlations between symptom severity and glutamate levels. These 
results should not be extrapolated to adults as glutamate concentrations change 
with age (Horská et al. 2002) and adult ADHD and TS may well constitute specific 
presentations of TS and ADHD that persist from childhood. Many participants were 
medicated, which may alter glutamate levels. However, as the effect of current 
medication use did not influence glutamate concentrations in either the ACC or 
striatum medication use was unlikely to have confounded our results. There are 
several additional factors that may influence glutamatergic signalling such as time 
of day, sleep, food intake etc. for which we unfortunately could not control (Yuen 
et al. 2009; Zlotnik et al. 2011). Future work is needed to confirm the influence of 
these factors. Most questionnaires were answered about an un-medicated period, 
however, a small number of parents opted to answer about a medicated period 
as they were more familiar with this behaviour, this may have led to inconsistent 
measures of symptom severity in a few cases. Finally, due to low spatial resolution 
in MRS studies (i.e. large ROIs) it is difficult to determine regionally specific 
glutamatergic alterations. This is particularly relevant for the striatum ROI, which 
may contain functionally independent areas with regard to caudate nucleus and 
putamen. Further investigation should be undertaken to confirm the relation of OC-
symptoms and glutamate concentrations in other disorders (OCD, ASD) and also in 
adult cohorts to determine if the association within TS is limited to children with TS 
or also present in adult TS.  

In conclusion, we found no support for alterations in glutamatergic transmission in 
the fronto-striatal circuit of children with either ADHD, TS or a combined diagnosis. 
However, the current study suggests glutamatergic alterations in the ACC in relation 
to OC-symptoms within children with TS.
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Supplementary Material Chapter 5
Glx

Uncorrected p-values are reported below for Glx analysis in the ACC and striatum. 
No p-values were significant following correction for multiple comparisons.

ACC

Age and sex had no significant influence on the ANCOVA model and were subsequently 
excluded. There was no group difference in corrected Glx levels ANOVA (F(3, 132)=0.56, 
p=0.64). There was no influence of IQ (p=0.79), total CPRS ADHD severity T-score 
(p=0.81), inattentive CPRS T-score (p=0.98), hyperactive CPRS T-score (p=0.55), 
CSBQ core autism symptom-score (p=0.28) or RBS compulsivity score (p=0.45). 
Current medication use showed no significant effect on Glx levels when any current 
medication (p=0.89), current stimulant medication (p=0.47) or current antipsychotic 
medication (p=0.46) were investigated. There were no correlations in those with tics 
between corrected Glx concentrations and tic severity (total p=0.86, motor p=0.48, 
vocal p=0.70), duration since (p=0.16) or age of onset (p=0.07). There were also no 
correlations between ACC Glx and CY-BOCS total score (p=0.35). The analysis was 
limited to the participants that were administered the CY-BOCS (n=44, all with TS).

Striatum

Similarly for the striatal analysis there were no significant effects of age or sex on 
Glx levels. Group analysis revealed no difference in striatal corrected Glx levels (F(3, 

121)=2.58, p=0.06). Again there was no influence of IQ (p=0.99), total CPRS ADHD 
severity T-score (p=0.57), inattentive CPRS T-score (p=0.47), hyperactive CPRS 
T-score (p=0.79), CSBQ core autism symptom score (p=0.78), RBS compulsivity score 
(p=0.66) or current medication use (any p=0.52, stimulant p=0.77 or antipsychotic 
p=0.08). There were no correlations between corrected Glx concentrations and tic 
severity (total p=0.22, motor p=0.21 vocal p=0.43), duration since (p=0.30) or age 
of onset (p=0.01). There was no association between Glx and CY-BOCS total score 
(rho=-0.34, p=0.02).
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Supplementary figure 1 Boxplots of Glx concentrations per group in the ACC and striatum. No group 
differences in glutamate levels were seen. ADHD - attention-deficit/hyperactivity disorder, HC - healthy 
controls, i.u. - Institutional Units, TS - Tourette syndrome, TS+ADHD - Tourette syndrome and comorbid 
attention-deficit/hyperactivity disorder 

no, honestly we're never smart
we fake it, fake it all the time
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Abstract
Background: Multi-modal imaging may improve our understanding of the 
relationship between cortical morphology and cytoarchitecture. To this end 
we integrated the analyses of several magnetic resonance imaging (MRI) and 
spectroscopy (MRS) metrics within the anterior cingulate cortex (ACC). Considering 
the ACCs role in neurodevelopmental disorders, we also investigated the association 
between neuropsychiatric symptoms and the various metrics.  

Methods: T1 and diffusion-weighted MRI and 1H-MRS (ACC voxel) data along 
with phenotypic information were acquired from children (8-12 years) with 
various neurodevelopmental disorders (n=95) and healthy controls (n=50). From 
within the MRS voxel mean diffusivity (MD) of the grey matter fraction, intrinsic 
curvature (IC) of the surface and concentrations of glutamate, N-acetylaspartate 
and myo-inositol were extracted. Linear models were used to investigate if the 
neurochemicals predicted MD and IC or if MD predicted IC. Finally, measures of 
various symptom severities were included to determine the influence of symptoms 
of neurodevelopmental disorders.  

Results: All three neurochemicals inversely predicted MD (all puncorrected<0.04, β=0.23-
0.36). There was no association between IC and MD or IC and the neurochemicals 
(all p>0.05). Severity of autism symptoms related positively to MD (puncorrected=0.002, 
β=0.39).  

Conclusion: Our findings support the notion that the neurochemicals relate to 
cytoarchitecture within the cortex. Additionally, we showed that autism symptoms 
across participants relate to the ACC cytoarchitecture. 
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Introduction 
Neuroimaging studies continuously falter when it comes to the interpretation 
of morphological measures. The ability to link morphology with the underlying 
cytoarchitecture and, even more importantly, with cellular functioning could prove 
paramount to understanding both healthy functioning and deviations from it that 
lead to behavioural changes and symptoms seen in neurodevelopmental disorders 
(Casanova and Trippe 2009; Kotagiri et al. 2014; Bakhshi and Chance 2015). Here 
we have applied a multi-modal approach to determine how several metrics, all 
purportedly related to the cytoarchitecture albeit measured at different scales, relate 
to each other. It is likely that one biological process (whether it is deviant or not) is 
reflected not in just one modality, but to varying extents in several modalities. By 
using a multi-modal approach the strengths of the different modalities complement 
each other, providing a more complete picture of the topic under investigation 
(Curiel et al. 2007).  

Many morphological measures of the brain can be derived from T1-weighted 
magnetic resonance imaging (MRI) data. Intrinsic curvature (IC) is a relatively new 
morphological index of the cortical surface and it has been proposed to relate to the 
underlying cell density (Ronan et al. 2011). It is posited that expansion of the surface 
progresses at different rates across the surface dependent on the cytoarchitecture 
within the cortex. This process of differential expansion results in changes to the 
surface, measurable as IC. The degree of differential expansion is less in areas of 
greater cell density due to the accumulative tangential tension applied by the cells 
hindering expansion (Ronan et al. 2011; Ronan and Fletcher 2015). This association 
suggests IC can be used as a quantifiable measure of the cortical cell density. 

Mean diffusivity (MD), an index derived from diffusion-weighted MRI data (dMRI), 
also relates to the cytoarchitecture. Diffusion-weighted MRI is a technique sensitive 
to the Brownian movement of water molecules within the tissue. MD is the average 
amount of diffusion by water in any direction within a voxel. Cell bodies and axons 
form obstacles to water diffusion, thereby reducing MD. MD therefore will vary 
dependent on cell density (Beaulieu 2002), where higher cell density will result in 
lower MD.   

Proton MR Spectroscopy (1H-MRS) allows the non-invasive in vivo quantification of 
several neurochemicals simultaneously within a selected area of the brain. These 
include neurochemicals that due to their individual cellular localisation can also 
be used as measures of cell density. For instance, the intracellular concentration 
of glutamate is several thousand times higher than its extracellular concentration 
(Danbolt 2001). We therefore propose that glutamate may be used as a proxy for 
cell density. N-Acetylasparate (NAA) has been proposed as a marker of neuronal 
integrity although its concentration varies across neuronal populations limiting its 
interpretability (Moffett et al. 2007). Finally, myo-inositol (mI) has been proposed as 
a glial cell marker (Brand et al. 1993). 

Several studies to date used multimodal neuroimaging to investigate associations 
between different imaging measures and symptoms in different neurodevelopmental 
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disorders. For instance, one study used anatomical MRI, dMRI and 1H-MRS to 
investigate differences between patients with autism spectrum disorder (ASD) 
and controls (Libero et al. 2015). Differences between groups were found within 
all measures in several different brain regions. Similarly, a study investigating 
bipolar disorder found differences in grey matter (GM) volume, white matter (WM) 
microstructure and functional connectivity in several regions throughout the brain 
(Johnston et al. 2017). However, neither study integrated the analyses of the different 
measures nor did they use the same region of interest across the different measures.  

The anterior cingulate cortex (ACC), an important region for cognitive control, 
attention and emotion regulation (Allman et al. 2001), has been widely implicated 
in various neurodevelopmental disorders, including Tourette syndrome (TS), 
obsessive-compulsive disorder (OCD), attention-deficit/hyperactivity disorder 
(ADHD) and ASD. Studies have reported structural (Müller-Vahl et al. 2009; Nakao 
et al. 2011; Frodl and Skokauskas 2012; Kühn et al. 2013; Ecker et al. 2015), 
neurochemical (Brennan et al. 2013; Naaijen et al. 2015; Freed et al. 2016) and 
functional (Stern et al. 2000; Hart et al. 2013; Neuner et al. 2014; Brennan et al. 
2015; Hull et al. 2017) changes, but findings have been inconsistent. TS, OCD, ADHD 
and ASD may all show increased impulsive and compulsive behaviour, although to 
different extents. The ACC has been hypothesised to be involved in regulating these 
behaviours through top-down cognitive control (Dalley et al. 2011), which makes it 
an interesting region to investigate across various neurodevelopmental disorders 
with partially overlapping symptoms.  

Here, based on the abovementioned assumptions regarding the relations between 
the different imaging metrics and cell density, we integrated the analyses of different 
metrics within the ACC. To this end we used anatomical data, diffusion weighted 
imaging and 1H-MRS from a cohort of healthy children and children with various 
neurodevelopmental disorders, including TS, OCD, ADHD and ASD. We hypothesised 
that the MRS metrics (Glu, NAA and mI concentrations) would be predictive of MD 
and the degree of IC. Similarly, we expected that MD would predict IC. Which MRS 
neurochemical best predicts MD and IC may suggest which cellular population has 
a greater impact on the respective measures. Furthermore, we investigated whether 
symptoms related to neurodevelopmental disorders were associated with the 
metrics.

Methods 
Participants 

Participants in this study were all reported on previously (Forde et al. 2016; Naaijen et 
al. 2016; Naaijen et al. 2017). Briefly, healthy control children were recruited mostly 
through local schools. Children with neurodevelopmental disorders, including TS, 
OCD, ADHD and ASD, were recruited via child and adolescent psychiatry/neurology 
departments and patient associations throughout the Netherlands. Written 
informed consent was provided by the parents/guardians of all participants and 
written assent was also given by participants who were 12 years of age. The study 
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was approved by the regional ethics board (CMO Regio Arnhem Nijmegen, numbers: 
NL42004.091.12 & NL48377.091.14). After quality control of the MRI and MRS 
data, n=50 healthy controls and n=95 patients (with primary diagnosis of TS, n=40; 
OCD, n=8; ADHD, n=38; ASD, n=9) were available for statistical analysis. Diffusion 
MRI data were available for n=36 healthy controls and n=46 patients. See Quality 
assessment section for details. 

Inclusion and exclusion criteria along with information on phenotypic data collection 
were extensively reported previously (Forde et al. 2016; Naaijen et al. 2016; Naaijen 
et al. 2017). Briefly, all participants were 8-12 years old with an IQ>70, were of 
Caucasian decent, had no contra indications for MR assessment, no previous head 
injuries or neurological disorders and no major medical illness. Participants of the 
healthy control group were free of psychiatric disorders as determined by domain 
scores in the normal range on screening questionnaires (Child behavior checklist 
[CBCL] and Teacher Report Form [TRF]; Bordin et al. 2013). A key inclusion criterion 
for the patient group was meeting DSM-IV criteria for the respective disorders. 

Phenotypic information 

TS diagnosis and tic severity were determined and rated using the Yale Global Tic 
Severity Scale (YGTSS; Leckman et al. 1989). The Children’s Yale-Brown Obsessive 
Compulsive Scale (CY-BOCS; Scahill et al. 1997) was used to confirm diagnosis of 
OCD and determine severity of obsessions and compulsions (in all participants if 
symptoms were present irrespective of diagnosis). To determine the presence of 
ADHD and other psychiatric disorders the Kiddie Schedule for Affective Disorders 
and Schizophrenia (K-SADS; Kaufman et al. 1997) interview was administered to the 
parent(s) of all participants. The screening module was used, followed if needed by 
disorder-specific modules. ASD was evaluated with the autism diagnostic interview 
revised (ADI-R; Lord et al. 1994), a structured developmental interview to assess ASD 
symptom severity and classify diagnosis. All interviews on psychiatric symptoms 
were conducted about an unmedicated period. Information about tic severity was 
based on the previous week. 

Phenotypic traits across disorders were further assessed with parental 
questionnaires including the Conners’ Parent Rating Scale – Revised Long version 
(CPRS-RL; Conners et al. 1997) to rate total ADHD severity, the Children’s Social 
Behavioral Questionnaire (CSBQ; Luteijn et al. 2000) to rate core autistic traits, 
a subscale of the Repetitive Behavior Scale (RBS-R; Lam and Aman 2007) to rate 
repetitive/compulsive behaviours and a medication questionnaire to determine 
medication history. Full-scale IQ was estimated from four subtests of the Wechsler 
Intelligence Scale for Children-III (WISC-III; Wechsler 2002).

T1-weighted MRI acquisition 

All MRI datasets were acquired on a 3T Siemens Prisma (Siemens, Erlangen, Germany) 
scanner, located in the Donders Institute for Brain, Cognition and Behavior, Nijmegen, 
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the Netherlands. T1-weighted anatomical images were acquired with a sagittal, 3D 
magnetization prepared rapid gradient echo (MPRAGE) parallel imaging sequence 
with the following parameters: TR=2300 ms, TE=2.98 ms, TI=900 ms, FoV=256 mm, 
slice thickness=1.20 mm, flip angle=9 degrees, in plane resolution=1.0×1.0 mm, 
acceleration factor=2, acquisition time=5:30 minutes. 

Diffusion-weighted MRI acquisition 

Diffusion-weighted datasets were acquired, on a subsample of participants (n=102). 
After quality control, n=82 remained (n=46 patients and n=36 controls). A pulsed 
gradient spin-echo echo-planar imaging (EPI) sequence was used. Two non-
diffusion weighted reference images (b=0 s/mm2) and 64 images with a diffusion 
gradient (b=1500 s/mm2) were acquired at each of 72 transversal slices with the 
following parameters: TE=103 ms, TR=12,000 ms, slice thickness=2 mm, in-plane 
resolution=2 x 2 mm and acquisition time=13:48 minutes.

MRS acquisition 

Proton spectra were acquired using a point resolved spectroscopy (PRESS) 
protocol with chemically selective suppression (CHESS) water suppression (Haase 
et al. 1985). A 2×2×2 cm voxel was placed on the midline covering pregenual ACC 
(TR=3000 ms, TE=30 ms, number of averages = 96, bandwidth = 5kHz, number 
of points = 4096). Unsuppressed water reference spectra (16 averages) were also 
acquired. Total acquisition time was six minutes. Voxel location was adjusted for 
each participant to maximize GM content. See Figure 1A and 1D for the location of 
the voxel and an example spectrum, respectively. T1-weighted images were used for 
voxel placement and for tissue segmentation. 

Quality assessment 

Anatomical, dMRI and MRS data were all evaluated for data quality. Anatomical and 
dMRI datasets for each participant were visually inspected (for imaging- and motion 
artefacts) and evaluated by an experienced rater (NJF) who was blinded to group. 
Measures of quality such as signal-to-noise ratio (SNR) and motion parameters were 
investigated in addition to the visual evaluation. MR spectra were required to have a 
linewidth (full-width at half-maximum) ≤0.1 ppm and SNR ≥5 (all spectra were ≥19). 
To ensure similar data quality across the patient and control groups the Cramér-Rao 
lower bounds (CRLB) were compared for each metabolite of interest (Kreis 2015). 
These did not differ between patients and controls for any of the metabolites (all 
p-values > 0.1). CRLB estimated standard deviations for Glu, NAA and mI for the full 
sample were 4.3%, 2.1% and 3.3%, respectively. Mean voxel percentage GM, WM 
and cerebrospinal fluid (CSF) were 71.02 (6.14) %, 11.42 (2.26) % and 17.53 (6.28) 
% respectively. These also did not differ between the control and patient groups 
(all p-values > 0.05; see Supplementary table 2). Consistency of voxel placement 
across patients and controls can be seen in Figure 2. Participants with poor quality 
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anatomical/spectral data or with bad anatomical segmentation were excluded from 
analysis (n=29, these participants were not included in the demographic section/
Table 1). An additional 20 participants were excluded from analyses of diffusion 
measures only based on their dMRI quality. Seven additional participants were 
excluded for having values of more than 3 standard deviations from the mean for 
our variables of interest. Our final samples for analyses consisted of n=145 (IC and 
the neurochemicals) and n=82 (analyses including MD).

Processing 

T1-weighted images underwent processing with the unified segmentation 
procedure within the VBM8 toolbox of SPM8 (Statistical Parametric Mapping 8, UCL, 
London, UK) to produce GM, WM and CSF probability maps. Spectroscopy voxels 
were mapped onto these probability maps to generate fractions of GM, WM and 
CSF within each spectroscopy voxel (fGM, fWM and fCSF).  MRS data were processed 
with Linear Combination Model (LCModel), version V6.03-0I (Provencher 1993; 
Provencher 2001), using a linear combination of in vitro metabolite solution 
spectra as a reference to identify and quantify the metabolite concentrations in 
in vivo spectra as described previously (Naaijen et al. 2016; Naaijen et al. 2017). 
Briefly, processing included eddy current correction and calculation of water-
referenced concentrations in institutional units (i.u.). Each individual’s metabolite 
concentrations were corrected for partial volume confounds and differing amounts 
of water in each tissue type with the following formula:

Metabolitecorrected

 = MetaboliteRaw * ((43300 * fGM + 35880 * fWM + 55556 * fCSF)/35880) * (1/(1 - fCSF))

where 43300, 35880, and 55556 are the water concentrations in mM for GM, WM, 
and CSF, respectively. Metabolitecorrected represents the metabolite concentration 
from the grey and white matter proportion of the MRS voxel, following the LC Model 
assumption that CSF is free of metabolites (Provencher 2014). 

White and pial cortical surfaces for each hemisphere were reconstructed from the 
T1-weighted data using the fully automated ‘recon-all’ procedure in FreeSurfer v5.3 
(Fischl et al. 1999b; Dale et al. 1999; Fischl et al. 1999a; Fischl and Dale 2000). These 
cortical reconstructions were used in the Caret software (v5.65, http://brainvis.
wustl.edu/wiki/index.php/Caret:About) to calculate the IC per vertex as described 
previously (Ronan et al. 2014; Forde et al. 2014). 

Diffusion-weighted data were de-noised with a local principal component analysis 
(LPCA) noise filter as well as affine transformed to correct for motion and eddy 
current distortions (SPM8, London, UK). Susceptibility distortions were non-linearly 
corrected along the phase encoding direction to optimally match the T1-weighted 
image (Visser et al. 2010). Finally, diffusion tensors were robustly estimated using 
the PATCH (Zwiers 2010) algorithm to eliminate artifacts in the data from cardiac 
and head motion.
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Figure 1 Each processing step for one randomly chosen subject is shown. (A) Localisation of the MRS 
voxel (red) on the T1-weighted image. (B) Skull stripped T1-weighted image with tissue segmented voxel; 
red, orange and yellow correspond to grey matter, white matter and CSF, respectively. (C) Mean diffusivity 
(MD) image in T1-weighted space with grey matter fraction of the MRS voxel shown in red. (D) MRS 
spectrum with peaks corresponding to the major metabolites indicated. The thin black line represents 
the frequency-domain data, the red line is the LCModel fit. In the top panel the residuals are plotted 
(the data minus the fit). (E) MRS voxel is shown in orange having been transformed to FreeSurfer space. 
Green and red lines indicate the white/grey and grey/pial tissue borders, respectively, as defined by 
FreeSurfer. (F) Red indicates surface within the MRS voxel on the medial pial surface for the left and right 
hemispheres, respectively. Cho - Choline, Cre - creatine, Gln - glutamine, Glu - glutamate, Glx - Glu+Gln, 
MD - mean diffusivity, mI - myo-inositol, NAA - N-Acetylaspartate.
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6Figure 2 Average voxel placement per group; (A) controls, (B) patients and (C) combined for control and 
patients groups. Mid-line ACC voxels are superimposed on MNI template. Voxel placement was highly 
consistent within and across groups.

Extracting metrics from within the MRS voxel

A transformation matrix was generated by registering (fslregister) the T1-weighted 
image in native space to the FreeSurfer anatomical image. This transformation was 
then applied to the binarised MRS voxel file while converting it to a surface (mri_
vol2surf), which resulted in a surface file that masked the region within the MRS 
voxel for each hemisphere in FreeSurfer space.  

The IC files for each hemisphere were imported to Matlab (R2012b) where IC 
values from the region within the MRS voxel were isolated using the surface masks 
previously generated. These were then filtered to remove IC values inconsistent 
with the resolution of reconstruction (Ronan et al. 2012; Ronan et al. 2014) before 
calculating the absolute values of the remaining per-vertex IC measures. Values 
for left and right were combined before the skewness of the IC distribution for the 
region within the MRS voxel was computed (Ronan et al. 2012; Ronan et al. 2014). 
The distribution of cortical IC values is highly skewed towards zero (Pienaar et al. 
2008; Ronan et al. 2011; Ronan et al. 2012). Therefore, it is more informative to use 
the dimensionless measure of skew, rather than mean or median, as a measure of 
the degree of differential expansion in the region. We infer that the less skewed the 
distribution the greater the degree of IC, which is proposed to reflect a lower cell 
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density. 

A transformation matrix from diffusion to T1-weighted space was generated 
by linearly registering the average b=0 s/mm2 image to the T1-weighted image 
using FMRIB’s Linear Image Registration Tool (FLIRT; Jenkinson and Smith 2001; 
Jenkinson et al. 2002). This matrix was then applied to the MD image to transform 
it to T1 space. The GM fraction of the MRS voxel was isolated and binarised with 
fslmaths. Fslstats was then used to extract metrics from the MD image from within 
the GM masked region (Smith et al. 2004; Woolrich et al. 2009).   

Statistics 

Statistical analyses were conducted with the R statistical program (R Core Team 
2013). Pearson’s chi-squared tests were used to examine the differences between 
the control and patient groups in categorical measures (sex and handedness). 
Group differences in continuous measures (age and IQ) were assessed with a 
Welch two sample t-test if assumptions of homogeneity of variance and normality 
of distributions were met (p>0.05 in Bartlett’s test of homogeneity of variance 
and Shapiro-Wilk normality test). If either of these assumptions were violated a 
non-parametric Mann-Whitney U test was used. Group differences in voxel tissue 
composition and spectral quality were assessed with Welch two sample t-test (if 
normal and homogenous, as above).  

To address our primary question, i.e. are the MRS metrics, MD and IC associated, we 
used linear models including age and sex to determine if the respective metabolites 
(NAA, Glu and mI) predicted IC skew and MD (subset of data) and if MD predicted IC 
skew. When residuals of the model were not normally distributed we used a Box-Cox 
power transformation (Box and Cox 1964) to normalise the data. As our variables 
of interest were not totally independent, corrections for multiple comparisons 
(seven tests) were based on the effective number of tests (Nyholt 2004). This 
resulted in an adjusted alpha level of 0.009 (based on 5.6 effective tests rather 
than seven). Subsequently, we added phenotypic data to the models to address our 
second question; do cross-disorder symptoms of neurodevelopmental disorders 
significantly relate to the metrics? Here, ADHD severity T-score (CPRS; Conners et 
al. 1998), ASD core symptoms (CSBQ; Luteijn et al. 2000), repetitive and compulsive 
behaviours (RBS-R; Lam and Aman 2007), TS (yes/no; YGTSS; Leckman et al. 1989) 
and IQ were examined in addition to sex and age.  

As a visual aid to understand the shared variance of the MR metrics we also conducted 
a principal component analysis (PCA) including participants for whom data for each 
metric were available (n=82). The principle components were not further analysed, 
as the above methods were deemed more suitable to address our specific research 
question and to make better use of the available data. The principle components are 
not specific to the metrics nor do they give information on how related each metric 
is to another. Results from the PCA analysis can be found in Supplementary table 3 
and Supplementary figure 1.
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Results 
Demographics 

Participant demographic details are reported in Table 1 (n=145). The patient group 
included participants with a primary diagnosis of TS, n=40; OCD, n=8; ADHD, n=38; 
ASD, n=9. For more detailed demographic information regarding the patient group 
and comorbidities, see Supplementary table 1. For the analyses including MD, 
the number of participants was fewer (n=46 and n=36 for patients and controls, 
respectively). This reduction did not affect the demographic distributions between 
groups (n=82; age, t=-1.36, p=0.18; sex, χ2=0.50, p=0.48; IQ, t=-3.11, p=0.003; 
handedness, χ2<0.01, p=0.99).

Table 1 Demographic details    

Patient Control Test statistic p-value

n 95 50
Age years, mean(SD) 10.76 (1.31) 11.03 (0.99) K-W χ2= 0.99 0.32
Sex, m/f 59/36 36/14 χ2= 1.02 0.31
aIQ, mean(SD)
Range

102.8 (12.2) 
70.9-137.4

109.6 (10.9) 
87.5-133.3

t = -3.44 0.0008**

Handedness, r/l 82/13 46/4 χ2= 0.55 0.46
aIQ estimated from a subtest of the Wechsler Intelligence Scale for Children-III (WISC-III; Wechsler, 2002) 
rating. ** p <0.01

Neurochemicals predicting MD 

In our basic models (including age and sex) we saw that all three neurochemicals 
predicted MD (NAA: β=0.32, t=2.94, p=0.004; Glu: β=0.36, t=3.36, p=0.001; mI: 
β=0.23, t=2.05, p=0.04), although mI failed to reach statistical significance following 
multiple comparison correction (adjusted alpha = 0.009). In each case there was a 
negative association between MD and the neurochemical (statistical analyses show 
a positive t-stat due to Box-Cox transformations), see Figure 3.   

These findings were negligibly influenced by the inclusion of phenotypic data. 
None of the phenotypic information had a significant effect on the models (all 
p-values>0.02). However, autism symptoms (CSBQ core score) and compulsive 
behaviours (RBS compulsivity subscale) consistently appeared to affect the models 
although not significantly considering the adjusted alpha level (CSBQ: p=0.02-0.03; 
RBS p=0.04-0.06). We further investigated each of these phenotypic measures with 
respect to NAA, Glu, mI and MD individually using a linear model. This showed that 
autism traits significantly predicted MD (β=0.39, t=3.29, p=0.002, see Figure 4) but 
not any of the metabolite concentrations (all p-values>0.2). Compulsive behaviours 
did not significantly predict MD or any of the neurochemical concentrations (p>0.07). 
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Figure 3 Figures show the raw data points and regression fit lines with their 95% confidence intervals 
(shaded areas) for association between the neurochemicals and mean diffusivity (MD). R2 and p-values 
are derived from the linear models including age and sex. A similar pattern of negative association is seen 
between all neurochemicals and MD (Note: statistical analyses indicate positive t-stats due to the Box-Cox 
transformations). Glu – glutamate, mI – myo-Inositol, NAA – N-Acetylaspartate, i.u. - institutional units.

Figure 4 Figure show the raw data points and regression fit line with its 95% confidence interval (shaded 
area) for the association between the Children’s Social Behavior Checklist (CSBQ; Luteijn et al. 2000) core 
autism symptoms and mean diffusivity (MD). R2 and p-values are derived from the linear model including 
age and sex. 
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Neurochemicals predicting IC 

None of the neurochemicals significantly predicted IC skew (NAA: β=-0.15, t=-1.75, 
p=0.08; Glu: β=0.05, t=0.62, p=0.54; mI: β=0.10, t=1.17, p=0.25). The inclusion of 
phenotypic data did not significantly influence the model (all p-values>0.05). 

MD predicting IC 

MD did not predict IC skew (β=-0.05, t=-0.43, p=0.67). However, sex had a significant 
main effect (β=0.28, t=2.56, p=0.01). 

To ensure our findings were not unduly affected by the inclusion of patients, we 
repeated our analyses regarding whether the respective measures were associated 
with each other in the healthy control group only (n=50 or n=36 when MD was 
investigated). As expected due to the decrease in power associated with reducing 
subject number none of our findings of neurochemicals predicting MD remained 
significant, however, the pattern and size of effects remained stable (NAA: β=0.32, 
t=1.88, p=0.07; Glu: β=0.34, t=2.02, p=0.05; mI: β=0.26, t=1.51, p=0.14). Results 
involving IC skew were also similar to those of the full group.

Discussion
In the current study we investigated whether there was an association between 
several different structural and neurochemical metrics, which are all theoretically 
related to cell density, within the ACC. As hypothesised, concentrations of all three 
neurochemicals investigated (NAA, Glu and mI) were related to MD, although mI 
concentration was not significantly related to MD after correction for multiple 
comparisons. In each case there was a negative association between MD and the 
neurochemical concentration (statistical analyses show a positive t-stat due to Box-
Cox transformations). This supports the notion that water diffusion (quantified by 
MD) is hindered by cells (both neuronal and glial) and varies with cell density. Opposed 
to our hypothesis we saw no association between neurochemical concentrations or 
MD with the degree of IC of the surface. Finally, we investigated whether symptoms 
related to neurodevelopmental disorders, including autism symptom severity, 
attention, hyperactivity, compulsivity, obsessions and tics, were associated with the 
metrics. We showed a negative association between autism symptom severity and 
MD within the ACC region investigated. This suggests higher cell density in the ACC 
is associated with more severe autism symptoms across disorders.  

We proposed that Glu concentration could be used as a proxy for cell density. The 
current finding of a negative correlation between Glu and MD supports this idea. As 
mentioned above, diffusion of water molecules (quantified by MD) is hindered by 
cells, thus with a higher cell density MD is lower. A previous study in a male group 
of healthy adults found a similar association between Glu concentration and MD, 
albeit in a different region of interest – posterior cingulate cortex (PCC; Arrubla et 
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al. 2017). Another previous study reported a negative association between NAA and 
MD in the centrum semiovale WM of controls and patients with cerebrovascular 
disease (Nitkunan et al. 2008) which they interpreted as relating to axonal loss or 
dysfunction. Our findings are in line with those of both studies and additionally show 
a similar association between MD and mI that has not previously been reported. 
However, the association here was not significant following multiple comparison 
correction and warrants replication. We chose to investigate the association with 
Glu, NAA and mI because of our understanding of their cellular localisation, but 
other metabolites may also relate to cell density. 

There was no significant relationship between IC skew and neurochemical 
concentrations or between IC skew and MD indicating that IC does not directly relate 
to the underlying cortical cell density. This is not to say that during development 
of the cortex cell density does not influence differential surface expansion and 
thereby IC and cortical folding as hypothesised (Ronan et al. 2011; Ronan and 
Fletcher 2015). The only thing we can infer from our results is that at the age of our 
participants (8-12 years) the relationship is not present. This may be due to several 
other factors. For instance the cortex at this age is no longer expanding but is in fact 
reducing in thickness (Shaw et al. 2008; Ostby et al. 2009; Raznahan et al. 2011; 
Brown et al. 2012; Amlien et al. 2016), surface area (according to some sources 
[Ostby et al. 2009; Raznahan et al. 2011; Brown et al. 2012; Shaw et al. 2012]) and 
gyrification (Raznahan et al. 2011; Shaw et al. 2012). These processes may obscure 
any relationship that would once have been present. As well as this differential 
expansion leads to cortical folding which itself is thought to alter the cortical cell 
density in places which would in turn effect future surface expansion and result in a 
complex association of IC to cell density (Ronan and Fletcher 2015).   

Severity of autism symptoms across disorders was inversely related to MD. From 
this we infer that those with more severe autistic traits have a higher cell density 
(which restricts water diffusion and results in a lower MD). This is in line with a 
former study of the same cohort where increased Glu concentrations were found in 
participants with ASD compared to controls in the same region of interest (Naaijen 
et al. 2016). Additionally, in this previous study Glu concentration in the ACC was 
positively correlated with a measure of repetitive behaviour (limited interest) 
across ASD and OCD patients, supporting the assumption of higher cell density 
across disorders with an increase in autism symptom severity. Previous research has 
suggested cytoarchitectural changes in ASD (Casanova and Trippe 2009). A study in 
adults with ASD showed atypical intrinsic cortico-cortical connectivity compared 
with controls at the level of grey matter, indicating cytoarchitectural abnormalities 
(Ecker et al. 2013). In another study of adults with ASD lower cell density was shown 
in the septal hypocellular gap of the subventricular zone, however, comparing 
this to the current study is difficult as a sub-cortical region was investigated and 
layer specific abnormalities were found (Kotagiri et al. 2014). Several of these 
studies refer to a strong genetic component involved in cytoarchitectural changes. 
It would therefore be worthwhile to investigate genetic factors underlying these 
cytoarchitectural changes along with the neurochemicals and MD in future studies. 
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Strengths of the current study were the investigation of a relatively large group 
of children with a restricted age range (8-12 years). Although investigating a 
heterogeneous group of participants with several different neurodevelopmental 
disorders can have limitations, by utilising dimensional measures across the groups 
we could address our research questions better than would have otherwise been 
possible. This dimensional approach has been advocated by Robbins and colleagues 
(Robbins et al. 2012) and the research domain criteria (RDoC) initiative (Cuthbert 
2014) as opposed to categorising participants based on arbitrary thresholds. 
Furthermore, to account for the possible confound of heterogeneity caused by the 
different diagnostic groups, we performed an internal replication in the healthy 
controls, which showed similar results, although non-significant due to reduced 
power. A further strength of the current study was the use of several metrics, 
all with a theoretical relationship to cell density, in one region of interest. These 
metrics complement each other to give more information than investigating them 
individually.  

In conclusion, the current study showed that the concentrations of various 
neurochemicals are inversely associated with MD supporting the notion that they 
all relate to cell density within the cortex. IC on the other hand was unrelated to the 
other metrics investigated suggesting that it is not directly related to the cell density 
within the cortex. Finally, our findings support evidence that autism symptoms 
across disorders relate to the cytoarchitecture in the ACC. Whether this extends to 
other areas needs further examination.  
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Supplementary Material Chapter 6 

Supplementary table 1 Demographic details on the controls and patient sub-groups

TS ADHD ASD OCD Control Test 
statistic p-value

n 40 38 9 8 50

Age years, 
mean(SD)

10.51 (1.48) 10.88 (1.17) 11.19 (1.20) 10.95 (1.18) 11.02 (0.99) K-W 
χ2=4.03

0.40

Sex, m/f 34/6 21/17 1/8 3/5 36/14 χ2=23.99 0.00008**
aIQ, mean(SD)
Range

105.4 (11.3) 
80.6-126.3

101.6 (12.8) 
70.9-137.4

99.0 (9.8) 
82.0-113.9

99.1 (15.4) 
80.6-122.2

109.6 (10.9) 
87.5-133.3

F=3.81 0.006**

Handed, r/l 35/5 33/5 8/1 6/2 46/4 χ2=2.13 0.71
bOC-symptoms, 
mean(SD)

6.83 (7.88) 4.67 (11.43) NA 17.33 (6.35) 0 (0)

cTic severity, 
mean(SD)

20.1 (8.82)

dADHD severity, 
mean(SD)

63.03 
(12.08)

70.39 
(11.22)

68.89 
(10.90)

63.25 
(13.09)

45.44 
(5.02)

RBS compulsivity, 
mean(SD)

2.13 (2.57) 1.12 (1.80) 1.56 (1.51) 5.63 (4.00) 0.10 (0.36)

CSBQ core autism 
score, mean(SD)

14.31 
(10.36)

12.43
(7.67)

24.67 
(4.97)

13.00 
(10.16)

1.46 
(1.92)

eMedication
Stimulant
Atomoxetine
Antipsychotic
Clonidine
SSRI

9
0
7
2
0

25
1
1
1
0

0
0
2
1
0

1
0
0
0
2

0
0
0
0
0

fComorbidities ADHD (18)
OCD (4)
ODD (2)
GAD (1)
PTSD (1)

OCD (1)
ODD (2)

ADHD (3) ADHD (2)
GAD (3)
SAD (1)
MD (1)

PDDNOS (1)

NA

The patient sub-groups are based on their primary diagnosis. Numbers represent participants who 
passed quality assessment. aIQ estimated from a subtest of the Wechsler Intelligence Scale for Children-III 
(WISC-III; Wechsler, 2002) rating. bOC symptom severity based on the Children’s Yale-Brown Obsessive 
Compulsive Scale (Scahill et al. 1997). cTic severity was determined and rated with the Yale Global Tic 
Severity Scale (YGTSS; Leckman et al. 1989). dADHD severity ratings reflect T-scores from the Conners’ 
Parent Rating Scale – Revised Long version (CPRS-RL; Conners et al. 1997). eCurrent medication status, 
determined from parental report of current and previous medication use. fComorbidities of the patient 
sub-groups. Additionally, one participant with ASD and eight with TS had sub-treshold ADHD (4 or 5 
symptoms on either of the domains). **p<0.01. Abbreviations: ADHD – Attention-Deficit/Hyperactivity 
Disorder, ASD – Autism Spectrum disorder, CSBQ - Children’s Social Behavioural Questionnaire, GAD – 
generalized anxiety disorder, K-W – Kruskal-Wallis, m/f – male/female, MD – major depression, NA – not 
applicable, OC – Obsessive Compulsive, OCD – Obsessive Compulsive Disorder, ODD – oppositional defiant 
disorder, PDDNOS – pervasive developmental disorder not otherwise specified, PTSD – post-traumatic 
stress disorder, r/l – right/left, SAD – social anxiety disorder, SD – standard deviation, t – Welch Two 
sample t-test, TS – Tourette syndrome.
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Supplementary table 2 ACC voxel composition (partial volumes) comparison across patients and 
controls

Patients Controls Test statistic p-value

% grey matter 70.8 (5.9) 71.3 (6.7) K-W χ2= 0.70 0.40
% white matter 11.5 (2.2) 11.3 (2.4) K-W χ2= 0.89 0.35
% CSF 17.6 (6.3) 17.4 (6.2) K-W χ2= 0.04 0.84

Principle component analysis of MR metrics 
Supplementary table 3 Variance and loadings from principle component analysis    

PC1 PC2 PC3 Total

Proportion of variance 55% 21% 16% 92%
IC skew  0.12 0.84 0.52
MD       0.25 -0.54 0.79
mI        -0.54 -0.03 0.28
Glu     -0.57 0.03 0.14
NAA    -0.55 -0.07 0.06

All data (n=82) were log transformed, centred and scaled for principle component analysis. Glu – 
glutamate, IC – intrinsic curvature, MD – mean diffusivity, mI – myo-inositol, NAA – N-acetylaspartate.

 

Supplementary figure 1 The first 3 principle components (PC) graphed against each other for n=82 
participants. Together these PCs account for 92% of the variance of the magnetic resonance (MR) metrics. 
Patients with neurodevelopmental disorders are represented with black points and controls with grey. 
The correlation circles are plotted in red. All data were log transformed, centred and scaled for principle 
component analysis. Plots were produced with ggbiplot in R. PCA analysis allowed the visualisation of the 
shared variance of MR metrics. All three neurochemicals were closely grouped indicating a high degree 
of shared variance (PC1). Components 2 and 3 were highly influenced by both IC skew and MD. There 
appear to be more underlying relationships (e.g. negative correlations between IC skew and MD) but 
these are not significant possibly due to a lack of power. This PCA complements the results reported in 
the main manuscript.  Glu – glutamate, IC – intrinsic curvature, MD – mean diffusivity, mI – myo-inositol, 
NAA – N-acetylaspartate, var – variance.  
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Abstract
Background: Magnetic resonance imaging (MRI) studies have highlighted 
subcortical, cortical and structural connectivity abnormalities associated with 
attention-deficit/hyperactivity disorder (ADHD). Gyrification investigations of 
the cortex have been inconsistent and largely negative, potentially due to a lack 
of sensitivity of the previously used morphological parameters. The innovative 
approach of applying intrinsic curvature analysis, which is predictive of gyrification 
pattern, to the cortical surface applied herein allowed us greater sensitivity to 
determine whether the structural connectivity abnormalities thus far identified at 
a centimeter scale also occur at a millimeter scale within the cortical surface. This 
could help identify neurodevelopmental processes that contribute to ADHD.

Methods: Structural MRI datasets from the NeuroIMAGE project were used (n=306 
ADHD, n=164 controls and n=148 healthy siblings of individuals with ADHD [age in 
years, mean {sd}; 17.2 {3.4}, 16.8 {3.2} and 17.7 {3.8}, respectively]). Reconstructions 
of the cortical surfaces were computed with FreeSurfer. Intrinsic curvature (taken 
as a marker of millimetre-scale surface connectivity) and local gyrification index 
were calculated for each point on the surface (vertex) with Caret and FreeSurfer, 
respectively. Intrinsic curvature skew and mean local gyrification index were 
extracted per region; frontal, parietal, temporal, occipital, cingulate and insula. A 
generalised additive model was used to compare the trajectory of these measures 
between groups over age, with sex, scanner site, total surface area of hemisphere 
and familiality accounted for.

Results: After correcting for sex, scanner site and total surface area no group 
differences were found in the developmental trajectory of intrinsic curvature or 
local gyrification index.

Conclusion: Despite the increased sensitivity of intrinsic curvature, compared to 
gyrification measures, to subtle morphological abnormalities of the cortical surface 
we found no milimeter-scale connectivity abnormalities associated with ADHD. 
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental 
disorder affecting approximately 5% of the school age population (Polanczyk et 
al. 2007) and characterised by pervasive inattention and/or hyperactivity and 
impulsivity leading to impairments of functioning (American Psychiatric Association 
2013). 

ADHD has been proposed to be a dysconnectivity disorder (Konrad and Eickhoff 
2010) where neural circuits are implicated rather than regions, and there has been 
a move towards investigating ADHD, and other disorders, in terms of connectivity 
and integration instead of segregation; where specific regional abnormalities are 
implicated (Friston 2011). This shift has come in both functional and structural 
studies, with recent diffusion magnetic resonance imaging (dMRI) analysis 
concentrating on network connectivity based on white matter tracts as opposed 
to the traditional voxel-based or region-of-interest analyses (Cao et al. 2013; Hong 
et al. 2014). A meta-analysis and contemporary review of the available dMRI 
data revealed that multiple white matter tracts are affected in ADHD, including 
the anterior corona radiata, forceps minor and superior and inferior longitudinal 
fasciculi (Liston et al. 2011; van Ewijk et al. 2012). These white matter tracts consist 
of bundles of long-range axonal fibres that connect distant grey matter regions 
(e.g. cortical to sub-cortical structures, inter-hemispheric connections or frontal to 
parietal lobes, etc.). However, it is not established whether these long-range white 
matter connectivity differences are echoed in short-range connections within the 
cortex. Interestingly, despite the cortex generally being associated with cell bodies 
rather than connections 95% of connections in the brain are found in the cortex 
in the form of short-range connections (Braitenberg and Schüz 1998). Within this 
study we therefore ask; are these long range abnormalities echoed in the short range 
connections within the cortex? 

Evidence from previous studies does suggest abnormalities of the cortex in those 
with ADHD. To date many routine markers, such as cortical thickness and volume, 
have been used to report structural changes in the cortex of individuals with ADHD; 
however, these results are non-specific in relation to connectivity or the underlying 
cytoarchitecture of the cortex and sometimes inconsistent (Shaw et al. 2007; 
Wolosin et al. 2009; Nakao et al. 2011; Frodl and Skokauskas 2012; Shaw et al. 2013; 
Schweren et al. 2015). Studies into cortical thickness and surface area measures 
suggest that cortical development has a delayed developmental trajectory in ADHD, 
with both surface area and cortical thickness reaching their peak later in individuals 
with ADHD (Shaw et al. 2007; Shaw et al. 2012). 

It is, however, not clear whether previous cortical findings also relate to connectivity 
abnormalities within the cortex. To address this we used cortical intrinsic curvature. 
This is a morphological measure of the intrinsic deformation of the surface and as 
such may be interpreted in terms of the underlying connectivity of the cortex (Ronan 
et al. 2011; Ronan et al. 2012). This is in contrast to extrinsic measures, such as 
gyrification, which are related to the embedding of the cortex in three-dimensional 
space rather than the engrained curvature of the surface (Figure 1). These distinct 
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metrics of surface shape are measured at the millimetre-scale (intrinsic curvature) 
and centimetre-scale respectively (gyrification). The important distinction between 
these parameters is the nature of the shape they capture. Intrinsic curvature is a 
measure of deformation  that is, the stretching or compression of the surface, while 
gyrification (indexed here by the local gyrification index) is a marker of folding. 
Importantly folding does not deform the surface itself (i.e. distances along the surface 
remain the same; think of a line drawn on a piece of paper  the length of the line is 
not changed whether the paper is folded or not). On the other hand deformation 
(as captured by intrinsic curvature) changes distances along the surface (again, the 
length of a line on a surface is changed if the surface is stretched or compressed). 
With the application of intrinsic curvature analysis of the cortical surface we are 
able to investigate the millimetre-scale connectivity of axonal processes within the 
grey matter of the cortex. 

Differential expansion is the process whereby the surface does not expand uniformly 
but instead has various rates of expansion across the cortex during development 
resulting in a fluctuating pattern of positive and negative intrinsic curvatures. This 
differential expansion underlies intrinsic curvature and also results in a greater range 
of inter-neuronal distances which skews the length distribution towards having a 
higher proportion of shorter connections, from which more efficient connectivity 
may be inferred (Figure 1, Ronan et al. 2011, 2012). We could therefore make use of 
the relationship of differential expansion to both intrinsic curvature and connectivity 
to use one (intrinsic curvature) as a quantifiable measure of the other (connectivity). 
Describing intrinsic curvature abnormalities associated with ADHD would therefore 
support the dysconnectivity theory of ADHD by implicating the involvement of short 
range connections. Intrinsic curvature could then potentially be used clinically as 
a biological marker of ADHD. Null findings in relation to ADHD would suggest that 
connectivity abnormalities are constrained to long range connections within the 
white matter. Either way, this would aid in furthering our understanding of ADHD 
and its aetiology.  

Intrinsic curvature has previously been used and shown to be sensitive to cortical 
differences related to connectivity in patients affected by schizophrenia compared 
to healthy controls (Ronan et al. 2012) and in a study of healthy participants with 
various combinations of the brain derived neurotrophic factor (BDNF) val66met 
polymorphism (Forde et al. 2014). Furthermore the related measure of wiring cost 
was found altered in a group of adults with autism spectrum disorder (ASD; Ecker et 
al. 2013). ASD has also been associated with gyrification and long range connectivity 
abnormalities (Anagnostou and Taylor 2011; Schaer et al. 2013). ADHD and ASD 
share many characteristics as neurodevelopmental disorders and, at least partly, 
their heritability (Rommelse et al. 2010; Rommelse et al. 2011), adding weight to 
our hypothesis that there may be short range connectivity abnormalities in the 
cortex of individuals with ADHD.
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Figure 1 Intrinsic curvature and folding
Folding of the cortical surface, indexed by gyrification measures, relates to extrinsic curvature i.e. how the 
surface is bent in 3-dimensional space. No intrinsic curvature of the surface is required for folding. Surface 
expansion is depicted schematically in the above figure with points on a line, equal distribution of points 
before expansion is assumed. Arrows between points can be interpreted as connections. 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 intrinsic 
curvature) results in an overall increase in distances between points but no change in the proportion of 
long to short connections. Differential expansion (positive or negative intrinsic curvature) also results 
in an increase in the overall distance between points but more importantly it also increases the relative 
proportion of short to long connections. Figure adapted in part from Ronan et al (2011, 2012).

Intrinsic curvature is distinct from, though related to, the overall degree of 
gyrification (Ronan et al. 2012). While gyrification abnormalities in the left medial 
temporal region (Mous et al. 2014) and folding abnormalities in the right frontal lobe 
(Wolosin et al. 2009) have been reported in children with ADHD in two small studies, 
such abnormalities were not seen in a larger study of gyrification by Shaw and 
colleagues (2012). It has been demonstrated that the move in scale-sensitivity using 
intrinsic curvature, from centimetre to millimetre, increases the power to detect 
subtle shape differences in the cortex indicative of abnormal neurodevelopment 
(Ronan et al. 2012). We therefore investigated both local gyrification index and 
intrinsic curvature in the current study with the assumption that the largely negative 
previous gyrification studies of ADHD (Shaw et al. 2012) may have been obfuscated 
by the scale of morphological parameters employed. We thus hypothesised that an 
investigation of gyrification within the current study would similarly show no group 
differences while intrinsic curvature would detect subtle morphological alterations 
indicative of short range dysconnectivity in ADHD.

ADHD is a highly heritable (approximately 80%), genetically complex and 
heterogeneous disorder (Faraone et al. 2005). Endophenotypes, biologically based 
phenotypes, hold much promise as less genetically complex markers underlying 
psychiatric conditions thereby allowing the pathophysiology of conditions to be 
elucidated (Gottesman and Gould 2003). As endophenotypes can be thought of 
as markers of the genetic liability of a disorder they should appear in those with 
a shared genetic heritage irrespective of diagnosis, for instance the unaffected 
relatives of an affected individual (Gottesman and Gould 2003). We therefore took 
this opportunity to additionally explore the potential of intrinsic curvature as an 
endophenotypic marker of ADHD by including healthy siblings of those with ADHD, 
along with the individuals with ADHD and healthy controls in our study design.
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Methods
Participants

This study was undertaken under the remit of the NeuroIMAGE study, for details 
see von Rhein (2014) and the study website (www.neuroimage.nl). Briefly the 
NeuroIMAGE study is the follow up, within the Netherlands, of the International 
Multicenter ADHD Genetics study (IMAGE; Müller et al. 2011a, 2011b). Initially 
families who had an individual with ADHD-combined type and healthy control 
families were recruited to the IMAGE study; all participants were Caucasian, aged 
6-18 years and had an IQ≥70. Exclusion criteria were a diagnosis of autism, epilepsy 
and brain or genetic disorders. Within the ADHD families, individuals with psychiatric 
diagnoses (other than ADHD) were excluded except for oppositional defiant disorder 
(ODD), conduct disorder (CD) and pervasive developmental disorder not otherwise 
specified (PDD-NOS). One or more subjects with ADHD and one or more healthy 
sibling of those with ADHD from the same family were included. Similarly, multiple 
healthy subjects were included from healthy control families to balance the familial 
effect across groups. An extensive battery of diagnostic and neuropsychological 
tests as well as genetic data were acquired for all participants. From the Dutch 
sites (Vrije Universiteit [VU] in Amsterdam and Radboud UMC in Nijmegen), all 
initial participants were invited to participate in the follow up (mean follow up 5.9 
years), namely NeuroIMAGE, where neuroimaging data were acquired in addition 
to behavioural data similar to the initial visit. Note that all ADHD participants were 
required to still meet criteria for an ADHD diagnosis at time of scanning, therefore 
those who remitted were omitted from this analysis. 

There were 618 full datasets from 374 different families available for the current 
analysis. Of these there were 306 participants with ADHD (mean [SD] age 17.2 [3.4] 
years), 148 healthy siblings of an individual with ADHD (mean [SD] age 17.7 [3.8] 
years) and 164 healthy controls (mean [SD] age 16.8 [3.2] years), see Table 1 for full 
demographic details. 

At the time of follow-up, all participants in the study were similarly assessed using 
a combination of a semi-structured diagnostic interview conducted by trained 
professionals (Dutch translation of the Schedule for Affective Disorders and 
Schizophrenia for School-Age Children - Present and Lifetime Version [K-SADS; 
Kaufman et al. 1997) and combination of Conners’ ADHD questionnaires, these rating 
were collected of children’s functioning off medication. Each child was assessed with 
a parent-rated questionnaire (Conners’ Parent Rating Scale - Revised: Long version 
[CPRS-R:L; Conners et al. 1998a]) combined with either a teacher-rating (Conners’ 
Teacher Rating Scale - Revised: Long version [CTRS-R:L; Conners et al. 1998b]) or a 
self-report (Conners’ Adult ADHD Rating Scales - Self-Report:Long Version [CAARS-
S:L; Conners et al. 1999]). 

A diagnostic algorithm was applied to combine symptom counts from the K-SADS 
and Conners  questionnaires. ADHD diagnosis was given to participants with a 
combined total symptom count of  6 (≥ 5 for participants ≥ 18 years) of hyperactive/
impulsive and/or inattentive behaviour, provided they also: a) met the DSM-IV 



105

Cortical Gyrification and Intrinsic Curvature Analysis in Adolescents and Young Adults with ADHDCortical Gyrification and Intrinsic Curvature Analysis in Adolescents and Young Adults with ADHD

 

7

criteria for pervasiveness, impact of the disorder and onset-age before 12, and b) 
scored T ≥ 63 on at least one of the Conners’ questionnaires (parent, teacher or self-
rating). Healthy control participants were required to score T < 63 on both of the 
Conners’  questionnaires, and have ≤ 3 (≤ 2 for participants ≥ 18 years). The K-SADS 
was additionally used to assess ODD, CD and presence of tics. Full details can be 
found in von Rhein and colleagues (2014). 

Table 1 Group Demographics 

ADHD Siblings Control Test Statistic p-value

n 306 148 164 - -
Age in years, mean (SD) 17.2 (3.4) 17.7 (3.8) 16.8 (3.2) K-W χ2 = 4.71 0.095
Sex, m/f 208/98 62/86 87/77 χ2 = 29.85 <0.001***
IQ, mean (SD) 97.0 (15.2) 102.8 (14.3) 105.6 (13.5) K-W χ2 = 36.71 <0.001***
Scanner site Ams/Nij 150/156 78/70 105/59 χ2 = 9.78 0.008*
Handedness r/l/a 269/33/3 124/18/3 146/13/4 χ2 = 3.31 0.51
ADHD Symptom count, 
n (SD) 13.2 (3.0) 1.2 (1.9) 0.8 (1.7) K-W χ2 = 484.61 <0.001***

aStimulant use (never/
previous/current) 41/112/147 134/8/1 145/0/0

Comorbidities no yes - - - -
147 159 - - - -

ODD &/or CD only 116 - - - -
bMultiple or other 43 - - - -

SD - standard deviation, m/f - male/female, r/l/a - right/left/ambidextrous, ODD - oppositional defiant 
disorder, CD - conduct disorder, K-W - Kruskal-Wallis test, χ2 - chi squared test. Scanner site relates to the 
number of data sets that were acquired at each of the two sites in the study; Ams - VU Amsterdam and 
Nij - Radboud UMC, Nijmegen. aMedication data were not available for all participants (missing for: 6, 5 
and 19 participants from the ADHD, sibling and healthy control groups, respectively). bThis included 22 
additional cases of ODD &/or CD along with 10 cases of tic disorders and 33 cases of mood disorders.

Structural MRI acquisition 

Two T1-weighted MPRAGE scans were acquired for each participant at one of the 
two test sites (Amsterdam and Nijmegen). Similar 1.5 Tesla MRI scanners were 
employed (Siemens SONATA and Siemens AVANTO; Siemens, Erlangen, Germany), 
using identical head coils (8-channel Phase Array Head Coil). Images were acquired 
with a sagittal, 3-dimentional GRAPPA parallel imaging sequence with the following 
parameters: TE = 2.95 ms, TR = 2730 ms, TI = 1000 ms, flip angle = 7 degrees, voxel 
dimension = 1 x 1 x 1 mm and acquisition time 6.21 minutes.

Quality assessment

Image quality was assessed manually by two independent judges. The better quality 
scan was selected for each participant and those with poor quality scans were 
omitted (n=14; already excluded from the demographic descriptions). 
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Surface reconstruction

The cortical surfaces were reconstructed using FreeSurfer v5.3 (Fischl et al. 1999b; 
Dale et al. 1999; Fischl et al. 1999a; Fischl and Dale 2000), a program specifically 
designed for cortical reconstruction and volumetric segmentation (Fischl et al. 
1999b; Dale et al. 1999; Fischl et al. 1999a; Fischl and Dale 2000). The raw images 
were fed into the program where the voxels were subsampled to voxels of 1 mm3, 
normalised for intensity, RF-bias field inhomogeneities were removed and the 
images skull stripped. The grey-white border was then identified followed by the 
hemispheres being separated, tessellated and deformed resulting in a smooth 
representation of the pial and white matter surfaces.

Intrinsic curvature

Intrinsic curvature was calculated per vertex of each participants FreeSurfer 
reconstruction using Caret software (v5.65, http://brainvis.wustl.edu/wiki/index.
php/Caret:About). This process has been detailed previously (Ronan et al. 2014; 
Forde et al. 2014). The Caret-generated files of intrinsic curvature were imported 
to MatLab where they underwent filtering to remove outlier curvature values that 
were not feasible given the  resolution of cortical reconstruction (Ronan et al. 2012; 
Ronan et al. 2014). Absolute values of the remaining per vertex intrinsic curvature 
measures were calculated. Per region the skew of the curvature distribution was 
then calculated (Ronan et al. 2012; Ronan et al. 2014). These regions (frontal, 
parietal, occipital, temporal, cingulate and insula) were generated by combining 
labels from the Desikan-Killiany Atlas (Desikan et al. 2006) which is supplied with 
the FreeSurfer package. Cortical intrinsic curvature has a distribution highly skewed 
towards zero intrinsic curvature (Pienaar et al. 2008; Ronan et al. 2011; Ronan et al. 
2012),  therefore the less skewed the distribution, the greater the degree of intrinsic 
curvature and differential expansion.

Local gyrification index

Gyrification index (GI) is the ratio of the amount of cortical surface exposed as 
opposed to buried within sulcal folds. A large GI indicates a highly folded surface. 
Local gyrification index (LGI) quantifies GI at each vertex on the surface and is 
computed in a 3D fashion by using a region of interest around each vertex within 
the FreeSurfer software (Schaer et al. 2008). Mean local gyrification index was then 
extracted per region.

Statistical analysis

R statistics program was used for all statistical analysis and graph generation. 
Continuous group demographics; age, IQ and symptom count were investigated 
for normality of distribution (Shapiro-Wilks test) and homogeneity of variance 
(Bartlett’s test). Following this, if the assumptions of normality and homogeneity 
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were met, group differences were investigated with an one-way analysis of variance 
(ANOVA) or, if one or more of the assumptions were violated, with the non-parametric 
equivalent, the Kruskal-Wallis test. 

The non-linear trajectories of intrinsic curvature skew and local gyrification index 
over age, based on our cross-sectional data, were modelled per group using a 
generalised additive mixed-effect (GAM) model approach (Wood 2006) allowing 
us to compare the developmental trajectories for the different groups. Applying 
a GAM model allowed the non-linear modelling of the relationship between age 
and intrinsic curvature skew with greater flexibility than the standard polynomial 
form of the growth curve. This method has previously been effectively applied in 
neuroimaging data (Alexander-Bloch et al. 2014). Briefly, penalised spline mixed-
effect models were used to fit the developmental trajectories for each group in each 
region. This was done using the gamm4 (Wood and Scheipl 2014) and mcgv (Wood 
2011) packages in R statistics with sex, scanner site and surface area included as 
possible confounders. Total cortical surface area was included to control for brain 
size as both intrinsic curvature and gyrification develop as a function of surface 
expansion. The non-independence of family members was accounted for by including 
family as a random factor. IQ, stimulant use, comorbidity and symptom severity were 
added to the model to investigate their effect. Due to the nature of additive models 
group-by-age and group-by-sex interactions could not be appropriately modelled 
within the GAM model and were instead modelled using a linear mixed effect model 
(LME) with similar settings to the GAM model. As there were no hemisphere-by-
group interactions, measures were collapsed from left and right to give an average 
intrinsic curvature skew or average local gyrification index per region which was 
used for analyses. To account for multiple comparisons (two measures each tested 
in six regions) the alpha level was adjusted to 0.004 for all tests.

Table 2 Demographics from matched groups

ADHD Siblings Control Test Statistic p-value

n 66 66 66 - -
Age in years, mean (SD) 16.97 (2.67) 17.03 (2.73) 17.07 (2.67) 0.02 0.98
Age in years, range 11.3-22.0 11.3-22.2 11.5-22.5 - -
Sex, m/f 38/28 38/28 38/28 - -
Scanner site, Ams/Nij 29/37 29/37 29/37 - -
IQ, mean (SD) 99.45 (14.1) 99.6 (14.1) 103.6 (11.5) 2.06 0.13
Handedness r/l/a 59/7/0 55/7/1 60/4/2
Symptom count, n (SD) 13.08 (2.94) 1.39 (2.03) 0.79 (1.77)

SD - standard deviation, m/f - male/female, r/l/a - right/left/ambidextrous

Sensitivity analysis

Due to the possible confounds of having groups ill matched for sex and scanner site 
a sensitivity analysis was undertaken. Individuals were carefully matched on sex, 
scanner site and age which resulted in a subset of participants (n=66 per group, 
see Table 2). Furthermore all participants with ADHD and a comorbid condition 
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(ODD, CD, tic disorder etc.) were excluded. The above statistical methods were then 
reapplied to this subset.

Results
Demographics

Groups did not differ significantly with respect to age. Groups did differ with respect 
to the proportion of males to females, the distribution of subjects across the two 
scanner sites and IQ. Therefore, these measures were included in further analysis 
(Table 1). Also approximately half of the ADHD group had one or more comorbid 
conditions. A total of 138 participants with ADHD had comorbid ODD and/or 
CD, including 130 subjects with ODD and 46 subjects with a diagnosis of CD. Ten 
participants with ADHD also presented with tics. Thirty-three were also diagnosed 
with a mood disorder. There were 147 participants with ADHD and no comorbidities. 
Those with comorbidities were excluded from the sensitivity analysis to remove the 
possibility that these had an effect on findings.

Intrinsic curvature

There was no main effect of group on intrinsic curvature (Table 3, Figure 2). 
Indicating no difference in the degree of differential expansion, and therefore the 
underlying cytoarchitecture and connectivity of the cortex, between individuals with 
ADHD, their siblings and controls. There was a very strong main effect of age in all 
regions (Table 3). There was also a main effect of sex in the frontal region (intrinsic 
curvature skew higher in females; t=4.11, p=4.57 x10-5) while in the temporal and 
cingulate regions total surface area was also significant (t=-5.78, p=1.19 x10-8 and 
t=3.47, p=0.0006, respectively). 

Local gyrification index

Similarly, there was no main effect of group on local gyrification (Table 3, Figure 
3). This implies there is no differences in the degree of cortical folding between 
participants with ADHD, their siblings and controls. There was a very strong main 
effect of age (Table 3) and total surface area (frontal: t=14.12, p=2.37 x10-39, parietal: 
t=17.11, p=8.25 x10-54, temporal: t=19.31, p=4.17 x10-65, occipital: t=14.50, p=4.41 
x10-41, cingulate: t=13.13, p=7.90 x10-35 and insula: t=14.07, p=4.10x10-39) in all 
regions. 
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Table 3 Results 

Intrinsic Curvature Local Gyrification Index

Region Group F Group p Age F Age p Group F Group p Age F Age p

Frontal 0.41 0.66 128.75 9.6 ×10-25 *** 0.63 0.53 326.90 1.3 ×10-60 ***
Parietal 1.96 0.14 108.31 3.0 ×10-21 *** 0.41 0.67 407.01 2.2 ×10-74 ***
Temporal 0.74 0.48 63.95 5.6 ×10-15 *** 0.26 0.77 192.43 5.0 ×10-36 ***
Occipital 2.61 0.07 10.58 0.001* 0.71 0.49 116.53 5.6 ×10-22 ***
Cingulate 2.94 0.05 40.31 4.4 ×10-8 *** 0.66 0.52 92.26 1.3 ×10-20 ***
Insula 0.56 0.57 60.20 3.3 ×10-14 *** 1.83 0.16 129.14 3.3 ×10-24 ***

Test statistics and p-values are reported for the main effects of group and age on intrinsic curvature and 
local gyrification index in each region for the full sample (n=618). Adjusted p=0.004. *p<0.004, ***p<8 
x10-5. 

Sensitivity

Neither IQ, symptom severity, comorbidity nor stimulant status had an effect on 
the intrinsic curvature or local gyrification models. There were also no significant 
group-by-age or group-by-sex interactions in either the intrinsic curvature or local 
gyrification analyses as modelled with a LME model. Finally, the sensitivity analysis 
to ensure that neither the covariates (sex and scanner site) nor comorbidities were 
confounding our study revealed no group differences between the carefully matched 
groups (Table 4). Furthermore, data analysed per test site and per sex showed 
similar findings in each case (see Supplementary tables 1-4).

Table 4 Matched results

Intrinsic Curvature Local Gyrification Index

Region Group F Group p Age F Age p Group F Group p Age F Age p

Frontal 0.15 0.86 36.55 6.8 ×10-9 *** 0.32 0.72 90.98 1.2 ×10-16 ***
Parietal 1.04 0.36 37.91 3.8 ×10-9 *** 0.29 0.75 103.33 1.5 ×10-18 ***
Temporal 1.16 0.32 29.50 1.6 ×10-7 *** 0.06 0.94 47.12 7.1 ×10-11 ***
Occipital 0.52 0.59 4.28 0.04 0.90 0.41 15.88 9.5 ×10-5 **
Cingulate 2.25 0.11 20.99 8.1 ×10-6 *** 1.32 0.27 15.35 1.2 ×10-4 **
Insula 2.23 0.11 6.98 0.009 0.13 0.88 37.70 4.6 ×10-8 ***

Test statistics and p-values are reported for the main effects of group and age on intrinsic curvature 
and local gyrification index in each region for the matched sample (n=198). Adjusted p=0.004. *p<0.004, 
**p<8 x10-4, ***p<8 x10-5.

Tics

Only ten members of the ADHD group were also seen to have tics, this low number 
(3.3%) may relate to the older age of participants (average 17.2 years) and method 
of recruiting (specifically recruiting families affected by ADHD) and meant statistical 
analysis between those with and without tics was deemed futile due to the lack of 
power.  
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Figure 2 Age-curves of intrinsic curvature skew per group for each region
Differences between groups were not significant. Caution must be taken when viewing these graphs 
as a very small proportion of the participants were under the age of 12 or over 23 years of age thus 
the apparent differences at these ages are driven by a few individuals only. Broken lines represent the 
standard error for each group. HC - healthy control (black lines), ADHD - Attention-deficit/hyperactivity 
disorder (red lines), Siblings - healthy siblings of ADHD participant (grey lines).
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Figure 3 Age-curves of local gyrification index per group for each region
Differences between groups were not significant. Caution must be taken when viewing these graphs 
as a very small proportion of the participants were under the age of 12 or over 23 years of age thus 
the apparent differences at these ages are driven by a few individuals only. Broken lines represent the 
standard error for each group. HC - healthy control (black lines), ADHD - Attention-deficit/hyperactivity 
disorder (red lines), Siblings - healthy siblings of ADHD participant (grey lines).
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Discussion
We applied measures of cortical intrinsic curvature and local gyrification to 
investigate differences in cortical brain development, related to cortical connectivity,  
between people with ADHD, their healthy siblings and unrelated healthy controls. 
We found no difference between the groups with respect to either intrinsic curvature 
or local gyrification index within any of the regions investigated. 

These negative findings indicate that developmental abnormalities previously found 
in the cortex of those with ADHD (Shaw et al. 2007; Shaw et al. 2012) are not due 
to underlying differences in differential expansion. ADHD has been associated with 
cortical developmental delay of measures such as cortical thickness and surface 
area (Shaw et al. 2007; Shaw et al. 2012) and cross sectional abnormalities of 
cortical volume and thickness (Filipek et al. 1997; Makris et al. 2007; Wolosin et al. 
2009; Almeida et al. 2010; Proal et al. 2011; Almeida Montes et al. 2012; Frodl and 
Skokauskas 2012), this includes cortical thickness deficits bilaterally in the medial 
temporal cortex that have previously been reported in this study cohort (Schweren 
et al. 2015). This large study of gyrification is in keeping with a previous longitudinal 
study that showed no maturational differences in gyrification between individuals 
with ADHD compared to healthy controls (Shaw et al. 2012). However, two smaller 
studies have previously reported differences between those with ADHD and controls; 
in gyrification of the left medial temporal region (Mous et al. 2014) and folding index 
globally and in the right frontal lobe (Wolosin et al. 2009). Inconsistency in findings 
may relate to various methods having been employed. We proposed that intrinsic 
curvature analysis may have been more sensitive than gyrification measures to detect 
cortical differences between groups if present, however, our results concur with 
the previous finding of Shaw and colleagues (2012) in that we found no diagnostic 
difference in intrinsic curvature, which is predictive of gyrification pattern (Ronan 
et al. 2014).

In contrast to our hypothesis we can infer from this that there are no short range 
cortico-cortico connectivity differences within the grey matter of the cortex 
between those with ADHD, their siblings or healthy controls. Previous reports 
have found evidence of white matter connectivity abnormalities in ADHD when 
long range connections between distinct grey matter regions were analysed. Our 
findings suggest that these changes do not similarly occur at a smaller within grey 
matter scale but are constrained to the white matter. Furthermore this finding 
helps differentiate ADHD from ASD which has been associated with cortical 
connectivity abnormalities in adults (Ecker et al. 2013) and schizophrenia where 
the cortical connectivity differences seen (Ronan et al. 2012) are proposed to relate 
to the abnormal cytoarchitechture present in schizophrenia (Selemon et al. 1995; 
Selemon et al. 1998). As well as cortical connectivity differences, abnormalities in 
white matter tracts have been shown in schizophrenia (Ellison-Wright and Bullmore 
2009; Ellison-Wright et al. 2014) and ASD (Barnea-Goraly et al. 2004; Alexander et 
al. 2007). While larger scale connectivity differences also occur in ADHD (Konrad 
and Eickhoff 2010) from this study we can infer that, unlike in schizophrenia and 
ASD, there are no short range connectivity abnormalities in the cortical grey matter 
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of ADHD patients. This implies that despite a shared heritability between ASD 
and ADHD (Rommelse et al. 2010) there are, at least partially, different abnormal 
developmental mechanisms at play in the respective conditions. 

Given our null findings of differences between groups the use of either IC or LGI 
alone do not seem to be sensitive endophenotypic markers for ADHD. However, 
despite this, considering the high heritability of cortical indices (Thompson et al. 
2001; Panizzon et al. 2009; Rogers et al. 2010) the inclusion of these measures along 
with various other biological and cognitive indices in more complex data driven 
approaches may aid in identifying biomarkers and endophenotypes for ADHD.

Intrinsic curvature holds much potential as a sensitive marker of cortical connectivity 
and abnormal cortical development. However, it has not yet been widely used and 
how the measure changes over the lifetime in healthy participants needs further 
quantification. Although our study had substantial numbers of participants (n=618) 
we lacked the power to detect differences in the early adolescent and early adulthood 
stages of development. This is due to our age range being normally distributed about 
our mean, resulting in robust findings through mid to late adolescents but reduced 
power in early adolescence and adulthood. Finally, interactions between group and 
age were modelled using a standard linear mixed-effects model, which showed 
no significant interactions, instead of the GAM model. This was due to the nature 
of additive models which by definition do not allow interactions. However, there 
remains the possibility that there may well be an interaction between group and age 
but that this is not discernible with a linear model. 

In conclusion, we found there are no short range connectivity differences within 
the cortical grey matter, as inferred from intrinsic curvature measures, between 
participants with ADHD, their unaffected siblings and healthy controls.
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Abstract 
Background: Adolescence is a period of significant brain changes, however, the 
effects of age and sex on cortical development are yet to be fully characterised. 
Here, we utilised innovative intrinsic curvature (IC) analysis, along with traditional 
cortical measures (cortical thickness [CT], local gyrification index [LGI] and surface 
area [SA]), to investigate how these indices (i) relate to each other and (ii) depend 
on age and sex in adolescent cortical development. 

Methods: T1-weighted magnetic resonance images from 218 healthy volunteers (age 
range 8.3-29.2 years, M[SD]=16.5[3.4]) were collected at two sites and processed 
with FreeSurfer and Caret software packages. Surface indices were extracted per 
cortex area (frontal, parietal, occipital, temporal, insula and cingulate). Correlation 
analyses between the surface indices were conducted and age-curves were modelled 
using generalised additive mixed-effect models. 

Results: IC showed region-specific associations with LGI, SA and CT, as did CT with 
LGI. SA was positively associated with LGI in all regions and CT in none. CT and 
LGI, but not SA, were inversely associated with age in all regions. IC was inversely 
associated with age in all but the occipital region. For all regions, males had larger 
cortical SA than females. Males also had larger LGI in all regions and larger IC of 
the frontal area, however, these effects were accounted for by sex differences in SA. 
There were no age-by-sex interactions. 

Conclusion: The study of IC adds a semi-independent, sensitive measure of 
cortical morphology that relates to the underlying cytoarchitecture and may aid 
understanding of normal brain development and deviations from it. 
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Introduction 
The structural changes that occur in the brain during development are yet to be fully 
characterised. The brain changes dynamically throughout the lifespan with different 
regions, tissue types and circuits all having distinct developmental profiles (Giedd 
and Rapoport 2010). Various underlying mechanisms (e.g. myelination and pruning) 
and regulatory factors (e.g. expression of growth factors) are involved. Multiple 
magnetic resonance imaging (MRI) studies of brain development have investigated 
cortical indices; most frequently volume (Gogtay et al. 2004; Lenroot et al. 2007) 
but also the indices that contribute to volume – surface area (SA) and cortical 
thickness (CT; Sowell et al. 2007; Shaw et al. 2008; Ostby et al. 2009; Raznahan et 
al. 2011; Brown et al. 2012; Amlien et al. 2016) – and local gyrification index (LGI; 
Raznahan et al. 2011; Shaw et al. 2012). Despite this little has been described about 
the relationship of the different indices to each other or the regional effects of age 
and sex.  

Here, we aimed to address this shortfall. Furthermore, in addition to the use 
of traditional cortical indices (CT, SA and LGI) we also included cortical intrinsic 
curvature (IC), see Figure 1. This innovative measure provides information on the 
intrinsic deformation of the cortical surface and is a function of the surface itself 
rather than relating to its embedding in 3D space (Pienaar et al. 2008). IC develops 
due to differential expansion of the cortex during development. It is measured at 
the millimetre scale and is distinct from, though predictive of, the overall degree 
of gyrification that is measured at the centimetre scale (Ronan et al. 2012; Ronan 
et al. 2014). The greater precision of IC increases the power to detect subtle shape 
differences in the cortex indicative of abnormal neurodevelopment (Ronan et al. 
2012). However, the relationship between IC and LGI has not been investigated 
during development. As mentioned the mechanism of differential expansion is 
proposed to be responsible for cortical morphology measured by IC and LGI. The 
biological determinants of cortical development are complex and highly heritable 
(Hevner 2006; Ronan and Fletcher 2015; Jernigan et al. 2016). Briefly, various 
processes including neurogenesis, cell growth, differentiation, apoptosis and the 
formation of connections all influence surface expansion with the differing regional 
expression or rate of these processes resulting in non-uniform or differential 
expansion of the surface (Ronan and Fletcher 2015). In turn these processes are 
governed by a complex array of cellular and molecular (and thus genetic) factors 
(Hevner 2006; Pontious et al. 2007). 

IC can be interpreted in terms of the underlying connectivity of the cortex (Ronan et 
al. 2011; Ronan et al. 2012). Reduced IC has previously been shown to be indicative 
of decreased short-range cortical connectivity in patients affected by schizophrenia 
compared with healthy controls (Ronan et al. 2012). Furthermore, a measure 
related to the intrinsic curvature of the cortical surface, wiring cost, was found to 
be altered in autism spectrum disorders (ASD; Ecker et al. 2013). Characterising the 
developmental trajectory of IC and its relation to other cortical measures in typically 
developing individuals is an important step in improving our understanding of the 
mechanisms involved in healthy neurodevelopment. Moreover, this may inform our 
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understanding of abnormal cortical developmental that occurs in disorders like 
ASD, schizophrenia and attention-deficit/hyperactivity disorder (ADHD). 

We therefore used a large cross-sectional MRI dataset of typically developing 
adolescent and young adult volunteers from the NeuroIMAGE project (von Rhein et 
al. 2015) to determine regional (frontal, parietal, occipital, temporal, cingulate and 
insula) effects of age and sex on IC, LGI, CT and SA, and to determine how these indices 
relate to each other. We hypothesised that SA would predict both LGI and IC (and IC 
LGI) in all regions as both LGI and IC develop as a function areal expansion. We did 
not expect CT and SA to relate given their different genetic underpinnings (Panizzon 
et al. 2009). For LGI and CT a general decline as a function of age was expected 
(Raznahan et al. 2011; Brown et al. 2012; Shaw et al. 2012; Amlien et al. 2016). SA 
was also expected to differ between males and females in all regions (Raznahan et al. 
2011; Amlien et al. 2016). Regarding IC these analyses were exploratory. Our dataset 
spanned a wide age range from 8 to 29 years, however, the majority of participants 
were adolescents or young adults.

Methods 
Participants 

This study was undertaken under the remit of the NeuroIMAGE study; for details 
please see von Rhein (2014) and the study website (www.neuroimage.nl). Briefly, 
the NeuroIMAGE study is the follow up, within The Netherlands, of the International 
Multicentre ADHD Genetics (IMAGE) study (Müller et al. 2011a; Müller et al. 2011b). 
For the IMAGE study, healthy control families and families who had a child with 
ADHD combined type were recruited. All participants were Caucasians, aged 6-18 
years and had an IQ≥70. An extensive battery of diagnostic and neuropsychological 
tests, as well as genetic data were acquired across the two participating Dutch 
sites (Vrije Universiteit [VU] in Amsterdam and Radboudumc in Nijmegen). All 
initial participants were invited to participate in the NeuroIMAGE follow-up study 
(mean follow up 5.9 years) when neuroimaging data were acquired in addition to a 
battery of diagnostic and neuropsychological tests similar to that of the initial visit. 
Exclusion criteria were a diagnosis of autism, epilepsy and brain or genetic disorders 
(such as fragile X syndrome). For the current study, individuals with any psychiatric 
diagnoses, including ADHD, were excluded, as were the siblings of individuals with 
ADHD. This left 218 participants (126 families) with a mean age of 16.5 years (SD= 
3.4, range 8-29) of whom 111 (51%) were male and 107 female. This study was 
approved by the regional ethics board (CMO Regio Arnhem-Nijmegen) and all 
participants gave written informed consent. Parents of participants younger than 
12 consented for them. Participants between 12 and 18 gave written assent along 
with their parent’s written consent.
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Structural MRI acquisition 

Two T1-weighted MPRAGE images were acquired for each participant using similar 
1.5 Tesla MRI scanners (Siemens SONATA and Siemens AVANTO; Siemens, Erlangen, 
Germany) and identical head coils (8-channel Phase Array Head Coil). Images 
were acquired with a sagittal, 3-dimensional MPRAGE sequence with the following 
parameters: TE = 2.95 ms, TR = 2730 ms, TI = 1000 ms, flip angle = 7 degrees, voxel 
dimension = 1 x 1 x 1 mm, GRAPPA 2 and acquisition time 6.21 minutes.

Quality Assessment 

Image quality was visually inspected for typical imaging artefacts, such as noise, 
ghosting and blur by two independent raters. The better quality scan was selected 
for each participant and used for further analyses. Those with two poor quality 
scans were omitted. 

Surface Reconstruction 

The cortical surfaces were reconstructed using FreeSurfer v5.3 (Fischl et al. 1999b; 
Dale et al. 1999; Fischl et al. 1999a; Fischl and Dale 2000), a program specifically 
designed for cortical reconstruction and volumetric segmentation. The fully 
automated FreeSurfer “recon-all” standard procedure was used (Fischl et al. 1999b; 
Dale et al. 1999; Fischl et al. 1999a; Fischl and Dale 2000) to generate reconstructions 
of the pial and white matter surfaces for each hemisphere. FreeSurfer surface 
reconstructions were visually checked to ensure data quality.

Intrinsic curvature (IC) 

IC, which is defined mathematically as the product of the two principle curvatures 
(these are the maximum and minimum curvatures which occur orthogonally to each 
other), was calculated per vertex of each participant’s FreeSurfer reconstruction 
using Caret software (v5.65, http://brainvis.wustl.edu/wiki/index.php/
Caret:About). This process has been detailed previously (Ronan et al. 2014; Forde et 
al. 2014). The Caret-generated files of IC were imported in MatLab, where they were 
filtered to remove curvature values that were not consistent with the resolution of 
cortical reconstruction (Ronan et al. 2012; Ronan et al. 2014). Absolute values of 
the remaining, per-vertex IC measures were calculated. Per region (see Statistical 
analysis section), we then calculated the skewness of the curvature distribution 
(Ronan et al. 2012; Ronan et al. 2014). Cortical IC has a distribution highly skewed 
towards zero IC (Pienaar et al. 2008; Ronan et al. 2011; Ronan et al. 2012) thus 
making measures of mean and median less informative. We therefore used the 
dimensionless measure of skew for analysis and inferred that the less skewed the 
distribution the greater the degree of IC and differential expansion.
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Local gyrification index (LGI) 

Gyrification index (GI) is a ratio of the amount of cortical surface exposed as 
opposed to buried within sulcal folds. A large GI indicates a highly folded surface. 
LGI quantifies GI at each vertex on the cortical (pial) surface. It was computed in 
a 3D fashion by using a region of interest with diameter of 10 mm around every 
100th vertex on the outer surface (outer contour in Figure 1) before propagating 
LGI values to each vertex on the pial surface based on their involvement in prior 
computations and distance to the surface normal of the point on the outer surface 
where LGI was calculated with FreeSurfer (Schaer et al. 2008). 

Figure 1 Surface indices 
Cortical thickness (CT) is taken as the average shortest distance from the cortical surface to the grey/
white matter border below. Surface area (SA) is the sum of the area of each triangle on the tessellated 
surface. Gyrification index (GI) is the ratio between the outer hull (solid line) and the surface buried within 
sulci (broken line). Intrinsic curvature varies with a higher spatial frequency and reflects a deformation 
of the surface due to differential expansion. The grey dots in the figure above may be thought of as cells 
within the cortex with the arrows between as connections. Differential expansion of the cortex results in 
either positive or negative intrinsic curvature values. Uniform expansion generates an overall increase 
in distances between points but no change in the proportion of long to short connections. Differential 
expansion (positive or negative intrinsic curvature) also increases the overall distance between points 
but more importantly it also increases the relative proportion of short to long connections.
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Cortical thickness (CT) and surface area (SA) 

CT was calculated as the closest distance from the grey/white boundary to the grey/
CSF boundary at each vertex on the tessellated surface (Fischl and Dale 2000). SA 
per region (see Statistical analysis section) is the sum of the tessellated surface area 
of vertices contained within that region in mm2. 

Statistical analysis 

To increase the signal-to-noise ratio and reduce the number of statistical evaluations, 
surface indices were extracted from frontal, parietal, occipital, temporal, cingulate 
and insula regions of interest (Figure 2). These regions were generated by combining 
several labels from the Desikan-Killiany Atlas (Desikan et al. 2006), which is supplied 
with the FreeSurfer package. Extraction was performed with the FreeSufer ‘mri_
segstats’ function for mean LGI, mean CT and SA, while IC skew was extracted with 
MatLab. Indices were averaged across left and right. Where indices differed between 
hemispheres they were also subsequently investigated separately. R statistics 
program (R Core Team 2013) was used for all subsequent statistical analyses. To 
investigate the relationship between the different surface indices in each region we 
used a linear model accounting for both age and sex. We used Bonferroni correction 
for multiple testing, adjusting our cut-off for statistical significance for these 
associations (36 tests) to p<0.001. Partial correlations were also undertaken to give 
an estimate of the strength of the relationship between indices given age and sex 
separately. IQ was also later included to investigate its influence on the relationship 
between metrics.

Figure 2 Regions for analysis 
Inflated view of the left hemisphere divided into the regions used for analysis. Left shows the lateral view 
and right the medial view.  
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Subsequently, the cortical surface indices were analysed per region using generalised 
additive mixed-effect models (GAM; Wood, 2006) with the gamm4 (Wood and 
Scheipl 2014) and mgcv (Wood 2011) packages in R. This allowed the modelling of 
the relationship between age and our cortical indices with greater flexibility than 
the standard polynomial form of the growth curve (i.e. age was not restricted to 
being linear, quadratic etc.), a method that has previously been effectively applied 
to neuroimaging data (Alexander-Bloch et al. 2014). Briefly, penalised spline mixed-
effect models were used to fit the developmental effects, using age as a smooth 
factor, for each of our surface indices in each region. Each model also included sex 
and scanner, and accounted for the non-independence of some subjects (75 sets of 
siblings) by modelling family as a random factor. Furthermore, IQ (estimated from 
either WAIS-III (Wechsler 2000) or WISC-III (Wechsler 2002)) and the interaction 
of age and sex were investigated. Models of CT, LGI and IC included total SA as an 
additional covariate to investigate the effect of brain size on findings. Furthermore, 
intracranial volume was used instead of total SA and yielded similar results (data 
not shown). We used Bonferroni correction for multiple comparisons, adjusting our 
cut-off for statistical significance (6 regions x 4 indices = 24 tests) to p<0.002.

Results 
Demographics 

Of the full sample (n=218), 139 datasets were collected in Amsterdam and 79 in 
Nijmegen. Age distribution was similar across the sites (16.4 years [SD= 3.5] and 
16.7 years [SD= 3.2] for Amsterdam and Nijmegen, respectively; Kruskal-Wallis 
χ2=1.2, p=0.3). However, on average female participants were older (17.2 years [SD= 
3.4]) compared to male participants (15.8 years [SD= 3.2]; Kruskal-Wallis χ2=13.2, 
p=0.0003). Proportionately more females took part in Nijmegen than Amsterdam 
(male/female ratio: 32/47 and 79/60, respectively; χ2=4.7, p=0.03). Average IQ 
across all participants was 106 (SD= 14), with different mean IQs for the two sites 
(104 [SD= 13] and 109 [SD= 14] for Amsterdam and Nijmegen, respectively; χ2 =6.9, 
p=0.01). Males and females did not differ in IQ (χ2=2.1, p=0.15). The majority of 
participants were right-handed (right/left/ambidextrous: 190/22/4; n=2 missing 
data), with no difference between sites (χ2=4.1, p=0.1) or sexes (χ2=4.6, p=0.1). 

Associations between the surface indices 

Correlations between indices, accounting for age, are shown in Table 1. (Direct 
and partial correlations for age and sex separately can be found in Supplementary 
table 2.) IC in the cingulate and temporal regions differed between the left and right 
hemispheres, we therefore investigated left and right IC separately, as well as their 
average (Table 1). After accounting for age and sex the linear model showed IC and 
LGI were positively associated in the temporal region (stronger in right hemisphere). 
There were no significant associations between these measures in the other regions, 
although analysis of  the right cingulate reached significance (p<1 x 10-3). IC was 
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positively related to SA in the temporal region. However, an inverse relationship was 
seen between IC and SA in the cingulate region (stronger in the right temporal region) 
and no significant associations were seen in the frontal, parietal, occipital or insula 
regions. IC was also positively related to CT in frontal, parietal and cingulate regions 
(only significant in right cingulate region), while they did not relate significantly in 
the temporal, occipital or insular cortex.  

LGI and SA were strongly positively related in all regions. LGI and CT were not 
related in any of the regions. There was a negative relationship between CT and SA 
in the cingulate region, while there were no associations in any of the other regions. 
Additionally accounting for IQ gave similar results.

Table 1 Associations between indices

Index Frontal Parietal Temporal Occipital Cingulate Insula

IC
LGI 0.16 0.15 0.32** 0.06 -0.23 0.02
SA 0.13 -0.01 0.29* 0.03 -0.33*** -0.07
CT 0.24* 0.24** 0.03 0.05 0.25* 0.03

LGI
SA 0.59*** 0.68*** 0.67*** 0.65*** 0.49*** 0.49***
CT -0.18 -0.12 -0.18 -0.07 -0.16 -0.04

SA CT -0.08 -0.11 -0.14 0.01 -0.31** -0.02

Estimates from Pearsons’ partial correlations between indices accounting for age are shown. Associations 
accompanied by asterisks reached statistical significance derived from a linear model accounting for both 
age and sex. Partial correlations accounting for age and sex separately can be found in Supplementary 
table 2. Adjusted significance level is p<0.001. *p< 1 x 10-3, **p< 3 x 10-4, ***p< 3 x 10-5.

Age and sex effects on the surface indices

Age and sex dependence for each index is presented in Table 2, with the accompanying 
age-curves in Figure 3. Age was significantly inversely associated with IC in the 
frontal, parietal, temporal, cingulate and insula regions but not in the occipital 
region. In Figure 3, IC skew is seen to increase with age signifying a reduction in the 
degree of IC over age. Age was also significantly inversely associated with CT and LGI 
in all regions but not with SA in any region. 

Sex was significantly associated with SA in all regions with males having a larger SA 
in each region. Males also had significantly larger LGI in all regions and larger IC in 
the frontal region compared with females. However, when total SA was included in 
the model variations in brain size were found to account entirely for these differences 
(LGI p-values>0.006, frontal IC p=0.03). There was no significant effect of sex on CT. 

There were no age-by-sex interactions for any of the indices in any region 
(p-values>0.16). Finally, there were no significant influences of IQ (p-values>0.03) 
or scanner site (p-values>0.008) in any region for any of the indices.
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Table 2 Association of age and sex with cortical indices

Region Age F Age p Sex T Sex p R2 (%)

Intrinsic Curvature

Frontal 38.42 1.03 x 10-7*** -3.42 7.54 x 10-4* 24
Parietal 38.23 7.67 x 10-8*** -0.50 0.62 16
Temporal 19.77 1.89 x 10-4** -2.14 0.03 15
Occipital 2.32 0.13 -0.34 0.73 0
Cingulate 19.88 1.31 x 10-5*** 2.14 0.03 7
Insula 28.84 1.95 x 10-7*** 0.61 0.54 13

Cortical Thickness

Frontal 92.32 3.77 x 10-19*** 0.96 0.34 36
Parietal 120.06 5.11 x 10-24*** -0.03 0.97 38
Temporal 61.19 1.43 x 10-13*** -0.42 0.67 25
Occipital 113.54 7.03 x 10-23*** 1.72 0.09 37
Cingulate 73.52 8.39 x 10-16*** -2.44 0.02 25
Insula 27.31 3.94 x 10-7*** 0.92 0.36 12

Local Gyrification Index

Frontal 81.39 3.29 x 10-17*** 6.08 5.57 x 10-9*** 40
Parietal 84.05 1.99 x 10-15*** 7.32 5.17 x 10-12*** 42
Temporal 32.94 3.01 x 10-8*** 7.85 1.99 x 10-13*** 35
Occipital 17.85 3.50 x 10-5*** 6.19 3.04 x 10-9*** 22
Cingulate 19.50 1.57 x 10-5*** 4.85 2.42 x 10-6*** 18
Insula 32.05 4.51 x 10-8*** 8.10 4.12 x 10-14*** 36

Surface Area

Frontal 0.59 0.44 9.18 3.70 x 10-17*** 28
Parietal 3.07 0.08 9.87 3.54 x 10-19*** 33
Temporal 5.97 0.14 10.32 1.72 x 10-20*** 34
Occipital 10.06 0.02 7.94 1.15 x 10-13*** 30
Cingulate 0.78 0.38 7.07 2.13 x 10-11*** 19
Insula 1.00 0.32 8.61 1.56 x 10-15*** 25

Statistics reported are from models including sex, scanner and familiality for each index. R2 is for the full 
model. Statistics for LGI, IC and CT models that also included SA as a covaraiate were negligibly different 
regarding age in each case. However, within the LGI model the inclusion of SA was seen to eliminate 
all significant effects of sex. Similarly in the IC model the significant sex effect in the frontal region 
disappeared upon inclusion of SA. Adjusted significance level is p<0.002. *p< 2 x 10-3, **p< 4 x 10-4, ***p< 
4 x 10-5.  
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Figure 3 Age-curves for each metric per region 
Each graph plots a metric over age separately for males and females in each region. Columns from left to 
right correspond to intrinsic curvature skew, cortical thickness, local gyrification index and surface area, 
respectively. Rows from top to bottom correspond to frontal, parietal, temporal, occipital, cingulate and 
insula regions, respectively. An increase in IC skew indicates a reduction in the degree of IC as a function 
of age. Males are depicted in black with females in grey. Broken lines represent the standard error for 
each.
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Discussion 
We used analysis of IC of the cortical surface, alongside the analysis of more 
traditional measures of CT, SA and LGI, to investigate structural brain development 
during adolescence and early adulthood in a cross-sectional sample of typically 
developing individuals. This is the first time that IC, CT, LGI and SA were investigated 
together in a single study. Studying these indices side by side, with each index derived 
from a single MR image per subject, allowed for their direct comparison without the 
confounds of cross-cohort or cross-study comparisons. Additionally, it is the first 
time that IC was investigated in adolescence. By using this multi-index approach 
we were able to determine that the indices carried complementary information and 
related to each other in semi-independent and region-specific manner. Furthermore, 
each index displays an individual pattern of associations with age and sex. 

The current study, partly in line with previous studies and partly presenting 
previously undescribed associations, reports a complex pattern of associations 
between indices. Both LGI and IC were previously shown to correlate positively 
with SA globally (Ronan et al. 2012), which is expected as both are a function of an 
increase in SA. This is consistent with the current LGI findings of a strong positive 
correlation with SA in each region and a positive relationship between IC and SA 
in the temporal region. However, the findings from the other regions investigated 
suggest a much more complex relationship between IC and SA than for LGI and SA, 
with an inverse association in the cingulate and no significant association between 
IC and SA in the frontal, parietal, occipital or insula regions. Considering the strong 
positive relationship between SA and LGI it is unsurprising that IC relates similarly 
to both. Here we saw that IC and LGI are also positively associated in the temporal 
region and negatively in the cingulate. This is in accordance with the study by Ronan 
and colleagues (2014) who showed IC predicted gyrification globally and regionally, 
with IC and LGI relating positively in most regions (frontal, parietal, temporal, 
occipital and insula) but negatively in the cingulate. Similarly to the analyses 
presented here the former study used a linear model accounting for age and sex. 
Frontal, parietal, occipital and insula regions in our study also all showed a positive 
pattern of association, however, none of these associations were significant. When 
excluding age from our analyses we also saw a significant positive association in 
the frontal and parietal regions (Supplementary table 2). Suggesting that in these 
regions the measures change similarly through adolescence, and are potentially 
driven (or partially driven) by related developmental mechanisms, but that at the 
average age (16.5 years) there was no significant association between metrics. 
The insula and occipital regions remained slightly positively associated but non-
significant. Intriguingly, these findings suggest that the relationship between IC and 
SA/LGI is more complex than simply a direct mathematical outcome of the surface 
expansion. It is postulated that differential expansion of the cortex (indexed by IC) 
determines the cortical folding pattern (Ronan and Fletcher 2015), however, folding 
itself may cause compression of certain parts of the surface which in turn influences 
differential expansion (IC). This means that there is not a simple relationship between 
expansion (SA) and deformation (IC), as illustrated in our results. Furthermore, IC 
and CT were positively related in the frontal, parietal and cingulate regions, while 
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there was no significant association between them in the other regions. This has 
not previously been investigated or reported and again demonstrates the region-
specific relationship of IC to the other indices investigated.  

CT and SA have previously been shown to be genetically unrelated (Panizzon et al. 
2009) and we would not expect them to be related, as is the case for most regions. 
The consistent pattern of slight negative but non-significant associations may relate 
to geometric considerations (i.e. space restrictions). The cingulate, which shows a 
significant negative association, is perhaps more likely to display the results of these 
geometric restrains due to its lesser degree of gyrification. Finally and similarly, CT 
and LGI were non-significantly but consistently negatively associated in all regions. 
The complex pattern of region-specific associations and independencies between 
indices presented here stresses their individual value in research and highlights that 
each of these indices may be useful in revealing different aspects of the genetic and 
environmental factors influencing cortical development.  

By investigating age effects, our study also revealed that IC, CT and LGI are all age-
dependent, while SA appears stable with age. IC profiles were variable across regions 
and between the sexes, although in general, IC decreased as a function of age (Figure 
3 shows IC skew increasing, which implies that the degree of IC is decreasing [see 
methods]); the implications of this are discussed below. CT and LGI also decreased 
as a function of age in all regions over the age range studied here, 8-29 years. This is 
in keeping with the previous literature that reported the same, both globally (Shaw 
et al. 2008; Raznahan et al. 2011; Brown et al. 2012; Shaw et al. 2012) and regionally 
(CT only: Ostby et al. 2009; Amlien et al. 2016). Previous reports are inconsistent 
in relation to the development of SA with age. Some have reported that global SA 
peaks in childhood (8.1 years for females and 9.7 years in males) before decreasing 
throughout adolescence (Ostby et al. 2009; Shaw et al. 2012), while others have seen 
little to no decline in SA following the peak (Brown et al. 2012; Amlien et al. 2016) in 
accordance with the results presented here.  

We have shown that IC becomes lower as a function of age in adolescence. IC occurs 
by way of differential expansion of the cortex during early development. Previous 
hypotheses and experimental evidence suggested that differential expansion of the 
cortex, which IC is a quantifiable measure of, relates to both short-range connectivity 
and the cell density within the cortex; from which it can be inferred that increased IC 
relates to a higher proportion of short-to-long connections and a lower cell density 
within the cortex (Ronan et al. 2011; Ronan et al. 2012). However, during adolescence 
the cortex is no longer expanding, it is in fact shrinking in a multi-faceted manner 
with CT and LGI reducing, as shown in this study and previously (Ostby et al. 2009; 
Raznahan et al. 2011; Brown et al. 2012; Shaw et al. 2012; Amlien et al. 2016). The 
changes shown here in IC over adolescence therefore are likely related to the way 
in which the cortex deforms and reduces in size through adolescence rather than 
cortical expansion. In essence the lesser the degree of IC, the closer the cortical 
surface comes to being intrinsically flat. Adolescence is a major period of synaptic 
pruning and neural reorganisation (for review see Crews et al. 2007). Synaptogenesis 
in the brain during early development results in the over-production of synapses 
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to reach levels more than two-fold that of adult synapse numbers (Huttenlocher 
1979; Petanjek et al. 2011). Following a prolonged period of synaptic pruning that 
occurs from late childhood through adolescence these numbers stabilise to adult 
levels (Huttenlocher 1979; Petanjek et al. 2011). The age at which adult levels are 
obtained is region-specific; higher order areas like the prefrontal cortex have a very 
protracted duration of pruning, which only reaches a stable level at around 30 years 
of age, while most other areas appear to reach maturity earlier (Petanjek et al. 2011). 
Changes in IC may plausibly be related to these changes in the cytoarchitecture of 
the cortex during this period. 

For sex, we found a large effect on SA, with males having a larger surface area in 
each region, which is consistent with previous global findings (Raznahan et al. 2011; 
Amlien et al. 2016). A similar pattern was seen with LGI, again consistent with the 
previous literature (Raznahan et al. 2011). However, this effect on LGI could be 
ascribed to variation in brain size, as the effect was not robust to adding total SA as 
a covariate to the statistical model. It is important to note, therefore, that studies of 
LGI should always take the potentially confounding effect of brain size into account. 
An effect of sex was also present in the frontal IC analysis but again only before 
accounting for brain size. No effect of sex was found in the analysis of CT, which is 
consistent with previous studies to investigate the effect of sex on CT (Raznahan et 
al. 2011; Amlien et al. 2016). Although more localised CT differences between the 
sexes have previously been reported (Sowell et al. 2007). 

The different age and sex dependent effects on SA and CT that were shown in the 
current study are in keeping with the genetic study of Panizzon et al. (2009), who 
found that SA and CT, although both highly heritable, are governed by distinct 
genetic influences. These genetic findings fit the evidence from this study and others 
(Ostby et al. 2009; Raznahan et al. 2011; Brown et al. 2012; Amlien et al. 2016), 
that SA and CT developmental changes are significantly different and strengthens 
the argument against using the composite measures of volume (a product of SA 
and CT) as an endophenotype. From the current study, it is difficult to determine 
regional specificity of trajectories, as we miss or are underpowered at the period 
of development in which these measures reach their peak (Walhovd et al. 2016). 
However, region-specific trajectories are likely, given previous literature on brain 
volume and cortical thickness indicating maturation to occur earlier in sensory and 
motor areas compared to more frontal regions (Giedd et al. 1999; Gogtay et al. 2004; 
Shaw et al. 2008).  

As mentioned this is the first study to investigate CT, SA and LGI concurrently and 
additionally, the first to examine IC in development. Some limitations must be 
considered. Low numbers at the extremes of the age range were included resulting 
in reduced power of our analysis to detect cortical changes in late childhood and 
early adulthood. Analysis of a restricted age range (10-22 years) indicated that this 
reduced power at the extremes of the age range did not affect our findings (see 
Supplementary table 1 and Supplementary figure 1). By not including children 
younger than eight this study did not capture the changes that occur before this 
age. To address the potential confounds of scan site or the age difference between 
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sexes a matched analysis was also undertaken revealing similar results to the full 
sample (Supplementary table 3). Furthermore, this was a cross-sectional study and 
longitudinal studies should be done to confirm and extend our findings regarding 
age-related associations. 

In conclusion, this study adds an innovative cortical measure of IC to the study of 
cortical development. IC decreases with age during adolescence, which may reflect 
a decrease in short-range cortico-cortical connectivity and/or a higher cell density. 
Our findings present a complex pattern of cortical development in which different 
indices as CT, cortical SA, LGI and IC have partly different associations with age and 
sex and relate to each other in a region-specific manner. These findings may form a 
basis to better understand abnormal cortical development in neurodevelopmental 
disorders.
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Supplementary Material Chapter 8 
Age restrictions 

We had few participants at the extremes of our age range (8-29 years). To ensure this 
was not affecting our findings we also conducted the same analysis on participants 
aged 10 to 22 years (n=208). This resulted in negligible differences compared 
to analysis of the full sample (n=218). Findings from the restricted analysis are 
presented below in Supplementary table 1 and Supplementary figure 1.

Supplementary table 1 Association of age and sex with cortical indices; restricted age range

Region Age F Age p Sex T Sex p R2 (%)

Intrinsic Curvature

Frontal 34.21 6.20 x 10-7*** -3.06 2.50 x 10-3 25
Parietal 32.49 3.39 x 10-7*** -0.70 0.49 18
Temporal 22.91 6.95 x 10-5** -2.39 0.02 17
Occipital 2.97 0.09 -0.23 0.82 1
Cingulate 14.70 1.67 x 10-4** 2.28 0.02 6
Insula 19.22 1.83 x 10-5*** 0.44 0.66 12

Cortical Thickness

Frontal 72.34 1.60 x 10-15*** 1.07 0.29 32
Parietal 104.90 2.93 x 10-21*** 0.24 0.81 35
Temporal 49.97 1.85 x 10-11*** -0.30 0.76 23
Occipital 99.81 2.27 x 10-20*** 2.00 0.05 35
Cingulate 46.59 7.85 x 10-11*** -2.27 0.02 19
Insula 15.12 1.35 x 10-4** 0.92 0.36 7

Local Gyrification Index

Frontal 71.42 2.34 x 10-15*** 5.82 2.20 x 10-8*** 38
Parietal 79.08 1.27 x 10-14*** 7.22 1.04 x 10-11*** 42
Temporal 29.61 1.43 x 10-7*** 7.77 3.70 x 10-13*** 36
Occipital 20.25 1.12 x 10-5*** 5.97 1.03 x 10-8*** 24
Cingulate 16.20 7.94 x 10-5** 4.73 4.20 x 10-6*** 17
Insula 31.03 6.14 x 10-7*** 8.19 2.84 x 10-14*** 38

Surface Area

Frontal 0.47 0.49 8.92 2.69 x 10-16*** 28
Parietal 4.52 0.03 9.55 4.23 x 10-18*** 33
Temporal 5.62 0.15 9.98 2.52 x 10-19*** 35
Occipital 11.36 0.01 7.60 1.07 x 10-12*** 31
Cingulate 1.46 0.23 6.74 1.62 x 10-10*** 19
Insula 1.21 0.27 8.50 4.05 x 10-15*** 26

Statistics reported are from models including sex, scanner and familiality for each index for participants 
within the age range 10-22 years (n=208). R2 is for the full model. Statistics for LGI, IC and CT models that 
also included SA as a covaraiate were negligibly different regarding age. However, within the LGI model 
the inclusion of SA was seen to eliminate all significant effects of sex. Reults are comparable to that of the 
full model (n=218, age range = 8-29). Adjusted significance level is p<0.002. *p< 2 x 10-3, **p< 4 x 10-4, 
***p< 4 x 10-5.  
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Supplementary figure 1 Age-curves for each metric per region; restricted age range 
Each graph plots a metric over age separately for males and females in each region. Columns from left to 
right correspond to intrinsic curvature skew, cortical thickness, local gyrification index and surface area, 
respectively. Rows from top to bottom correspond to frontal, parietal, temporal, occipital, cingulate and 
insula regions, respectively. An increase in IC skew indicates a reduction in the degree of IC as a function 
of age. Males are depicted in black with females in grey. Broken lines represent the standard error for 
each.
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Partial Correlations 
Supplementary table 2 Correlations and partial correlations between indices 

Index Frontal Parietal Temporal Occipital Cingulate Insula

direct correlation

IC
LGI 0.34*** 0.31*** 0.40*** 0.09 -0.12 0.16
SA 0.19 0.07 0.32*** 0.06 -0.27** -0.00
CT 0.40*** 0.40*** 0.17 0.11 0.34*** 0.16

LGI 
SA 0.59*** 0.69*** 0.67*** 0.68*** 0.51*** 0.47***
CT 0.20 0.24* 0.06 0.15 0.03 0.12

SA CT 0.05 0.05 -0.03 0.15 -0.19 0.01

partial correlation with age

IC
LGI 0.16 0.15 0.32*** 0.06 -0.23* 0.02
SA 0.13 -0.01 0.29*** 0.03 -0.33*** -0.07
CT 0.24** 0.24** 0.03 0.05 0.25** 0.03

LGI 
SA 0.59*** 0.68*** 0.67*** 0.65*** 0.49*** 0.49***
CT -0.18 -0.12 -0.18 -0.07 -0.16 -0.04

SA CT -0.08 -0.11 -0.14 0.01 -0.31*** -0.02

partial correlation with sex

IC
LGI 0.26** 0.29*** 0.34*** 0.08 -0.11 0.16
SA 0.07 0.01 0.24* 0.04 -0.28*** -0.08
CT 0.38*** 0.40*** 0.15 0.10 0.34*** 0.15

LGI 
SA 0.47*** 0.58*** 0.54*** 0.60*** 0.43*** 0.28***
CT 0.14 0.22* 0.02 0.08 0.04 0.07

SA CT -0.06 0.00 -0.10 0.06 -0.20 -0.06

Estimates from Pearsons’ (partial) correlations tests for associations between indices are shown. Top 
panel is results from direct correlations, panel two accounts for age and panel three accounts for sex. 
Those accompanied by asterisks reached statistical significance according to the adjusted significance 
level of p<0.001. *p< 1 x 10-3, **p< 3 x 10-4, ***p< 3 x 10-5. 
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Matched analysis 
Supplementary table 3 Results from matched analysis (n=134) 

Region Age F Age p Sex T Sex p R2 (%)

Intrinsic Curvature

Frontal 9.43 2.75 x 10-6*** -2.00 0.05 26
Parietal 13.57 1.88 x 10-6*** -0.63 0.53 19
Temporal 5.37 4.13 x 10-3 -2.29 0.02 13
Occipital 3.08 0.08 -0.57 0.57 1
Cingulate 12.35 6.03 x 10-4* 1.90 0.06 7
Insula 25.22 1.55 x 10-6*** -0.41 0.68 19

Cortical Thickness

Frontal 55.38 6.19 x 10-12*** -0.05 0.96 32
Parietal 60.30 9.02 x 10-13*** -0.37 0.71 30
Temporal 36.23 1.40 x 10-8*** -0.22 0.83 23
Occipital 52.39 2.01 x 10-11*** 1.51 0.13 28
Cingulate 43.47 7.14 x 10-10*** -2.19 0.03 26
Insula 24.61 2.04 x 10-6*** 0.90 0.37 15

Local Gyrification Index

Frontal 36.57 1.2 x 10-8*** 5.17 8.61 x 10-7*** 30
Parietal 17.79 1.24 x 10-7*** 6.37 3.05 x 10-9*** 35
Temporal 19.18 2.36 x 10-5*** 6.38 2.89 x 10-9*** 29
Occipital 8.35 4.51 x 10-3 5.00 1.86 x 10-6*** 16
Cingulate 8.30 4.64 x 10-3 4.85 3.52 x 10-6*** 13
Insula 7.98 5.47 x 10-3 6.68 6.41 x 10-10*** 26

Surface Area

Frontal 1.08 0.30 8.27 1.41 x 10-13*** 30
Parietal 0.54 0.47 8.19 2.08 x 10-13*** 32
Temporal 0.61 0.44 8.22 1.82 x 10-13*** 31
Occipital 3.47 0.06 6.90 2.02 x 10-10*** 27
Cingulate 1.08 0.30 6.57 1.09 x 10-9*** 23
Insula 1.25 0.27 6.79 3.66 x 10-10*** 23

Statistics reported are from models including sex, scanner and familiality for each index for n=134 par-
ticipants who were matched across sexes (n=67 male and 67 female) by age (t=-0.02, p=0.99) and scan 
site (χ2 = 0, p=1). R2 is for the full model. Adjusted significance level is p<0.002. *p< 2 x 10-3, **p< 4 x 10-4, 
***p< 4 x 10-5. Similarly to analysis of the full sample inclusion of total SA in the analysis of IC, LGI and CT 
resulted in sex no longer having a significant effect on LGI but with otherwise comparable results. 

a race around the stars, a journey through
the universe ablaze with changes



137

Healthy Cortical Development Through Adolescence and Early Adulthood





Chapter 9 

General Discussion
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This thesis set out to determine the unique and common neural correlates of TS and 
ADHD. The focus of these investigations, for the most part, was on the neuroanatomy 
and neurochemistry of the CSTC networks. Further to this we sought to identify 
cortical variation associated with ADHD and healthy development.  

In the discussion to follow I will briefly summarise the previous chapters and then 
integrate their findings with respect to each other and the research field as a whole. 
Following that I will outline some of the challenges that remain and suggest potential 
avenues for future research. 

Summary by chapter 
In chapter 2 we introduced the TS-EUROTRAIN network and its constituent projects. 
This network has been successful in its aims of promoting collaboration in the field 
of TS research and forwarding our understanding of TS. Multiple publications have 
already been generated by the network as a result of these efforts in the fields 
of genetics (Nazaryan et al. 2015; Zilhão et al. 2015; Karagiannidis et al. 2016; 
Padmanabhuni et al. 2016; Tsetsos et al. 2016; Pagliaroli et al. 2016), neuroimaging 
(Kanaan et al. 2016; Forde et al. 2016; Fan et al. 2017; Forde et al. 2017a; Kanaan et 
al. 2017; Forde et al. 2017b; Naaijen et al. 2017) and animal models (Nespoli et al. 
2016), while many more papers are in progress. 

The first empirical chapter of this thesis, chapter 3, examined the associations of 
TS, ADHD severity and their interaction with basal ganglia structure in children. 
Both volume and shape analyses were investigated and revealed no basal ganglia 
structural alterations associated with either the presence of TS, ADHD-severity or 
their interaction. 

A similar approach was undertaken in chapter 4 but now with a focus on the 
structure of the white matter connecting basal ganglia and thalamus structures to 
the frontal cortex (CSTC white matter). Again no structural variation of the CSTC 
networks (this time white matter tracts) was associated with TS, ADHD-severity or 
their interaction.

Chapter 5 also focussed on the CSTC networks. Here we investigated glutamate 
concentrations in two regions of CSTC grey matter structures; left dorsal striatum 
and bilateral anterior cingulate cortex (ACC). No associations were observed with 
TS, ADHD or their combination, however, there was a positive correlation between 
ACC glutamate concentration and obsessive-compulsive (OC) symptom severity 
within those with TS. This however did not survive multiple comparison correction.

The methods of chapters 3-5 were advanced upon in chapter 6 and used in a multi-
modal fashion to determine the relationship between metrics and the influence of 
various phenotypic measures on the metrics. Neurochemical concentrations, mean 
diffusivity (MD) and intrinsic curvature (IC) were all extracted from the same region 
of the ACC. These all putatively relate to the cortical cytoarchitecture (Beaulieu 
2002; Ronan et al. 2011). We therefore hypothesised that the metrics would relate to 
each other. The sample was also expanded in this chapter to include the participants 
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with ASD and OCD from the COMPULS study as well as those with TS and/or ADHD. 
We found that neurochemical concentrations were negatively associated with MD. 
This supports the notion that water diffusion (quantified by MD) is hindered by cells 
(both neuronal and glial) and varies with cell density. Opposed to our hypothesis we 
saw no association between neurochemical concentrations or MD with the degree of 
IC of the surface. Finally, we showed a negative association between autism symptom 
severity and MD within the ACC region investigated. This suggests higher cell density 
in the ACC is associated with more severe autism symptoms across disorders. 

Chapter 7 continued the focus on the cortex. Here the whole cortex was investigated 
in a large sample of participants with ADHD, healthy siblings of those with ADHD 
and healthy controls. Local gyrification index (LGI) and IC of the cortex were 
investigated with the hypothesis that IC would be more sensitive than LGI to identify 
abnormalities in short-range cortical connections. We found no difference between 
the groups with respect to either measure.  

Finally, in chapter 8 cortical variation in healthy development was examined 
along with how multiple metrics of the cortical surface relate to each other. By 
using a multi-index approach we were able to determine that the indices carried 
complementary information and related to each other in semi-independent and 
region-specific manner. Furthermore, each index displayed an individual pattern of 
association with age and sex.

CSTC networks in neurodevelopmental disorders 
Taken together the findings from chapters 3-6 provide no evidence for 
neuroanatomical or neurochemical CSTC involvement in TS or ADHD in children. 
Although both TS and ADHD have been previously associated with volume 
alterations in the basal ganglia, variation in CSTC white matter and abnormalities 
in glutamatergic compounds within the CSTC networks the literature to date is 
heterogeneous.

TS 

Many of the studies of TS have been conducted in adults, while those in children 
have been less convincing and often included small sample sizes. The few studies 
that have reported associations between basal ganglia volume and TS in children 
have been inconsistent regarding the regions implicated and direction of change 
(Peterson et al. 2003; Ludolph 2006; Makki et al. 2008; Roessner et al. 2011). In 
contrast, the null findings presented in this thesis (chapter 3) replicate multiple 
previous findings of no associations between basal ganglia nuclei volume and TS 
in children (Zimmerman et al. 2000; Roessner et al. 2009; Williams et al. 2013; 
Jeppesen et al. 2014). Similarly, few previous studies have focussed on CSTC white 
matter in children with TS. As discussed below this is important to note as child and 
adult neurobiological presentations may differ. Results of the current thesis (chapter 
4) fit with the mainly negative findings from previous studies indicating no track-
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wise alterations associated with TS in children (Makki et al. 2009; Govindan et al. 
2010; Jackson et al. 2011). Some adults studies, however, did report abnormalities 
in CSTC white matter associated with TS (Draganski et al. 2010; Cheng et al. 2014; 
Müller-Vahl et al. 2014; Worbe et al. 2014) but these are also inconsistent (Thomalla 
et al. 2009; Neuner et al. 2010). Singer and colleagues (2010) proposed a role for 
the glutamatergic system in TS, however, only one pervious MRS study in children 
examined glutamatergic compounds in TS and found no abnormalities (DeVito et al. 
2005). In accordance with this the work presented in chapter 4 found no relation 
between TS and glutamate concentration in the ACC or dorsal striatum. Although in 
contrast two recent studies of TS in adults implicated the glutamatergic system in 
CSTC networks albeit with non-converging findings (Kanaan et al. 2016; Fan et al. 
2017). 

Therefore the combined findings of this thesis in regard to TS suggest that there are 
no large CSTC structural variations or abnormalities in glutamate levels associated 
with TS in children. However, the possibility remains that subtle differences may be 
present but undetectable given our current sample size and methods, as has been 
suggested to be the cause of heterogeneous findings in the study of ADHD (Hoogman 
et al. 2017). Previous adult findings could be showing compensatory changes that 
occur as a result of the disorder rather than aetiological abnormalities. Alternatively, 
the adult findings may relate to the subset of people with TS whose TS persists into 
adulthood while studies in children consist of a more heterogeneous group most of 
whom will remit in the coming years.  

ADHD severity 

Most previous literature has used a case-control design to investigate ADHD as 
opposed to the dimensional approach utilised here. Meta-analyses indicated right 
basal ganglia volume reductions in children with ADHD compared to controls (Nakao 
et al. 2011; Frodl and Skokauskas 2012). On the other hand, the large NeuroIMAGE 
study of ADHD in adolescents found no main effect of ADHD on basal ganglia volumes 
either by voxel-based morphometry (Bralten et al. 2015) or automated segmentation 
analyses (Greven et al. 2015). Finally a recent mega-analysis observed subtle volume 
reductions in multiple subcortical structures including the caudate and putamen in 
both children and adults with ADHD (Hoogman et al. 2017). Former studies of CSTC 
white matter in children with ADHD have been inconsistent showing both reduced 
(Konrad and Eickhoff 2010; Xia et al. 2012; Cubillo et al. 2012; Wu et al. 2014; Gau 
et al. 2015) and increased FA (Silk et al. 2009; Davenport et al. 2010; Li et al. 2010), 
for review see van Ewijk and colleagues (2012). Furthermore, when it comes to 
MRS studies previous reports have been confounded by methodological issues but 
do appear to show increased levels of glutamatergic compounds in regions of the 
CSTC loops in paediatric ADHD compared to controls (Naaijen et al. 2015). Although 
adults with ADHD present with reduced levels of striatal glutamatergic compounds 
(Maltezos et al. 2014).  
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The findings presented here in chapters 3-5 do not support these previous findings 
of structural and glutamatergic variation of CSTC loops being associated with ADHD 
in children. However, ADHD severity was investigated here rather than ADHD as a 
categorical disorder which may account for the discrepancy. There is little evidence 
from former studies to link CSTC structural variation or glutamate levels within 
the CSTC loops to ADHD symptoms or severity in children. Associations between 
symptom severity and small portions of CSTC white matter (Wu et al. 2014; van Ewijk 
et al. 2014) and glutamatergic compounds in the ACC (Dramsdahl et al. 2011) and 
basal ganglia (Maltezos et al. 2014) have been reported previously in adolescents/
adults with ADHD. However, these studies only identified associations within ADHD 
groups and not over a wider range of symptom severity (i.e. across disorders and 
healthy variation). Furthermore, the studies were performed in adults, who differ 
in both ADHD symptoms (Polanczyk et al. 2007) and glutamate levels (Horská et al. 
2002) compared to children.  

Thus the previous literature and the findings presented in this thesis provide no 
evidence for an association between ADHD severity (across disorders and normal 
variation) and CSTC structural or glutamatergic variation. Similarly to the case of TS, 
neuroanatomic and neurochemical variation seen in adults with ADHD may represent 
compensatory changes or the effect of the disorder but further investigations are 
required to determine this.

Finally, as we only investigated structural and glutamatergic variation of the CSTC 
networks we can conclude little about CSTC functioning in paediatric TS and/or 
ADHD. The influence of morphology on functioning at the level we investigate is 
unknown. Functional MRI studies have indicated abnormal functioning of CSTC (and 
other) networks in various neurodevelopmental disorders (Konrad and Eickhoff 
2010; Cubillo et al. 2012; Hart et al. 2013; Ganos et al. 2013; Faraone et al. 2015; 
Carlisi et al. 2016; Norman et al. 2016; Carlisi et al. 2017) and related symptoms 
(van den Heuvel et al. 2016). Future studies from this cohort and others will reveal 
more about the functional variability associated with TS and/or ADHD (and other 
neurodevelopmental disorders) and would benefit from employing a cross disorder 
dimensional approach to reveal more about the shared and unique correlates. 

OC symptom severity 

Chapter 5 revealed a potential positive correlation between ACC glutamate levels 
and OC-symptom severity in participants with TS. Elevated ACC glutamate may be 
associated with cognitive control deficits related to obsessions and compulsions 
(Botvinick et al. 2004). Previous literature investigating associations with symptom 
severity in OCD samples have also shown positive correlations with glutamatergic 
compounds in the ACC (Yücel et al. 2008) and basal ganglia (Gnanavel et al. 2014) 
although only in adult samples. Further studies are required to see if the current 
trend-findings extend to OC-symptom severity within paediatric OCD and across 
other disorders that exhibit similar behaviours, such as ASD. Furthermore, the 
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findings in this thesis are based on a childhood sample of participants. How these 
findings relate to OC-symptoms in adult TS will remain unclear until further research 
is conducted.

Autism symptom severity 

In chapter 6, severity of autism symptoms across disorders (TS, ADHD, OCD, ASD 
and healthy participants) was shown to be negatively related to MD in the ACC. From 
this we inferred that those with more severe autistic traits have a higher cell density. 
Previous research has suggested cytoarchitectural changes in ASD (Casanova and 
Trippe 2009; Ecker et al. 2013; Kotagiri et al. 2014), although all in adult cohorts and 
using diverse methods. This study is the first to suggest cytoarchitectural variation 
is associated with cross disorder autism symptom severity in a child cohort. 

Dimensional measures 
The use of dimensional measures made it possible to identify neural correlates of 
autism symptom severity (chapter 6) and OC symptom severity (chapter 5) across 
disorders that would otherwise not have been identifiable. This thesis therefore 
supports the use of dimensional measures to investigate the heterogeneity and 
complexity of neurodevelopmental disorders as endorsed by the RDoC (Cuthbert 
2014) and various others (Robbins et al. 2012; Thapar et al. 2017). 

Cortical development in ADHD and health 
ADHD 

Findings from this thesis, chapter 7, indicated that developmental abnormalities 
previously found in the cortex of those with ADHD (Shaw et al. 2007; Shaw et 
al. 2012) are not due to underlying differences in the cytoarchitecture. This is in 
keeping with a previous longitudinal study that showed no maturational differences 
in gyrification between individuals with ADHD compared to healthy controls 
(Shaw et al. 2012). We proposed that IC analysis may have been more sensitive 
than gyrification measures to detect cortical differences between groups if present. 
However, our results concur with the previous finding of Shaw et al. (2012) in that we 
found no diagnostic difference in IC. While larger scale connectivity abnormalities 
(white matter) between regions have been reported to occur in ADHD (Konrad 
and Eickhoff 2010; van Ewijk et al. 2012) the implication of this study is that these 
connectivity abnormalities are not reflected at a smaller scale in the short range 
connections within the grey matter (Ronan et al. 2012). 

Healthy development 

As well as investigating case-control cortical differences we took advantage 
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of having a large data set of adolescents and young adults to examine healthy 
structural cortical development. Understanding healthy development is desirable 
as without a good understanding of this recognising deviations from it that may 
relate to particular disorders or symptoms remains difficult. The results of chapter 8 
highlight the complex, region specific relationship cortical indices have to each other 
and their individual pattern of associations with age and sex. This information will 
be useful for the interpretation and integration of findings from studies that utilise 
the various metrics. Furthermore, the association of IC to various other metrics was 
examined for the first time thereby introducing a metric that is plausibly related to 
the cytoarchitecture. 

The relation of various metrics to each other was again investigated in chapter 6 in a 
bid to probe the cytoarchitecture of the ACC. This confirmed the association between 
neurochemicals and MD hypothesised due to their common theoretical basis on the 
cytoarchitecture. This supports the notion that neurochemicals may relate not only 
to the cellular integrity but also to the cell density of the region being investigated. 
Again this is an important finding for the future interpretation of results from other 
studies. 

Limitations 
Results from this thesis must be considered in light of some limitations. Regarding 
the chapters that made use of the COMPULS/TS-EUROTRAIN cohort females were 
under represented in the TS sample, as is expected as males are more frequently 
affected than females (Hirschtritt et al. 2015). In most cases findings were replicated 
within the male only sample or there were no interactions with sex in the studies 
but caution is warranted if extrapolating these results to girls with TS and further 
studies that strive to include a larger number of girls with TS are warranted. 

We did not find any effects of stimulant or antipsychotic medication use on basal 
ganglia or CSTC structure in this thesis. However, it must be cautioned that these 
analyses may have been under-powered in this respect. This is particularly true 
for the investigation of antipsychotics as few participants were currently using (or 
had previously used) antipsychotics. Antipsychotic treatment has previously been 
associated with grey matter volume (both increases and decreases) in schizophrenia 
(Smieskova et al. 2009; Fusar-Poli et al. 2013). Moreover, animal studies have shown 
reduced grey and white matter volume and alterations in glial cell numbers following 
treatment with antipsychotics in contrast to vehicle-treated animals (Dorph-
Petersen et al. 2005; Konopaske et al. 2007; Konopaske et al. 2008; Vernon et al. 
2011; Vernon et al. 2014). Antipsychotics are often used to treat TS in children as well 
as adults. This is of particular interest as the brain during development may be more 
vulnerable to treatment effects than adult brains and the effect of antipsychotics in 
children has not yet been explicitly tested. One former study of both children and 
adults with TS found increased caudate and globus pallidus volumes in participants 
taking typical antipsychotic medication, while atypical antipsychotics were only 
associated with a larger globus pallidus volume (Peterson et al. 2003). However, the 
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effect in children alone has not been investigated nor the interaction with age. Thus 
further studies of the effect of antipsychotics during development are required to 
determine their influence.

Clinical implications 
Although there are no direct clinical implications of this research it provides an 
important step forward in understanding the aetiology of neurodevelopmental 
disorders. Determining the factors that underlie neurodevelopmental disorders 
opposed to those that occur as a consequence will help in determining causative 
abnormalities and potentially allow new targets for treatment to be identified. 
Similarly, given the complexity of neurodevelopmental disorders unravelling the 
neural correlates associated with different behavioural phenomena may in future aid 
in generating methods for predicting outcomes and guide treatment plans in a more 
personalised manner then currently possible. Finally, the accurate interpretation of 
results from studies is of paramount importance for correctly focussing the future 
research that will provide understanding and clinical improvements to the study 
of disorders. This thesis provides important information on how MRI metrics 
relate to each other, age and sex. Furthermore, the relationship of metrics to the 
cytoarchitecture may boost what we can infer from our data.     

Future work 

“In my opinion, progress does not necessarily mean finding final answers to 
complex questions, but it may instead mean being able to ask better questions” 

Prof Olaf Sporns

Longitudinal studies 

While a huge advantage of this study regarding the COMPULS/TS-EUROTRAIN data 
was the small age range future studies would benefit from longitudinal designs 
beginning in a similar or even earlier age range and following participants through 
adolescence into adulthood. This would allow the course of neurodevelopmental 
disorders to be elucidated. Importantly for TS this would allow not only correlates 
of the course of TS to be determined but predictors of subgroups (i.e. those who will 
remit versus persist) may be identifiable.  

The final empirical chapter (8) highlights the range of normal variation and how 
various metrics of the cortical surface relate to each other. Longitudinal studies here 
too would be of interest to confirm and further distinguish the changes that occur in 
the cortex through development.
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Normative and multi-modal modelling  

An approach that could be valuable in addressing the variation in normal healthy 
development and fitting with the concept forwarded by the RDoC (Cuthbert 2014) 
is that of normative modelling. This would enable the linking of clinical assessments 
and behaviour to quantitative biological markers of neural structure and function to 
define normative ranges of variation. Subsequently, individuals can be described in 
terms of their quantified deviation from the normative range rather than relying on 
arbitrary thresholds for categorising people as is required for case-control designs 
(Marquand et al. 2016). Considering the continuum of many symptoms across 
neurodevelopmental disorders and the healthy population this method holds great 
potential for integrating various measures in the study of these complex disorders.  

In addition to normative modelling, multi-modal imaging may produce insights that 
would otherwise be unattainable with individual modalities. One can suppose that 
biological processes (whether deviant or not) are reflected not in just one modality, 
but to varying extents in several modalities. By using a multi-modal approach the 
strengths of the different modalities complement each other, providing a more 
complete picture of the topic under investigation (Curiel et al. 2007; Francx et al. 
2016). This thesis touched on multi-modal imaging in chapter 6 but future studies 
should advance on this approach.

Beyond the CSTC networks 

Much of this thesis focussed solely on the CSTC loops and we deem this was 
appropriate considering the extent to which the CSTC networks have been implicated 
in neurodevelopmental disorders (Leisman and Melillo 2013). However, the CSTC 
model of neurodevelopmental disorders may be an oversimplification of complex 
disorders (Milad and Rauch 2012; Castellanos and Proal 2012). Interaction with 
multiple other regions (i.e. amygdala and hippocampus) can modulate CSTC loops 
(Haber and Knutson 2009) as well as other brain regions having been implicated 
in the disorders (Menzies et al. 2008; Felling and Singer 2011; Faraone et al. 2015; 
Greene et al. 2015). Future research should resist the urge to oversimplify these 
complex disorders and consider other brain regions as well as the complexity of 
the disorders themselves. Although, this thesis doesn’t support the neuroanatomical 
or neurochemical involvement of CSTC tracks in neurodevelopmental disorders 
the possibility of functional dysregulation of CSTC tracks being central to these 
disorders is still likely (Konrad and Eickhoff 2010; Cubillo et al. 2012; Hart et al. 
2013; Ganos et al. 2013; Faraone et al. 2015; Carlisi et al. 2016; van den Heuvel et 
al. 2016; Norman et al. 2016; Carlisi et al. 2017). However, the point is still valid and 
other regions and circuits should not be neglected.

Conclusion 
The work in this thesis does not support CSTC structural and glutamatergic 
variation to be related to TS and/or ADHD in children. OC-symptom severity in 
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TS is possibly related to glutamate concentration in the ACC and autism symptom 
severity across disorders to the cytoarchitecture of the ACC. These findings require 
further investigation but are promising for the identification of neural correlates 
of autism and OC traits in children. Further research should continue to apply 
dimensional approaches and focus on distinguishing the course of disorders with 
longitudinal studies. This will allow the discrepancies in findings between child and 
adult populations to be explained.  

Finally, I will conclude this thesis as I began it; by declaring it’s complex. There will be 
no easily found answers to the big questions we pose and likely no straightforward 
answers at all. As Prof Brian Leonard once said of the brain “it is the last remaining 
intellectual challenge” and while many will disagree that it is the only remaining 
challenge, I do not think anyone will dispute that it is a challenge and there is a lot 
of work to do. 
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Neuronale ontwikkeling is complex. Het brein is complex. Ontwikkelingsstoornissen 
zijn complex. Beeldvormende technieken zijn complex. Gedrag is complex. In dit 
proefschrift komt elk van deze onderwerpen aan bod, met het doel verschillende 
aspecten van ontwikkelingsneurobiologie, ontwikkelingsstoornissen en 
beeldvormende technieken in kaart te brengen. 

In deze thesis presenteer ik een verzameling artikelen die zich voornamelijk richten 
op de neuroanatomie en neurochemische correlaten van Tourette syndroom (TS) 
en Attention-deficit/hyperactivity disorder (ADHD). Echter, in sommige artikelen 
wordt tevens gekeken naar andere ontwikkelingsstoornissen, of ligt de focus op 
enkel ADHD of op de gezonde ontwikkeling van het brein. 

Neuronale ontwikkeling 
Neuronale ontwikkeling is een brede term waarmee veranderingen worden 
aangeduid in het zenuwstelsel die plaatsvinden tijdens de zwangerschap, kindertijd, 
adolescentie en jongvolwassenheid. Psychiatrische stoornissen die ontstaan tijdens 
de kindertijd worden ontwikkelingsstoornissen genoemd. Aangenomen wordt dat 
deze stoornissen het resultaat zijn van afwijkende ontwikkeling van het brein en 
cognitieve functies. 

Ontwikkelingsstoornissen
De vijfde editie van de Diagnostic and Statistical Manual of Mental Disorders 
(DSM-5) onderscheidt verschillende ontwikkelingsstoornissen. Echter, omdat de 
verschillende stoornissen onderling veel overeenkomsten vertonen en bovendien 
vaak co-morbide zijn, is het uitgesproken zinvol om deze categorie van stoornissen 
als geheel te onderzoeken. Door patiëntgroepen samen te voegen kan men 
onderzoek doen naar mogelijke gemene delers in de etiologie en pathofysiologie 
van ontwikkelingsstoornissen.  

TS wordt gekenmerkt door de aanwezigheid van meerdere motorische, en één of 
meerdere fonetische tics, die over de tijd fluctueren in intensiteit, frequentie en ernst. 
Psychiatrische comorbiditeit komt vaak voor bij TS, met een geschatte levenslange 
prevalentie die kan oplopen tot 86%. De meest voorkomende comorbiditeiten 
zijn ADHD (~50%) en obsessief compulsieve stoornis (OCD; 20-60%), maar ook 
stoornissen in het autistisch spectrum (ASD) komen vaker voor dan je op basis van 
toeval zou verwachten.  

ADHD is een veel voorkomende ontwikkelingsstoornis die wordt gekenmerkt door 
pervasieve en leeftijds-inadequate aandachtsproblemen en/of hyperactiviteit en 
impulsiviteit, die in het dagelijks leven tot problemen leiden. OCD wordt gekenmerkt 
door terugkerende onvrijwillige gedachten of beelden (obsessies) en repetitief 
(mentaal) gedrag (compulsies) die gepaard gaan met angst, veel tijd in beslag nemen 
en het dagelijks functioneren beperken. ASD kenmerkt zich door problemen in de 
sociale interactie en communicatie, alsmede beperkte en repetitieve gedragingen, 



interesses en activiteiten, en afwijkende verwerking van sensorische prikkels. 

Gedeelde etiologie en pathofysiologie van ontwikkelingsstoornissen
Er zijn aanwijzingen dat verschillende ontwikkelingsstoornissen in verband 
kunnen worden gebracht met dezelfde genetische risicofactoren, en dat mogelijk 
dezelfde hersengebieden betrokken zijn bij verschillende stoornissen. Het cortico-
striatale-thalamo-corticale (CSTC) systeem wordt het vaakst in verband gebracht 
met ontwikkelingsstoornissen. Deze neuronale netwerken zijn herhaaldelijk 
aangewezen als etiologisch centrum. Dysfunctie in deze netwerken zou leiden tot 
specifieke symptomen zoals tics, obsessies, dwang, hyperactiviteit en afwijkingen in 
de verwerking van beloning.    

Ondanks aanwijzingen dat de structuur en neurotransmitterfunctie in de CSTC 
circuits afwijkend is in TS, ADHD, OCD en ASD, is het bewijs niet doorslaggevend. 
Bovendien geeft zowel de complexiteit binnen- als de overlap tussen deze 
heterogene stoornissen aanleiding tot meer onderzoek naar de gemeenschappelijke 
en onderscheidende correlaten van de stoornissen en symptomen. 

Doelen 
Deze thesis heeft als doel om zowel unieke als gedeelde neurale kenmerken 
van TS en ADHD te beschrijven. The focus ligt daarbij meestal op structurele en 
neurochemische aspecten van CSTC netwerken. Daarnaast hebben we gepoogd om 
de veranderingen in kaart te brengen die gepaard gaan met de hersenontwikkeling 
van kinderen/jongeren met en zonder ADHD.

Samenvatting per hoofdstuk
Hoofdstuk 2 wordt beschreven hoe het onderzoek dat is opgenomen in dit 
proefschrift is ingebed in het internationale TS-EUROTRAIN netwerk. Het netwerk is 
erin geslaagd om samenwerking te stimuleren tussen onderzoekers van TS, en heeft 
daarmee bijgedragen aan verdere ontwikkeling van de kennis over TS. Verschillende 
publicaties op het gebied van genetica, neuroimaging en diermodellen zijn inmiddels 
verschenen, en meer onderzoek zal in de toekomst uit het netwerk voortkomen.  

De hoofdstukken 3-6 onderzoeken op verschillende manieren de rol van CSTC 
circuits in ontwikkelingsstoornissen. Hoewel de focus primair ligt op TS en ADHD, 
worden ook symptomen van ASD en OCD in aanmerking genomen. Eerder onderzoek 
geeft geen eenduidig antwoord op de vraag of en hoe veranderingen in CSTC loops 
geassocieerd zijn met TS en ADHD in kinderen. De structuur van de basale kernen 
en van de wittestofbanen die de basale kernen verbinden met de frontaalschors 
zijn onze primaire interessegebieden. Daarnaast is de anterior cingulate cortex 
(ACC) eerder in verband gebracht met zelf-regulatie en daarmee met gedrag 
dat in meerdere stoornissen voorkomt, zoals compulsiviteit en impulsiviteit. De 
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hoofdstukken 3-6 zijn als volgt opgebouwd:  

Hoofdstuk 3 beschrijft de unieke en gedeelde kenmerken in de structuur van de 
basale kernen bij kinderen met TS en/of ADHD. Analyses van zowel volume als 
vorm laten geen verband zien tussen de structuur van de basale kernen en de 
aanwezigheid van TS, de ernst van ADHD symptomen, of de interactie tussen TS en 
ADHD symptomen.  

Een vergelijkbare benadering is gekozen in hoofdstuk 4, echter ditmaal wordt 
gekeken naar de structuur van de wittestofbanen die de basale kernen en de 
thalamus verbinden met de frontaalschors (CSTC wittestofbanen). Opnieuw wordt 
geen verband gevonden tussen structurele veranderingen in de CSTC circuits 
enerzijds, en TS, ADHD en de interactie tussen TS en ADHD anderzijds.  

In hoofdstuk 5 wordt de relatie onderzocht tussen glutamaat in CSTC gebieden 
(links dorsaal striatum en bilateraal ACC) en TS en/of ADHD. Er wordt geen verband 
gevonden met TS, ADHD of de combinatie van TS en ADHD, echter er wordt een 
positief verband gevonden tussen glutamaat in de ACC en obsessief-compulsieve 
symptomen bij kinderen met TS. Na correctie voor multiple testing is deze bevinding 
echter niet langer significant. 

Hoofdstuk 6 borduurt voort op de methoden van hoofdstuk 3-5 door verschillende 
modaliteiten te combineren. Anatomische, diffusie en neurochemische data wordt 
met geavanceerde technieken gelijktijdig geanalyseerd. Van een klein gebied 
in de ACC worden verschillende kenmerken van de corticale cyto-architectuur 
geëxtraheerd. Het doel is te onderzoeken hoe de verschillende parameters zich 
verhouden tot de celdichtheid in de cortex, en tot symptomen die in verschillende 
ontwikkelingsstoornissen voorkomen. Voor dit hoofdstuk wordt de onderzoeksgroep 
van deelnemers met TS en ADHD aangevuld met deelnemers met ASD en OCD uit de 
COMPULS studie. We vinden dat gemiddelde diffusiviteit (MD) negatief correleert 
met de concentratie van neurochemische elementen. Met andere woorden: de 
diffusie van water wordt geremd door de aanwezigheid van cellen (zowel neuronen 
als glia cellen). In tegenstelling tot onze hypothese zien we geen verband tussen 
neurochemische concentraties of MD en de intrinsieke kromming (IC) van de 
oppervlakte van de cortex. Tot slot vinden we in de gehele groep een negatief 
verband tussen MD en de ernst van de symptomen van autisme. Deze bevinding 
suggereert dat in verschillende ontwikkelingsstoornissen een hogere celdichtheid 
in de ACC gerelateerd is aan symptomen van autisme.   

In Hoofdstuk 7 onderzoeken we de gehele cortex in plaats van enkel de gebieden 
geassocieerd met CSTC circuits. We toetsen de hypothese dat de intrinsieke kromming 
van de cortex gevoeliger zal zijn voor veranderingen in corticale verbindingen 
over korte afstand, in vergelijking met lokale gyrificatie van de cortex (LGI). We 
vergelijken zowel lokale gyrificatie als intrinsieke kromming van de cortex tussen 
deelnemers met ADHD, deelnemers met een broer of zus met ADHD, en deelnemers 
uit gezinnen waarin géén ADHD voorkomt. We vinden geen verschillen in corticale 
gyrificatie of kromming tussen deze drie groepen.  

Tot slot onderzoeken we in Hoofdstuk 8 de normatieve ontwikkeling van de 



cortex tijdens de adolescentie voor jongens en meisjes. Tevens wordt onderzocht 
hoe verschillende parameters van de oppervlakte van de cortex (corticale dikte, 
corticale oppervlakte, lokale gyrificatie en intrinsieke kromming) zich tijdens deze 
ontwikkeling tot elkaar verhouden. Door meerdere corticale parameters gelijktijdig 
te analyseren, stellen we vast dat de verschillende parameters deels overlappende 
en deels unieke informatie geven over de ontwikkeling van de cortex. Het heeft 
daarmee meerwaarde om elk van de parameters in ogenschouw te nemen. We 
concluderen ook dat de samenhang van parameters niet hetzelfde is in verschillende 
hersengebieden. Tot slot vinden we dat de parameters van elkaar verschillen in de 
mate waarin - en de manier waarop - ze samenhangen met leeftijd en geslacht. 

CSTC netwerken in ontwikkelingsstoornissen
Samengenomen leveren de bevindingen in hoofdstuk 3-6 geen bewijs dat 
anatomische en neurochemische aspecten van de CSTC loops betrokken zijn bij TS of 
ADHD in kinderen. Zowel TS als ADHD zijn in eerder onderzoek in verband gebracht 
met veranderingen in het volume van de basale kernen, de structuur van CSTC 
wittestofbanen en de glutamaat-concentratie in CSTC netwerken, echter dergelijke 
bevindingen worden niet consistent gerapporteerd. Mogelijk zijn veranderingen in 
onze onderzoeksgroep dusdanig subtiel dat ze niet kunnen worden gedetecteerd 
gegeven het aantal deelnemers in onze onderzoeksgroep.  

Hoofdstuk 5 beschrijft een mogelijk positieve correlatie tussen het glutamaat-niveau 
in de ACC en obsessief-compulsieve symptomen in deelnemers met TS. Verhoogde 
ACC glutamaat is mogelijk geassocieerd met afwijkingen in de cognitieve controle, 
die kunnen leiden tot obsessief en compulsief gedrag. Meer onderzoek is nodig om 
te bepalen of de huidige bevinding op trend-niveau ook standhoudt in een groep van 
kinderen met OCD, of in groepen kinderen met verwante ontwikkelingsstoornissen 
zoals ASD. Bovendien is het interessant te onderzoeken of in volwassenen met 
TS hetzelfde verband bestaat tussen ACC glutamaat en obsessief-compulsieve 
symptomen.  

In hoofdstuk 6 vinden we dat, in groepen kinderen met verschillende 
ontwikkelingsstoornissen, de ernst van symptomen van autisme negatief 
samenhangt met MD in de ACC. Hieruit maken we op dat deelnemers met autistische 
kenmerken mogelijk een hogere celdichtheid hebben in de ACC vergeleken met 
deelnemers zonder deze kenmerken. Eerder onderzoek heeft al cyto-architecturele 
veranderingen aangetoond in ASD, echter uitsluitend in volwassenen. In hoofdstuk 
6 wordt voor het eerst een verband gepresenteerd tussen ASD kenmerken en 
cyto-architecturele veranderingen in een groep kinderen met verschillende 
ontwikkelingsstoornissen.  

Omdat we enkel structurele en neurochemische veranderingen in de CSTC netwerken 
onderzochten kunnen we geen uitspraken doen over de functie van deze netwerken in 
kinderen met TS en ADHD. Functionele MRI studies hebben afwijkingen aangetoond 
in de activiteit van CSTC netwerken (alsmede in andere systemen) in verschillende 
ontwikkelingsstoornissen. Over de relatie tussen hersenstructuur, hersenfunctie en 
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ontwikkelingsstoornissen is echter onvoldoende bekend. Toekomstig onderzoek 
gebaseerd op het huidige cohort en daarbuiten zal meer inzicht geven in functionele 
afwijkingen bij TS en ADHD. Dergelijk onderzoek heeft baat bij een dimensionele 
benadering, en bij het combineren van verschillende diagnostische categorieën in 
één onderzoeksgroep. Daarmee kan meer inzicht worden verworven in de gedeelde 
en unieke aspecten van verschillende ontwikkelingsstoornissen. 

Conclusie
De bevindingen van dit promotieonderzoek bieden geen ondersteuning voor een 
verband tussen de structuur van CSTC circuits en TS en/of ADHD bij kinderen. 
Obsessief-compulsieve symptomen in TS zijn mogelijk geassocieerd met de 
glutamaat concentratie in de ACC, en symptomen van autisme in verschillende 
ontwikkelingsstoornissen zijn mogelijk geassocieerd met de cyto-architectuur 
van de ACC. Deze bevindingen bieden veelbelovende aanknopingspunten voor 
toekomstig onderzoek naar veranderingen in het brein die samengaan met 
symptomen van autisme en OCD. In toekomstig onderzoek is een dimensionele 
benadering is van belang, alsmede longitudinaal onderzoek naar het beloop van de 
verschillende ontwikkelingsstoornissen. Mogelijk kan dergelijk onderzoek inzicht 
geven in de verschillen tussen neurale kenmerken van ontwikkelingsstoornissen bij 
kinderen en volwassenen.  
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