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Abstract 

Infants with hydrocephalus are a high-risk group for adverse neurodevelopmental outcomes, 

including impairments in executive functions such as goal-directed behaviour, focusing, and 

shifting attention. The current pilot study aimed to profile white matter and executive 

dysfunction in school-aged children with ventriculoperitoneal (VP) shunted hydrocephalus 

and age-matched healthy controls using the Behaviour Rating Inventory for Executive 

Functions and diffusion tensor imaging. To assess the degree of similarity between patient 

structural networks and controls, probabilistic streamlines between striatal and cortical 

regions and their respective diffusivity metrics were assessed. For a number of patients with 

hydrocephalus, white matter in the striatal-executive network showed significant deviation 

from a healthy control profile. Patients with higher global executive dysfunction also had 

lower correlations of striatal-executive fractional anisotropy with the healthy control profile. 

Future studies with larger samples can explore factors such as etiology that are likely to 

contribute to aberrant white matter and executive dysfunction.  

Keywords 

pediatric hydrocephalus, executive function, white matter integrity, structural connectivity, 

DTI 
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Summary for Lay Audience 

Hydrocephalus is a neurological condition characterized by an abnormal accumulation of 

cerebrospinal fluid within the ventricles of the brain and is the most common reason for brain 

surgery in children. Infants with hydrocephalus are a high-risk group for adverse 

neurodevelopmental outcomes, including impairments in executive functioning (EF) skills 

such as goal-directed behaviour, focusing, and shifting attention. The current pilot study 

aimed to profile white matter integrity and executive dysfunction in school-aged children 

with ventriculoperitoneal (VP) shunted hydrocephalus and age-matched healthy controls 

using parental reports on the Behaviour Rating Inventory for Executive Functions (BRIEF2), 

and diffusion tensor imaging, a non-invasive MRI technique used to assess white matter 

microstructure in vivo. To assess the degree of similarity between patient and control 

structural networks, probabilistic streamlines between striatal and cortical regions of interest 

and their respective diffusivity metrics were assessed in native diffusion space. For a number 

of patients with hydrocephalus, white matter connectivity and diffusivity measured by 

fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), radial diffusivity 

(RD) and magnetization transfer ratio (MTR) in the striatal-executive network showed 

significant deviation from a healthy control profile. Overall, patients with hydrocephalus 

displayed variable executive dysfunction outcome, with at least 5 patients scoring from the 

potentially clinically elevated to clinically elevated range across indices and another 2 

patients scoring within the expected range for children of their age and gender. Patients with 

higher reported dysfunction on the Global Executive Composite (GEC) scale also had lower 

correlations of striatal-executive FA with the healthy control profile. Future studies with 

larger patient samples will be needed to explore factors such as etiology that are likely to 

contribute to aberrant white matter structure and executive dysfunction outcome.  
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Chapter 1  

1 Introduction 

Hydrocephalus is a complex neurological disorder typically characterized by an abnormal 

accumulation of cerebrospinal fluid (CSF) within the ventricles of the brain and is the leading 

cause of neurosurgery in children across the globe (Figure 1; Munch et al., 2012; Kahle et al., 

2016). While hydrocephalus can occur at any stage in life, pediatric cases with fetal and 

neonatal onset are particularly common, with an estimated incidence of approximately 1-2 

babies out of every 1000 live births, and often result in the poorest neurological outcomes 

(Munch et al., 2012). Despite its many different causes, elevated intracranial pressure (ICP) 

in addition to ventricular dilatation is a common presentation across pediatric patients (Del 

Bigio, Wilson, & Enno, 2003). Numerous human and experimental animal studies of 

pediatric hydrocephalus have demonstrated severe and potentially irreversible impacts of 

ventricular dilatation on the white matter of the brain important for sustaining and developing 

various cognitive functions (Yuan et al., 2015; Yuan et al., 2016; Chumas et al., 1994; Del 

Bigio et al., 1994). Although the advent of modern surgical techniques used to divert CSF 

has drastically increased survival rates, pediatric hydrocephalus is still an incurable condition 

and many patients demonstrate residual cognitive deficits (Behjati, Emami-Naeini, Nejat, & 

el Khashab, 2011; Bigler, 1988; Hirsch, 1992; Mataro et al., 2001). Studies examining the 

outcomes of treated hydrocephalus have shown various cognitive impairments, with some 

appearing as early as infancy and persisting into adulthood, in domains such as verbal/non-

verbal memory, language abilities, verbal/non-verbal intelligence and motor skills. However, 

deficits in higher-order executive functions appearing later in childhood and their 

relationship with early life white matter damage is still poorly understood (Fletcher et al., 

1992; Fletcher et al., 1996; Hannay, 2000; Greene, 2014).  

1.1 Pathophysiology 

Although the pathophysiology of hydrocephalus is inherently complex due to its 

heterogenous etiology, the role of disrupted CSF dynamics is prominent across pediatric 

patients. CSF is a clear blood-plasma derived fluid predominantly secreted by the specialized 
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choroid plexus lining of the ventricles. In healthy individuals, CSF is continually secreted 

and flows throughout the ventricular cavities in a rostrocaudal direction via a series of narrow 

channels called foramina, until reaching its largest reservoir in the sub-arachnoid space 

(SAS). Once in the SAS, CSF flows in a multi-directional manner and is reabsorbed into the 

cerebral venous system through arachnoid granulations, where it can then re-enter systemic 

circulation (Dandy, 1919; Sakka, Coll & Chazal, 2011). Notably, up to a third of CSF is 

reabsorbed through cranial and spinal nerve sheaths, ultimately entering the lymphatic rather 

than the venous system (Sakka, Coll & Chazal, 2011). These alternative absorption pathways 

are believed to be especially active when the capacities of the cranial arachnoid villi are 

exceeded, or under the age of 18 months when the arachnoid villi have yet to become fully 

functional. Nevertheless, CSF circulation plays several important roles, such as regulation of 

normal brain development and function, regulation of brain interstitial fluid homeostasis and 

ICP, circulation of active molecules, and elimination of catabolites— all while providing 

hydromechanical protection and buoyancy for brain parenchyma (Lehtinen et al., 2011; 

Sakka, Coll & Chazal, 2011; Lehtinen et al., 2013). 

The role of CSF obstruction in the development of hydrocephalus was recognized after the 

seminal experimental studies of Dandy and Blackfan (1914), who induced the dilatation of a 

dog’s cerebral ventricles by placing a tiny obstructing body in the aqueduct of Sylvius, a 

canal which connects the third and fourth ventricles. Since their experiments, bulk-flow 

models where obstruction at any point along the CSF pathway can elicit an imbalance 

between secretion and reabsorption have become the standard approach to understanding 

hydrocephalus. Even nearly a century after Dandy and Blackfan’s studies, the International 

Hydrocephalus Working Group describes hydrocephalus as the “active distension of the 

ventricular system of the brain resulting from inadequate passage of cerebrospinal fluid from 

its point of production within the cerebral ventricles to its point of absorption into the 

systemic circulation” (Rekate, 2008).  
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In infants, disrupted CSF dynamics leading to hydrocephalus can result from a multitude of 

pathologies, ranging from congenital malformations arising in utero (e.g., Spina Bifida, 

Dandy-Walker Syndrome, aqueductal stenosis, neural tube defects, genetic abnormalities) or 

acquired brain lesions (e.g., intraventricular hemorrhage (IVH), infection, tumour, head 

trauma) which either obstruct adequate CSF flow within the ventricles or impair reabsorption 

into systemic circulation outside of the ventricles. When the cause of hydrocephalus is due to 

an obstruction of CSF flow within the ventricles it is known as obstructive or non-

communicating hydrocephalus, whereas when an obstruction is not directly present within 

the ventricular system it is known as communicating hydrocephalus. For example, 

inflammation and scarring of the SAS due to infection or elevated pressure within the venous 

sinuses can impair reabsorption and lead to ventriculomegaly without actually obstructing 

Figure 1. A schematic representation of CSF accumulation in the ventricular 

system of the brain in children with hydrocephalus. Typically, CSF which is 

continually produced in the ventricles flows back into systemic circulation and play 

several important roles for a healthy nervous system. When CSF flow is 

obstructed, intracranial pressure increases and the ventricular system can undergo 

rapid dilatation, severely impacting cortical and subcortical brain regions as well 

as periventricular white matter (From: Hydrocephalus, 2020). 
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CSF inside the ventricles. Another form of hydrocephalus, although the rarest, can result 

from an excessive rate of secretion of CSF from the choroid plexus.  

Recently, newer hydrodynamic models incorporating abnormal intracranial pulsations have 

also been proposed to account for hydrocephalus pathogenesis (Egnoe, Zheng, Rosiello, 

Gutman & Davis, 2002). CSF flow is pulsatile, following the systolic pulse wave in 

choroidal arteries, moving through the foramen magnum into the spinal SAS and then back 

into the skull with each heartbeat. Pulsatile CSF flow and return to systemic circulation can 

also occur along paravascular routes in brain parenchyma (Iliff et al., 2012), and mechanical 

amplification of pulsatile ventricular pressure waves synchronized with the cardiac cycle has 

been shown to illicit hydrocephalus in animal models (Pettorossi, Di Rocco, Mancinelli, 

Caldarelli & Velardi, 1978). In humans with hydrocephalus, altered pulsatility of CSF flow 

has been identified, but whether it is a cause of consequence of the disorder still remains in 

question (Wagshul, Eide & Madsen, 2011).  

1.2 Clinical Presentation & Symptoms 

In untreated hydrocephalus, continuous CSF secretion, reduced absorption and resistance to 

flow typically establishes an elevated ICP and ventriculomegaly that drives extensive 

structural displacement and distortion of the surrounding brain (Del Bigio, Wilson, & Enno, 

2003). Although dependent on the mode of measurement, physiological values of intracranial 

pressure typically range between 3-4mmHg in infants, and higher values could reflect 

hypertension (Sakka, Coll & Chazal, 2011). In infants, high intracranial pressure will push 

the anterior fontanelle outwards as a tense bulge and can initiate an increasing head 

circumference while the sutures of the skull remain open. Macrocephaly, or a head 

circumference more than two standard deviations above the average for a particular age, 

presenting with splayed sutures and distension of the scalp veins is by far one of the most 

identifiable clinical signs of pediatric hydrocephalus. As a result of high pressure, some 

infants also show “sunsetting” of the eyes or an inability to produce an upward gaze. Other 

common symptoms include vomiting, behavioural changes, irritability, drowsiness, 

headaches, and loss of developmental milestones all with variable severity and progression 

across children and age of onset (Kahle, Kulkarni, Limbrick & Warf, 2016).  
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Monitoring changes in head circumference, intracranial pressure, ventricular volume and 

clinical presentation is crucial for the individualized management and intervention of 

hydrocephalus in children. For congenital cases, antenatal ultrasound (US) and magnetic 

resonance imaging (MRI) can detect malformations in the fetal brain, have normative data 

for ventricular size and allow serial investigation during gestation (Drake, 2008). For 

neonates and infants with open fontanelles, cranial US can be used to measure ventricular 

volume and detect lesions contributing to the individual case. Alternative neuroimaging 

techniques, such as MRI and computerized tomographic (CT) scans are also commonly used 

to assess the progression of the disorder where appropriate. 

1.3 Shunt Treatment 

For the past 60 years the most common treatment of hydrocephalus has been the surgical 

insertion of a permanent shunt which redirects CSF from the ventricles to another part of the 

body where it can become reabsorbed. Shunts have significantly reduced the mortality rate 

among patients and have also been shown to significantly improve physical and cognitive 

function (Chern et al., 2012; Gleichgerrecht et al., 2009). The development of shunts with 

magnetic adjustable pressure settings even after surgical placement has recently allowed 

neurosurgeons to fine tune intervention in a non-invasive manner. Most CSF shunts are 

comprised of three distinct parts, including: (1) a ventricular catheter inserted into the lateral 

ventricles; (2) a fixed pressure or adjustable valve to control the flow of CSF; and (3) a distal 

catheter which leads CSF to an external cavity. One of the most commonly used is the 

ventriculoperitoneal (VP) shunt, which allows CSF to travel out of the ventricles and down 

towards the abdominal cavity, however other CSF destinations such as the right atrium of the 

heart are also possible depending on the individual patient (Kahle, Kulkarni, Limbrick & 

Warf, 2016). Despite advances in shunt design, failure usually due to mechanical obstruction 

is a common occurrence, with about 40% of children needing some form of intervention 

within the first two years of original placement (Kulkarni et al., 2013). Another possible 

complication is shunt infection at about 5-9% per procedure and mostly occurs within 3 

months of surgery (Kestle et al., 2011). Overall, a greater number of shunt revisions has been 

negatively correlated with cognitive outcome and quality of life (Hetherington, Dennis, 

Barnes, Drake & Gentili, 2005). While other treatment options exist, such as endoscopic 
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third ventriculostomy (ETV), the most typical goal of surgery is the diversion of CSF. The 

current study therefore focuses on outcomes related to children with VP shunts, however it is 

important to understand that etiology and individual patient history plays a role in terms 

surgical treatment options.  

1.4 Impacts on White Matter 

Numerous experimental animal models of hydrocephalus and human neuroimaging studies 

have demonstrated severe and multifactorial impacts of ventriculomegaly on white matter. 

As the ventricular system expands, extensive structural compression, displacement and 

distortion of the surrounding tissue can lead to secondary neurovascular damage, altered 

extracellular fluid homeostasis, and neuro-inflammation. Diminished cerebral blood flood 

predominantly in periventricular white matter is believed to contribute to the cascade of 

tissue injury and results in ischemic and hypoxic conditions that can further compromise 

brain development (McAllister, 2012; Harris & McAllister, 2011; Del Bigio, 2010). In 

Hydrocephalus-Texas (H-Tx) and Kaolin-induced rat models of hydrocephalus, decreased 

blood flow is associated with oxidative stress, lipid peroxidation, protein nitrosylation, and 

activation of calcium-dependent proteolytic enzymes that destroy axons (Socci et al., 1999; 

Del Bigio, 2000). In humans with hydrocephalus, studies of CSF content support evidence of 

hypoxic metabolism and lipid peroxidation, mirroring injury mechanisms similar to those 

seen in stroke and brain injury (Del Bigio, 1989; Krueger, 2004). Even in the acute stages of 

ventriculomegaly, oligodendrocytes responsible for producing myelin sheath undergo 

significant apoptosis in the surrounding white matter, and progressive ventricular dilatation 

only exacerbates the issue by eliciting reactive gliosis, including activation and proliferation 

of astrocytes and microglia, slowed axoplasmic transport, demyelination, axonal 

degeneration, and can result in a missing or malformed corpus callosum (Harris & 

McAllister, 2011; McAllister, Maugans, Shah & Truex, 1985; Welch & Lorenzo, 1991; 

Kahle et al., 2015; Khan, Enno & Del Bigio, 2006; Hanlo et al., 1997; Yuan et al., 2010; 

Welch & Lorenzo, 1991). Studies using diffusion tensor imaging (DTI) in humans and also 

experimental animal models have demonstrated the lasting negative impacts of 

hydrocephalus on myelination and cell proliferation, which may not be fully reversible after 

surgical CSF diversion (Chumas et al., 1994; Del Bigio et al., 1994; Del Bigio et al.,1997). 
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Overall the severity of white matter damage can be substantial and is thought to be mediated 

by factors such as the etiology, age of onset, ICP, rate of ventricular enlargement and size of 

the ventricles (Del Bigio, 2010).  

1.5 Neurocognitive Outcomes Related to White Matter 

Diffuse white matter damage characteristic of ventricular dilatation and high ICP has a 

multitude of impacts on neurocognitive outcome, however regional changes could also play 

more of a role than traditionally believed (Erickson, Baron & Fantie, 2010; Yuan et al., 2015; 

Yuan et al., 2016). In a study by Isaacs et al. (2009), DTI was used to investigate the 

microstructural differences in the lateral ventricular perimeter (LVP) and frontal-occipital 

horn perimeter (FOHP) in 13 infants with post-hemorrhagic hydrocephalus (PHH), 17 very 

pre-term infants with high-grade IVH without hydrocephalus, 56 full-term infants and 72 

very pre-term infants without brain injury. Their findings highlighted prominent 

abnormalities in the PHH infants, including consistently lower fractional anisotropy (FA) and 

higher mean diffusivity (MD) than all other infants in the LVP and FOHP. Interestingly, 

within the PHH group, all DTI-related metrics indicated higher damage in the FOHP when 

compared to the entire LVP. The researchers interpreted this finding as the FOHP region 

being possibly subjected to higher stress in hydrocephalus because of its concave geometry 

and acute anterolateral angles, which could expand frontal and posterior extracellular spaces 

and facilitate tissue edema. Notably, studies using 3D ultrasound have shown that the 

posterior ventricular horns in pre-term hydrocephalus related to IVH dilate more than 

anterior horns, meaning there is potentially a stronger effect on the posterior white matter 

than the anterior portion (Kishimoto, Fenster, Lee, & de Ribaupierre, 2018; Qiu et al., 2016).  

Another recent study by Yuan et al. (2016) using DTI tractography combined with graph 

theoretical analysis to examine topological structural connectivity changes in shunted 

pediatric hydrocephalus reported both global and regional network changes at 3- and 12-

months post-surgery when compared to control children. Specifically, cortical regions such 

as the superior parietal gyrus, cingulate gyrus, medial frontal gyrus, medial occipital gyrus, 

and superior frontal gyrus, and subcortical regions such as the thalamus, caudate nucleus, and 

putamen, were all found to have significant abnormalities in regional network measures. 
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These regions are known to be involved in essential domains of motor and cognitive 

functions such as spatial processing, motor control, learning, memory, and executive 

functions (Dupont et al., 1994; Shulman et al., 1998; Briggs and Usrey, 2008; Tanaka et al., 

2009; Renier et al., 2010; Schurz et al., 2013; Tu et al., 2013; Lester and Dassonville, 2014). 

One aspect that is possibly driving these frontal/posterior regional alterations could be the 

progressive pathophysiology of ventricular dilation in the FOHP.  

In particular, the connectivity profile and white matter integrity of tracts connecting with the 

executive sub-region of the striatum requires further investigation. Corticostriatal circuity 

projects to the striatum topographically, meaning the striatum has sub-regional specific 

functional and structural characterization with distinct areas shown to play a central role in 

coordinating different aspects of cognition, including motor and action planning, decision-

making, motivation, reinforcement, and reward perception (Haber, 2016). While white matter 

damage has been a focus in many developmental and experimental studies, no existing 

human neuroimaging studies using DTI have explored the impact of surgically treated 

pediatric hydrocephalus on the integrity of regionally specific corticostriatal tracts in 

conjunction with the development of higher-order cognition later in childhood. As the FOHP 

has been shown to exhibit a higher degree of vulnerability to white matter damage, it could 

be possible that regional differences in frontal and posterior striatal tracts reflect this pattern 

of susceptibility. 

1.6 Cognitive & Neuroanatomical Underpinnings of Executive 

Functions 

Executive functions (EF) are a collection of distinct but interrelated higher-order, self-

regulatory processes involved in planning, organizing, inhibiting and initiating behaviour as a 

means to solve complex problems, while monitoring and flexibly shifting problem-solving 

strategies when necessary (Alvarez & Emory, 2006). Individual differences in executive 

functioning skills measured in childhood are more predictive of physical and psychological 

health, substance dependence, financial well-being, social adjustment and criminal behaviour 

measured in adulthood than measures such as standardized IQ scores (Moffitt et al., 2011; 

Heckman 2006). In a clinical setting, EF is typically evaluated through ecologically validated 
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and standardized ratings which are easy to administer and interpret based on age and gender 

standardized norms, such as the Behaviour Rating Inventory of Executive Function (BRIEF2; 

Gioia, Isquith, Guy & Kenworthy, 2000), however there are also increasing efforts to employ 

validated performance-based measures in this setting. 

Executive processes develop and change across the life span, and among healthy children the 

efficiency of the EF system is thought to improve in parallel to maturational changes in 

neural structures, including the ongoing myelination of neuronal axons connecting with the 

prefrontal cortex (Casey, Giedd & Thomas, 2000; Klingberg, Vaidya, Gabrieli, Moseley & 

Hedehus, 1999; Toga, Thompson, & Sowell, 2006). Functional MRI (fMRI) studies have 

recently highlighted brain regions implicated in distributed top-down cognitive control 

networks, such as the anterior cingulate cortex, dorsolateral prefrontal cortex, inferior frontal 

junction, anterior insular cortex, dorsal pre-motor cortex and posterior parietal cortex (Cole 

& Schneider, 2007; Dosenbach et al., 2007). In one study by Marek et al. (2019), which 

investigated 2188 children from 9-10 years old, resting state functional connectivity between 

several higher-order networks was related to general cognitive function.  

Furthermore, the dorsal striatum has also been shown to play a prominent role in decision-

making and higher-order processes (Cools & D'Esposito, 2011; Robertson, Hiebert, 

Seergobin, Owen, & MacDonald, 2015), and aberrant frontal-striatal connectivity and 

myelination with patterns of executive dysfunction has been repeatedly implicated in 

children with attention deficit hyperactivity disorder (ADHD; Swanson, Castellanos, Murias, 

LaHoste & Kennedy, 1998). Interestingly, researchers have also recently reported a high 

degree of comorbidity of hydrocephalus and ADHD, where children with hydrocephalus are 

significantly more likely to be diagnosed with ADHD in comparison to healthy controls 

(Burmeister et al., 2005; Brewer et al., 2001). Indeed, impairments in performance-based 

assessments of executive functions have been reported in children with hydrocephalus, 

including deficits in goal-directed behaviour, focusing, processing speed, and shifting 

attention. However, no study to date has investigated the possibly related striatal white matter 

abnormalities using DTI or MT imaging (Brewer et al., 2001; Fletcher et al., 1996; Mahone 

et al., 2002).  
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1.7 Diffusion Tensor Imaging 

While conventional MRI techniques, such as T1-weighted imaging and T2-weighted 

imaging, are able to detect major structural abnormalities, these protocols lack the sensitivity 

and specificity to address microstructural white matter abnormalities. Diffusion tensor 

imaging (DTI) is an advanced in vivo MRI technique that quantifies the microscopic 

diffusivity properties of water molecules in the brain. As water diffusion is inherently more 

restricted in white matter than in other compartments of the brain due to the hindering 

presence of axonal membranes, DTI can be used to map out fiber tracts and reconstruct 

structural connections by computer algorithms such as probabilistic tractography (Behrens et 

al., 2003; Behrens, Johansen-Berg, Jbabdi, Rushworth & Woolrich, 2007). DTI metrics such 

as fractional anisotropy (FA) and mean diffusivity (MD), which respectively measure the 

degree of asymmetry in diffusion and the average magnitude of diffusion in each voxel, are 

able to detect axonal degeneration on the microscopic scale, and have been shown to be 

correlated with immunohistochemical biomarkers of white matter cytopathology in a rat 

model of hydrocephalus (Yuan et al., 2010). Higher FA can reveal more hinderance in water 

diffusion to a specific axis, and is interpreted as higher white matter integrity, while the 

opposite is true for MD. Several studies using DTI to measure FA and MD in patients with 

hydrocephalus have revealed remarkable differences between patients and healthy children 

that persist even post-shunt treatment (Air et al., 2010; Assaf et al., 2006; Isaacs et al., 2019; 

Mangano et al., 2016; Scheel, Diekhoff, Sprung, & Hoffmann, 2012). However, FA and MD 

are still only non-specific markers for neurodegeneration, and adequate biological 

interpretation of these diffusion measures requires a more detailed analysis. Probing 

additional DTI metrics such as axial diffusivity (AD), the principal diffusivity eigenvalue, 

and radial diffusivity (RD), the average magnitude of diffusivity perpendicular to the 

principal diffusivity vector, allows for the disentanglement of demyelination from general 

axonal damage. Thus, a multivariate DTI approach supports a more nuanced understanding 

of the underlying microscopic white matter changes and can aid in the understanding of 

related neurocognitive outcome. 
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1.8 Magnetization Transfer Imaging 

White matter demyelination patterns have also been quantified in various clinical populations 

using another in vivo MRI technique called magnetization transfer (MT) imaging, which is 

able indirectly detect levels of lipids and other macromolecules with the magnetization 

transfer ratio (MTR; Crespy et al., 2011; Hähnel et al., 1999). MTR is a measure of 

magnetization exchange between macromolecule-bound and free protons and has been used 

to monitor changes in the developing brain and estimate myelination processes (Bagnato & 

Frank, 2003; Zaaraoui et al., 2008). One study using Kaolin-induced hydrocephalus in rats 

showed that pre- and post-shunting MTR values were associated with neurological and 

behavioural changes (Catalão et al., 2014). However, the only human neuroimaging studies 

to have investigated white matter changes in hydrocephalus using MTR have been conducted 

on adult-onset patients, or individuals with an already totally myelinated brain (Hähnel et al., 

1999; Hähnel et al., 2000). Therefore, this thesis will be the first study to investigate MTR in 

growing sample of children with pediatric-onset hydrocephalus, in addition to DTI. 

1.9 Current Study 

While previous studies have identified patterns executive dysfunction in children with 

hydrocephalus, the role of striatal white matter damage in relationship to these findings using 

DTI has yet to be investigated. Given the particular vulnerability of the developing brain to 

ventriculomegaly and the potentially irreversible white matter impacts post-surgical 

intervention, it is possible that deficits in higher-order cognitive functions are related to 

altered structural connectivity and integrity within cortico-striatal networks. The current pilot 

study’s objective was thus to investigate the long-term white matter correlates of shunted 

hydrocephalus in cortical-striatal circuitry and to investigate executive functioning outcomes 

measured through parental reports on the Behaviour Rating Inventory of Executive 

Functioning (BRIEF2; Gioia, Isquith, Guy & Kenworthy, 2000). The study was conducted 

with a small sample of children with hydrocephalus who were treated within their first year 

of life with a fixed valve VP shunt, and with larger sample of age-matched neurotypically 

developing controls. White matter integrity and structural connectivity between the executive 

sub-region of the striatum and the cortex was assessed by means of DTI, a non-invasive in 
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vivo neuroimaging technique which allows for reconstruction of structural networks via 

probabilistic tractography. Additionally, the magnetization transfer ratio for a smaller number 

of children was assessed to complement the DTI-related findings of white matter integrity. 

The relationship between white matter findings and executive functioning outcome was also 

investigated.  

OBJECTIVE: To investigate the executive functioning outcomes and changes in white 

matter connectivity and integrity in school aged children with VP shunted hydrocephalus and 

age-matched healthy developing controls.  

HYPOTHESIS: White matter damage in cortico-striatal circuitry due to ventricular 

dilatation in pediatric hydrocephalus is associated with impaired development of executive 

functions in childhood. 

RESEARCH AIMS: 

1. To assess executive function outcomes at school age in children with VP shunted 

hydrocephalus and healthy controls. 

2. To investigate cortico-striatal differences in structural connectivity and white matter 

integrity (FA, MD, AD, RD, and MTR) between children with hydrocephalus and 

healthy controls. 

3. To investigate the relationship between white matter integrity and executive function 

outcome in children with shunted hydrocephalus. 

Studies investigating long term outcomes in clinical pediatric samples frequently pose 

analytical challenges related to small sample size and non-normal distributions (Button et al., 

2013; Wright, London & Field, 2011). Standard approaches to hypothesis testing such as 

parametric univariate statistical tests often rely on the assumption of normally distributed and 

are not always appropriate for small clinical samples. The bootstrap test, originally developed 

by Tibshiani and Efron (1993), is a data-based resampling statistical method that can be used 

to construct a sampling distribution of a test statistic. Given this distribution, the precision of 

the statistic can be estimated and the probability of obtaining a single value can be calculated 
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(Wilkinson et al., 1999; Wright, 2003). The current study will thus implement the bootstrap 

technique to test how individual patients correlate with a normative profile of structural 

connectivity and integrity generated using the larger sample of age-matched controls.  
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Chapter 2  

2 Methods 

2.1 Participants 

All participants were invited to take part in a two-session, behavioural MRI study over a total 

of 3 hours at Western University. Healthy controls were recruited through the Developmental 

Research Participant Pool and the OurBrainsCAN Cognitive Neuroscience Research 

Registry. Both databases are of London, Ontario families who voluntarily participant in 

psychological research at Western University. Parental written consent was obtained for their 

child’s participation and children provided verbal assent. Parents were reimbursed for travel 

and parking related expenses. All protocols were approved by Western's Research Ethics 

Boards (REB; Appendix A).  

2.2 Patients with Hydrocephalus 

Ten patients were recruited from a follow-up paediatric neurosurgery clinic in the London 

Health Science Centre run by Dr. de Ribaupierre. All patients were clinically stable at time of 

recruitment and were treated with a VP shunt within the first year of life. Out of the ten 

patients, six successfully completed our neuroimaging protocol and ranged from 6-10 years 

of age (M= 8.43 years, SD= 1.61). All patients who completed the DTI protocol are denoted 

with an asterisk in Table 1, where additional clinical details are also available. Patient 4A 

completed the entire protocol a second time, almost a year later (356 days) as Patient 4A2 

and is included in the behavioural/imaging analysis. 
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Table 1. A list of all patients recruited for the study, with patients who were able to 

complete the diffusion neuroimaging protocol denoted with an asterisk (*). LBW= low 

birth weight, VLBW= very low birth weight, XLBW=extra low birth weight, IVH = 

Intraventricular Hemorrhage, DWM= Dandy-Walker’s Malformation, MG= 

meningitis, SB= Spina Bifida, and VP= ventriculoperitoneal. 

Patient 
Age 

(years) 
Sex 

Prematurity 

(weeks) 

Birth- 
weight 

Etiology 
Age of 

Onset 
Treatment 

# Shunt 

Revisions 

1A 5.42 M Yes (25) XLBW IVH Birth VP shunt 0 

2A* 9.92 M No Normal IVH 4 months VP shunt 0 

3A 5.33 M Yes (27) VLBW IVH Birth VP shunt 0 

4A* 6.25 M No Normal DWM 3 weeks VP shunt 0 

5A* 8.92 M Yes (26) XLBW IVH + MG Birth VP shunt 0 

6A 11.33 M Yes (28) VLBW IVH Birth VP shunt 3 

7A* 10.08 F No Normal SB 1 week VP shunt 0 

8A* 6.83 M No Normal N/A 8 months VP shunt 0 

9A* 9.75 M No Normal SB 1 week VP shunt 2 

10A 5.75 F Yes (26) LBW IVH Birth VP shunt 3 
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2.3 Control Group  

Twenty-two neurotypically developing children (12 females) were recruited as healthy 

controls. Ages ranged from 6-10 years old, and the mean age was not significantly different 

from that of the patient group (M= 8.35 years old, SD=1.54, p= .455). Three controls were 

unable to complete the diffusion MRI protocol and were thus excluded from the 

neuroimaging analysis.  

2.4 Socioeconomic Status 

Parental socioeconomic status (SES) is a particularly important variable to control for when 

studying neurodevelopment, especially in clinical pediatric samples, as low SES has 

repeatedly been associated with adverse neurocognitive outcomes in children with brain 

injury (Benavente-Fernández et al., 2019). Factors that contribute to SES include maternal 

education, single parent families, parental occupation, familial support and social 

environment. Measures of parental SES were obtained for every participant using the 

Hollingshead Four Factor scale, which assesses maternal and paternal educational and 

occupational status (Cirino et al., 2002). On this scale, scores of parental SES range from 8 to 

66, with low SES represented anywhere from 8 to 20 and average SES represented anywhere 

above 21. A t-test of parental SES scores revealed no group differences between our patients 

and controls (Mpatients= 45.71, SDpatients= 11.67, Mcontrols= 47.52, SDcontrols= 13.15, p=.367).  

2.5 Behaviour Rating Inventory of Executive Functions  

Parental reports of everyday functioning within the past 6 months were obtained using the 

Behavioural Rating Inventory of Executive Functions (BRIEF2; Gioia, Isquith, Guy & 

Kenworthy, 2000). The BRIEF is an ecologically valid assessment of behaviour outside the 

laboratory setting and a golden standard used in a wide range of childhood disorders 

(Mahone et al., 2002; Mahone, Zabel, Levey, Verda & Kinsman, 2010). Responses are 

scored into sub-domains of executive functioning, which are combined into a Behaviour 

Regulation Index (BRI), Emotional Regulation Index (ERI), Cognitive Regulation Index 

(CRI), and an overall Global Executive Composite (GEC; Figure 2). All raw scores are 
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converted into age and gender standardized t-scores, with higher scores indicating greater 

executive dysfunction. T-scores were interpreted according to Table 2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic representation of the clinical scales and respective composites scores 

measured by parental reports on the Behaviour Rating Inventory of Executive Function 

(BRIEF2). For the current study, the three composite scores (Behaviour Regulation Index, 

Emotion Regulation Index, and Cognitive Regulation Index) as well as the Global 

Executive Composite score was investigated in patients and controls.  
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Table 2. Interpretation of age and gender-standardized t-scores was based on the 

following guidelines obtained from the BRIEF2 scoring manual. A t-score of 50 

represented the mean score of the normative population, with increasing scores 

representing higher degrees of executive dysfunction.  

2.6 Neuroimaging Protocol  

In order to mitigate possible fear and discomfort, both patients and controls were first 

exposed to a 10-15 min mock scan that simulated the space and sound of the real MRI 

machine. During this training session, all participants were instructed to stay as still as 

possible and younger children were encouraged with a visual storybook describing the 

process. All participants were instructed in the use of a button to signal discomfort/fear while 

in the real scanner. Between image series in the real MRI, verbal feedback was provided over 

an intercom system to help mitigate motion in our pediatric sample (Greene et al., 2018). 

During image acquisition, participants watched short films with audio-visual signal, which 

has also been shown to decrease motion artifact (Vanderwal, Kelly, Eilbott, Mayes, & 

Castellanos, 2015).  

MRI images were acquired in a second session at the Robarts Research Institute at the 

University of Western Ontario using a 3-Tesla Siemens Magnetom Prisma Fit scanner and a 

Siemens Prisma 32-channel head coil. The entire imaging protocol lasted approximately 1 hr 

T-score Standard 

Deviation 

Interpretation 

T= 50 0 Mean Score 

60 < T < 64 1-1.5 Mildly Elevated 

65 < T < 69 1.5-2 Potentially Clinically Elevated 

70 < T 2 Clinically Elevated 
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15 min, and included diffusion imaging, high-resolution T1-weighted imaging, magnetization 

transfer imaging as well as task-based and resting state functional MRI which has been 

reported previously by Hashi (2019).  

2.7 Structural & Diffusion MRI Acquisition & Parameters 

The imaging protocol began with a localizer scout image used to orient the subject and 

proceeded with two consecutive series of diffusion weighted echo-planar imaging (DWI) 

obtained in opposite phase-encoding directions along the anterior-posterior axis. Diffusion 

volumes were obtained with the following parameters: gradient directions= 30; b-value= 

1000s/mm2; isometric voxel size= 2×2×2 mm3; and matrix size= 192×192 mm. For each 

DWI series, a single volume referred to as the b0 was acquired without diffusion weighting 

(b-value= 0 s/mm2).  

Next, a high-resolution T1-weighted anatomical image was acquired using a three-

dimensional magnetization-prepared rapid acquisition with gradient echo (MP-RAGE) 

sagittal pulse sequence, with the following parameters: repetition time (TR)= 2300ms; echo 

time (TE)= 2.93 ms; flip angle= 9°; matrix size= 256×256 pixels; and where one whole 

brain image consisted of 160, 1 mm-thick slices. The field of view of the anatomical image 

was oriented along the anterior and posterior commissure with a matrix of 256×256 pixels 

and a 1×1×1mm3 isotropic voxel size. Once the T1-weighted image was collected, the exact 

same DWI series reported above was replicated, resulting in a total of four DWI series  

At the end of the imaging protocol, a portion of children were able to complete magnetization 

transfer (MT) imaging, including 11 controls and 3 patients. The MT images were acquired 

using 3D gradient recalled echo sequence (GRE) with the following parameters: TR= 28 ms; 

TE= 2.87ms; flip angle= 10°; FOV= 256 mm; matrix= 256 × 256; 1×1×1mm3 isotropic 

voxel size; bandwidth= 260 Hz/Px; and where one whole brain image consisted of 144, 1 

mm-thick slices. MTR was calculated by acquiring the sequence twice – once with an off-

resonance MT transfer pulse (MTOFF) and once without (MTON). 
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2.8 Image Preprocessing 

All preprocessing steps were implemented using the standard FMRIB Software Library 

(FSL) v6.0.3 FDT toolbox (Smith et al., 2001), compiled and customized within a shell script 

to parallelize processing across participants. Structural, MTR, and diffusion images were first 

converted from Digital Imaging and Communications in Medicine (DICOM) format to 

Neuroimaging Informatics Technology Initiative (NIfTI) volumes and organized into Brain 

Imaging Data Structure (BIDS) using dcm2bids (https://github.com/cbedetti/Dcm2Bids; 

Gorgolewski et al., 2016). T1-weighted anatomical images were then skull-stripped 

iteratively using robust brain centre estimation with BET, and a binary brain mask was 

generated. Volumes with skull-brain interface outlines were visualized using FSLeyes to 

ensure correct brain extraction, and failures were corrected at the individual subject level. 

Next, b0 volumes were extracted from every diffusion series and concatenated into a single 

volume that was used for susceptibility-induced distortion correction with TOPUP. All 4 

DWI series were concatenated into a single image, along with the respective metadata in the 

bvals and bvec files. This approach was taken to increase the signal to noise ratio (SNR) for 

tensor estimation. Subject movement was corrected by linear registration to the first b0 

volume and eddy current induced distortion correction was applied using FSL’s eddy.  

2.9 Tensor Estimation 

Diffusion tensor models were fit at each voxel within the pre-processed diffusion volumes to 

obtain maps of corresponding eigenvectors (ε1, ε2, and ε3) and eigenvalues (λ1, λ2, and λ3) 

using DTIFIT. Measures of fractional anisotropy (FA), an index for the amount of diffusion 

asymmetry, and mean diffusivity (MD), the average diffusivity across all three eigenvalues, 

were also obtained at the voxel level, along with axial diffusivity (AD) and radial diffusivity 

(RD; Figure 3).  

An overlay of the primary diffusivity vector onto an FA volume was visualized using 

FSLeyes to ensure successful estimation of the tensor for each subject (Figure 4). To prepare 

data for probabilistic tractography, preprocessed data underwent Bayesian Estimation of 
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Diffusion Parameters Obtained using Sampling Techniques (BEDPOSTX), with modelling 

of crossing fibers at the voxel-level. 

 

 

 

 

 

Figure 3. Schematic of the diffusion tensor model calculated within each voxel of 

diffusion weighted volumes. Fractional anisotropy is a scalar value calculated as 

the square root of the sum of squares (SRSS) of the diffusivity differences, 

divided by the SRSS of the diffusivities. FA values closer to 1 represent higher 

white matter integrity. Mean diffusivity is calculated as the average of all three 

eigenvalues in mm2/s. Axial diffusivity represents the principal diffusion vector, 

and is equal to the first eigenvalue in mm2/s. Radial diffusivity represents 

diffusion perpendicular to the largest eigenvalue, and is calculated as the average 

of the second and third diffusivity eigenvalue in mm2/s.  
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2.10 MTR estimation 

Magnetization transfer ratio (MTR) imaging measures the presence of macromolecules in 

tissue, including the high lipid content found in myelin, and can be used to indirectly extract 

information on white matter integrity and myelination in addition to DTI. This is achieved by 

acquiring two sets of images: 1) an image with an off-resonance radiofrequency (RF) pulse 

designed to saturate protons bound to macromolecules but not those in free-water; and 2) 

another image with a RF pulse at the Larmor frequency of the free-water protons. Due to the 

Figure 4. Principal diffusivity vector maps modulated by fractional anisotropy 

were viewed for each subject during pre-processing to ensure correct tensor 

estimation before tractography. Higher FA is shown in yellow-green and the 

principal diffusivity vector (ε1) is shown within each voxel. Correct tensor 

estimation was determined by examining the corpus callosum (as seen in the 

bottom-most panel) on a coronal slice.  
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partial transfer of magnetization from the macromolecule-bound to free-water protons via 

dipole-dipole interactions, the signal from free water protons is reduced secondary to this 

effect. The difference between the signals acquired with and without the off-resonance pulse 

can be computed as the MTR as follows:  

MTR= (MTOFF - MTON)/ MTOFF 

Where higher MTR values are associated with higher myelination and lower MTR values are 

indicative of demyelination.  

2.11 Harvard-Oxford Cortical FSL Atlas 

Fourty-eight cortical regions were parcellated in subject-level diffusion space through a 

series of linear and non-linear transformations with nearest-neighbours interpolation 

(FLIRT/FNIRT). First, the Harvard-Oxford Cortical FSL Atlas was transformed from the 

original adult MNI152-2mm space to two age-specific paediatric templates, ranging from: 

4.5-8.5 and 7.5-13.5 years old (Fonov, Evans, Botteron, Almli, McKinstry, Collins & BDCG, 

2011; Fonov, Evans, McKinstry, Almli & Collins, 2009). Registration from diffusion space 

to this age-specific standard space was a two-step process, using the subject’s structural T1 

image as the mid-point reference and concatenating the two steps to minimize resampling. 

Non-linear transformations were performed with a multi-resolution approach consisting of 8 

subsampling schemes (16,8,4,4,2,2,1,1 subsamples), moving towards higher resolution and 

lower levels of smoothing with a full-width at half maximum (FWHM) Gaussian filter 

(8,8,6,5,4,2,0,0 mm) within each scheme. The resulting warp was then inversed and applied 

to the atlas in the age-specific standard space in order to parcellate cortical regions in native 

diffusion space (Figure 5). Visual inspection of volumes along the registration pathway in 

FSLeyes confirmed successful parcellation in all subjects, and registration failures were 

troubleshooted with alternative parameters.  
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2.12 Oxford-GSK-Imanova Striatal Connectivity FSL Atlas 

The same procedures used to segment cortical regions outlined above were implemented on 

the Oxford-GSK-Imanova Striatal Connectivity FSL Atlas to achieve striatal parcellation in 

diffusion space (Figure 5). Seven distinct striatal subregions (including caudal-motor, limbic, 

rostral-motor, executive, parietal, occipital, and temporal regions) were defined on the basis 

of structural connectivity with cortical regions in Tziortzi et al. (2013). For example, the 

executive sub-region was defined by high connectivity probability with Petrides’ (2005) 

functional areas 9, 9/46 and area 10 of the dorsolateral prefrontal cortex, while the caudal-

motor sub-region was defined by high connectivity probability with the primary motor cortex 

(area 4) and the caudal premotor area (caudal area 6). 

2.13 Probabilistic Tractography 

Probabilistic tractography was performed in vivo to investigate structural connectivity 

between 7 striatal and 48 cortical regions and obtain volumetric maps of cortical-striatal 

A 
m

B

C 

Figure 5. Mask image of the 48 regions of interest (ROIs) from the Harvard Oxford 

Cortical Atlas and the 7 sub-cortical ROIs obtained from the Oxford-GSK-Imanova 

Striatal Connectivity FSL Atlas before non-linear transformation into native diffusion 

space for patient 4A (B) and patient 5A (C). 
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tracts (probtrackx2). The tractography algorithm was applied with default parameters (step 

length= 0.5, steps= 2000, curvature threshold= 0.2) to iteratively sample 5000 streamlines 

per seed mask voxel, each time stepping in the most likely direction by sampling diffusivity 

tensors in local voxels. In this stepwise manner, a probabilistic streamline to the target is 

generated, where voxel values represent tract density and the proportion of successful 

streamlines is indicative of structural connectivity between regions (Behrens et al., 2003; 

Behrens, Johansen-Berg, Jbabdi, Rushworth & Woolrich, 2007). All cortical and striatal 

ROIs were used as exhaustive seed/target pairs to construct a 55×55 matrix containing the 

number of successful streamline counts. As the diffusion tensor is a voxel-averaged quantity, 

dMRI is not able to determine anterograde/retrograde connectivity at the cellular level 

regardless of image resolution (Bammer, Acar, Moseley, 2003)— thus a bi-directional index 

of structural connectivity was obtained by taking the average number of streamlines between 

seed/target pairs to construct a symmetrical matrix along the diagonal.  

Probabilistic streamline counts have been shown to be sensitive to variability in seed and 

target ROI sizes (Cheng et al., 2012). In our sample, ROI size variability existed both within 

and between subjects partly due differences in warping required for parcellation in native 

diffusion space. To correct for this intra and inter-subject variability in ROI size, the 

following was computed: 

𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦	𝐼𝑛𝑑𝑒𝑥 =
𝑆𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙	𝑆𝑡𝑟𝑒𝑎𝑚𝑙𝑖𝑛𝑒	𝐶𝑜𝑢𝑛𝑡

(𝑆𝑒𝑒𝑑	𝑅𝑂𝐼	𝑣𝑜𝑥𝑒𝑙𝑠 + 𝑇𝑎𝑟𝑔𝑒𝑡	𝑅𝑂𝐼	𝑣𝑜𝑥𝑒𝑙𝑠)
2?

 

Where the connectivity index between any two ROIs is now equal to the successful 

streamline count divided by the average number of voxels in both ROIs. This bi-directional, 

corrected connectivity index was used as input to the threshold connectivity networks and for 

all structural connectivity statistical tests.  

Saved striatal-cortical tract volumes were defined by voxels containing streamline densities 

above the 10th percentile, and gray-matter represented in seed regions was subtracted out. 

The tracts included in the 7 striatal-cortical networks described below were then used to 

isolate metrics of white matter integrity. This was done by binarizing tract volumes into a 

mask image that would be used extract FA, MD, AD, and RD in diffusion space and 
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transformed to magnetization transfer imaging space to extract MTR values. Extracted values 

of FA, MD, AD, RD and MTR were then averaged along all voxels within each striatal-

cortical tract to obtain a single representative metric 

2.14 Patient Shunts 

After a preliminary first pass of probabilistic tractography, visual inspection revealed patient 

5A had streamlines flowing through their shunt (Figure 6A), possibly influencing the 

connectivity values obtained for regions local to the shunt. To avoid the possibility of 

streamlines following the directional diffusion of water along shunts, tractography was re-run 

for all patients with manually segmented 3D shunt masks used to terminate streamlines. 

Shunt segmentation was performed on a single-voxel level using an overlay on T1-weighted 

images with FSLeyes with a 2-mm spherical dilation (Figure 6B). After transforming the 

binary mask into diffusion space, visual inspection of overlap with shunt streamlines from 

previous tractography results was confirmed. Successful mapping of the shunt was reviewed 

and confirmed by a pediatric neurosurgeon along coronal, axial and horizontal slices in T1-

weighted space. 
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B 

Figure 6. Output of whole-brain probabilistic tractography for patient 5A, where voxels are 

coloured according to their raw streamline density. Blue voxels represent low streamline density 

whereas red represent high streamline density. Preliminary visual inspection of tractography 

revealed streamlines generated in line with the patient’s CSF shunt, highlighted with the arrow 

in coronal, sagittal, and axial slices (A). Manual segmentation of the patient’s shunt using an 

overlay on the T1-weighted image was then used to create a binary mask (green outline), which 

was dilated by 2-mm before transforming into diffusion space. This mask was then used as input 

to stop tracking streamlines if they entered this location (B). Manual shunt segmentations were 

performed for every patient. 
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2.15 Isolating Sub-Striatal Networks 

Spurious connections between two ROIs which are not “truly” anatomically connected may 

arise when using probabilistic tractography (de Reus and van den Heuvel, 2013; Girard et al., 

2014). One approach to resolve false positives in connectomic studies has been to pool 

individual subjects into a group average connectivity matrix to obtain a stronger signal to 

noise ratio, and then apply some threshold based on a desired density to isolate the strongest 

estimates of connectivity (Hagmann et al., 2008, Perry et al., 2015; Rubinov & Sporns, 

2010). Thus, to isolate the 7 distinct striatal-cortical structural networks in the current study, 

a streamline-informed approach was taken following the methodology of Tziortzi et al. 

(2013) and Croxson et al. (2005). In brief, a threshold was used to exclude tracts on the basis 

of their corrected bi-directional connectivity value in the group average profile. This was 

accomplished by rank-ordering connectivity to all 48 possible cortical regions from 

individual striatal-subregions and excluding tracts with connectivity below a certain value. 

Visual inspection confirmed a reasonable threshold level at 10% of the maximum 

connectivity value within each network (Appendix B). Using this approach, networks were 

not dependent on a pre-defined density value at the entire connectome level and were able to 

have some degree of overlapping targets. 

2.16 Statistical Analysis 

All statistical analyses were performed in MATLAB-R2019b. Patients with hydrocephalus 

were compared to the control group in terms of striatal-cortical network connectivity, dMRI-

assessments of white matter, and MTR. Visual inspection of each patient profile within the 

isolated networks, and comparison to the control group mean profile with 95% confidence 

intervals constructed using t-scores, was used to identify trends in the data. Rather than 

implementing a series of under-powered conventional univariate tests to identify specific 

tracts that set apart the 7 patients from 19 controls, a multivariate approach was taken by 

correlating entire patient white matter profiles with the control group mean profile to identify 

dissimilarity in FA, MD, AD, RD, and MTR values across all included tracts. Furthermore, 

due to the heterogeneity of the patient population, a case-approach was taken to treat each 

patient as an individual and to identify the likelihood of each patient’s correlation by 
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comparison with a distribution of correlation co-efficients bootstrapped from an age-matched 

sample of healthy controls.  

2.17 Bootstrapped Correlation Distribution 

Correlations of every individual within the control group on metrics of connectivity, FA, 

MD, AD, RD, and MTR were bootstrapped to a random control mean profile, sampled with 

replacement 10,000 times from the entire control pool while excluding the individual control 

in question (Figure 7). The resulting distribution containing 190,000 correlation coefficients 

was used to identify the probability of obtaining a correlation co-efficient for each individual 

patient.  Connectivity, FA, MD, AD, RD and MTR profiles within each patient’s executive 

striatal-cortical network was correlated to the control group mean profile and plotted within 

the bootstrapped distribution of correlation coefficients obtained using the procedure outlined 

above.  

For statistical analyses of white matter metrics, p<0.05, corrected for multiple comparisons 

using Bonferroni correction, was used as the statistical threshold where applicable. The 

corrected p-value of 0.01 was used for tests investigating white matter integrity and was 

obtained by dividing the critical value by 5 (the number of white matter metrics under 

investigation: FA, MD, AD, RD, and MTR).  

2.18 FA Linear Regression with GEC Scores 

To minimize the number of tests and avoid being under-powered, only FA-correlations were 

chosen to assess the linear relationship of aberrant white matter integrity with GEC scores. 

Lower correlations represented higher dissimilarity with the control mean profile, and higher 

GEC scores derived from parental reports on the BRIEF2 represented higher executive 

dysfunction. A total of two regressions were thus performed on FA-correlations derived 

from: (1) the striatal-executive network; and (2) the striatal-occipital network. The regression 

with the striatal-occipital network was performed as a negative control to investigate the 

specificity of the findings to the striatal-executive network.  
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Figure 7. Schematic representation of the bootstrap correlation procedure for control 

subjects. First, a single control subject is selected and removed from the control group 

pool (A). The extracted white matter metrics across tracts of interest for this single 

control subject, represented as “c” are then correlated with the mean profile of a 

bootstrapped sample of size n, represented as “b” and a single correlation coefficient is 

obtained. This process is iteratively repeated 10,000 for each control, each time 

randomly selecting from the control pool with replacement in order to obtain a 

different control mean profile and r value (C). Note that the control “c” is never 

included in the bootstrapped mean profile “b” as they were first excluded from the 

control pool to reduce inflation of the correlation co-efficient. Once all controls in the 

group have been bootstrapped, a histogram of the 190,000 computed correlation 

coefficients is constructed (D) and used to assess the probability of each patient’s 

correlation with the entire control group mean profile (E,F). 
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Chapter 3  

3 Results 

3.1 Behaviour Rating Inventory of Executive Functions  

Age and gender standardized t-scores obtained using parental reports on the BRIEF2 

revealed variable patient outcomes in four indices of executive dysfunction, including the 

Behaviour Regulation Index (BRI), Emotion Regulation Index (ERI), Cognitive Regulation 

Index (CRI) and the Global Executive Composite (GEC). T-scores within one standard 

deviation of 50 represented average ratings for neurotypically developing children, and the 

average t-scores for all controls in the current study fell within this expected normative range 

(Figure 8).  

Patient 4A displayed mildly elevated t-scores on the ERI and typical scores on the remaining 

indices. One year later, as patient 4A2, the previously mildly elevated ERI t-score fell back 

within the expected range for children of the same age and gender. Patient 9A also displayed 

t-scores on all four indices of executive function within the expected range of neurotypically 

developing children and controls. Parental report revealed a potentially clinically elevated 

ERI for Patient 5A, and a mildly elevated GEC. The remaining patients 6A, 7A, 8A and 10A 

all displayed clinically elevated scores on the CRI, at least two standard deviations above the 

expected average. Patient 6A also scored in the potentially clinically elevated range on the 

BRI, and in the clinically elevated range on the GEC. In addition to clinically elevated CRI 

scores, patient 7A displayed clinically elevated ERI and GEC t-scores, and mildly elevated 

BRI scores. Patient 8A also displayed a clinically elevated GEC t-score and a mildly elevated 

ERI. Finally, patient 10A scored in the mildly elevated range on the BRI, and in the 

potentially clinically elevated range on the ERI and GEC. Overall, five out of the eight 

patients studied demonstrated t-scores at least in the potentially clinically elevated domain, 

and four of these patients reached clinically elevated scores in at least one of the four indices 

measured. 
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Behaviour Rating Inventory of Executive Functions (BRIEF2) 

t-s
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Figure 8. Age and gender standardized composite T scores of parental ratings on the Behaviour 

Rating Inventory for Executive Functions (BRIEF2). Patients with hydrocephalus are denoted 

with the letter ‘A ’and the mean t-scores for the control group are plotted with one SD. T-scores 

around 50 are indicative of average ratings for that age and gender. T-scores from 60 – 64 

represent scores between 1 and 1.5 standard deviations above the mean, indicating mild 

executive dysfunction. T-scores from 65 – 69 represent scores between 1.5 and 2.0 standard 

deviations above the mean, indicating potentially clinical executive dysfunction. A t-score of 70 

or above represents 2 standard deviations above the mean, which indicates clinical executive 

dysfunction. Parental reports for Patient 4A displayed average t-scores around the mean, except 

on the Emotion Regulation Index, which indicates mild elevation. Parental reports for patient 

5A demonstrated mild elevation of scores on both the Emotion Regulation Index and the Global 

Executive Composite. Patients 6A, 7A and 8A scored in the clinically elevated range on the 

Global Executive Composite and patient 10A on the Cognitive Regulation Index. The control 

group mean was within 1 SD of the age and gender standardized mean for neurotypically 

developing children. 
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3.2 Striatal-Cortical Structural Connectivity 

ROI-size corrected streamline counts obtained from probabilistic tractography were averaged 

across all children in the study and visualized as a 55x55 symmetric structural connectivity 

matrix (Figure 9A). For children in the control group, the 21 tracts that passed a weight-

based connectivity threshold between the executive sub-region of the striatum and all 48 

cortical ROIs were extracted and plotted as single mean structural connectivity vector with 

95% confidence intervals. Regions displaying the highest structural connectivity with the 

executive striatum in controls included the frontal pole, inferior frontal gyrus, frontal orbital 

cortex, frontal operculum cortex and insular cortex. Individual connectivity vectors 

representing single patients were then plotted along with the control group mean profile. 

Visual inspection revealed that most patients displayed higher than average structural 

connectivity with the frontal pole, however lower than average connectivity with the inferior 

frontal gyrus. Correlations with the control group mean profile revealed significant 

dissimilarity for patients 7A, 9A, 4A and 5A when compared to a bootstrapped distribution 

of control correlations (Figure 11A; r= .67, .68, .75, and .77, respectively; p<.001). Patients 

8A, 4A2, and 2A all showed executive striatal-cortical structural connectivity profiles similar 

to the control group mean profile when placed in the same bootstrapped correlation 

distribution (r= .86, .86, .93, p>.01).  

3.3 Striatal-Executive Network White Matter Integrity 

White matter integrity was assessed in the same 21 striatal-executive tract volumes which 

passed the weight-based connectivity threshold reported above. The same approach for 

visualizing FA, MD, AD, RD and MTR across these tracts was taken as well; the control 

group mean profile was plotted with 95% confidence intervals with individual patient 

profiles plotted alongside (Figure 10).  
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Visual inspection of the average FA values within striatal-executive tract volumes in patients 

revealed a trend of lower values when compared to the control group mean, however one 

patient had consistently higher FA across tracts (Figure 10A) Apart from this one patient, FA 

values were consistently below the control average in tracts connecting the executive 

striatum with frontal regions such as the superior frontal gyrus, middle frontal gyrus, and 

inferior frontal gyrus. Correlations with the control group mean profile revealed significant 

dissimilarity of FA profiles for patients 7A, 4A2, and 8A, when compared to a bootstrapped 

distribution of control correlations (Figure 11B; r=.47 and .58, respectively; p<.01). Patients 

2A, 5A, 4A, and 9A’s FA profiles highly correlated with the control group mean and placed 

within the expected distribution obtained from the control bootstrap procedure (r=.70, .70, 

.71 and .78, respectively; p>.01).  

Patients demonstrated a trend of higher MD profiles when visually inspected across all 21 

striatal executive tracts and compared to the control group mean profile, although some 

patients fell within the 95% confidence intervals of the control mean (Figure 10B). 

Correlations with the control group mean profile revealed that patients 5A, 9A, 2A, and 8A, 

were significantly uncorrelated when compared to the bootstrapped distribution of control 

correlations (Figure 11C; r=.20, .45, .51, and .62, respectively; p<.01). Patients 7A, 4A2 and 

4A were significantly correlated with the control group mean when compared to the 

bootstrapped distribution (r=.70 .85, and .88, respectively; p>.01).  

Figure 9. (A) A symmetrical 55x55 structural connectivity matrix containing ROI-size 

corrected streamline counts, averaged across all controls and patients in the study. The 

color map represents the value of the connectivity index, with darker blues reflecting lower 

structural connectivity and yellows reflecting higher structural connectivity. The 

highlighted yellow column/row represents the tracts in the Striatum Executive network used 

for analysis. (B) A structural connectivity vector of corrected streamline counts, containing 

tracts between the striatum executive sub-region and 21 cortical targets passing a weight-

based threshold. The mean profile across healthy controls (n=19) is displayed in green with 

95% confidence intervals and individual patients with hydrocephalus (n=7) are displayed in 

blue.   
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Visual inspection of the average AD patient profiles demonstrated both higher and lower 

scores when compared to the control group mean, depending on the tract (Figure 10C). 

Patient 5A’s AD profile was significantly dissimilar when correlated with the control group 

mean and compared to the bootstrapped correlations obtained from the controls (Figure 11D; 

r= .59; p<.01). Patient 2A, 9A, 4A, 7A, 4A2, and 8A’s AD profiles were correlated with the 

control group mean within the expected distribution obtained from the control bootstrap 

procedure (r=.67, .69, .70, .72, .74 and .76, respectively; p>.01).  

Average RD values within the isolated striatal executive network were also visually 

inspected for all patients and compared to the control group mean profile. Across most tracts, 

including those connecting the executive sub-region of the striatum with the superior frontal 

gyrus, inferior frontal gyrus, and temporal pole, patients had higher RD values than the 

control group average (Figure 10D). However, one patient showed consistently lower RD 

across tracts. When assessing the similarity of patient profiles with the control group mean 

profile in bootstrapped distribution of control correlations, patients 5A, 7A, 8A, 2A and 9A 

had significantly uncorrelated RD values within this striatal executive network (Figure 11E; 

r=.26, .45, .48, .52, and .57, respectively; p<.01). Patient 4A/4A2 however displayed RD 

profiles which were correlated to the control group mean profile according to the bootstrap 

analysis (r=.85 and .72, respectively; p>.01).  

Finally, visual inspection of MTR values within the same striatal executive network 

demonstrated that patients fell within the 95% confidence intervals of the control group 

average for most tracts (Figure 10E). The exceptions were tracts connecting the executive 

striatum with the temporal pole, lateral occipital cortex, and paracingulate gyrus. Correlations 

of patient MTR values with the control group mean profile revealed that patients 9A had 

significant dissimilarity when compared to the bootstrapped control correlations (Figure 11F; 

r=.61; p<.01). However, patients 7A and 8A were not significantly dissimilar from the 

control group mean profile when tested within the same bootstrapped distribution (r=.74 and 

.66, respectively; p>.01).  
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3.4 FA Linear Regression with GEC 

A linear regression was performed to assess the relationship between GEC t-scores and 

striatal-executive network FA correlations with the control mean profile. Higher GEC values 

reflect higher degrees of executive dysfunction. Lower correlation coefficients of FA with 

the control mean profile represents higher dissimilarity across the network. Our regression 

revealed a significant negative linear relationship between the FA dissimilarity in the striatal 

executive network and GEC t-scores (Figure 12A; R2=.728, F1,4= 10.7, p<.05). To assess 

whether this relationship was specific to the striatal executive network, an additional 

regression investigating. FA-correlations in the striatal-occipital network and GEC t-scores 

was performed. The results demonstrated that correlations of the striatal occipital network 

did not significantly explain variability in patient GEC t-scores (Figure 12B, R2=.097, F1,4= 

0.431, p=.547). 
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Figure 10. (A) The average fractional anisotropy (FA) in tracts seeded from the executive sub-region 

of the striatum is plotted for individual patients (n=7) in blue, and the control group mean profile is 

represented in green with 95% confidence intervals (n=19). The same visualization approach was 

used to assess (B) mean diffusivity (MD); (C) axial diffusivity (AD); (D) radial diffusivity (RD); and 

(E) the magnetization transfer ratio (MTR). There were less controls (n= 11) and patients (n=3) that 

were able to complete the MTR protocol as it was at the end of an hour-long imaging protocol.  
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Figure 11. (A) Control fractional anisotropy (FA) profiles across the striatal-executive 

network, were bootstrap correlated with randomly sampled control group mean profiles 

to obtain a distribution of correlation coefficients (10,000 correlations computed for each 

control; green). Patient fractional anisotropy (FA) profiles were correlated with the 

control group mean profile and plotted within the bootstrapped distribution (blue). 

Asterisks (*) denote patients falling outside of the control bootstrap distribution with 

p<.01. The same steps were taken for profiles of MD (B), AD (C), RD (D) and MTR (E). 

A 
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Figure 12. (A) A negative linear relationship was found between FA-correlations 
with the control mean profile in the striatal-executive network and the Global 
Executive Composite (GEC) scores across patients with hydrocephalus (R2=.728, 
F1,4= 10.7, p<.05). (B) FA-correlations of the striatal-occipital network were not 
able to significantly explain variability in the same GEC scores across patients 
(R2=.097, F1,4= 0.431, p=.547). 
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Chapter 4  

4 Discussion 
The current pilot study aimed to investigate changes in striatal white matter integrity and 

connectivity in a small sample of school-aged children with shunted hydrocephalus, years 

after their initial diagnosis and treatment. It was hypothesized that ventricular dilatation due 

to hydrocephalus in infancy could impair the development of higher-order cognitive 

functions and that white matter status within the striatal-executive network would reflect the 

severity of executive dysfunction. Using a behavioural MRI approach, patients were 

recruited to undergo a diffusion-weighted neuroimaging protocol while parental reports of 

executive function were simultaneously obtained. Probabilistic tractography was used to 

reconstruct sub-regionally specific striatal structural networks in native diffusion space, 

which was then used to assess structural connectivity and also diffusivity within tract 

volumes. Departures from an age-matched control mean profile, obtained by averaging 19 

control children on measures of structural connectivity, FA, MD, AD, RD and MTR were 

visually inspected across patients. The bootstrap method was employed to test the similarity 

of individual patient networks with controls on all the above metrics by computing 

correlations with the control mean profile. Lower correlation coefficients represented higher 

dissimilarity from the control mean profile. One aim of this study was to identify how 

changes in white matter reflected the development status of higher-order neurocognitive 

functions, known as executive functions. A linear regression was therefore performed to 

identify how changes in FA-correlations within the striatal-executive network accounted for 

variability in GEC t-scores, and the specificity of this finding was explored by also 

performing a regression with the FA-correlations of the striatal-occipital network.  

4.1 Executive Dysfunction 

Results from parental reports on the BRIEF2 revealed variable outcome, with patients such 

as 4A2 and 9A falling within the expected values of the normative reference sample on all 

indices of executive function, and other patients such as 6A, 7A, 8A and 10A reaching 

clinically elevated scores on the CRI. Overall, evidence of executive dysfunction obtained 
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from the 4 composite scores was found in variable degrees across patients. A previous study 

by Mahone, Zabel, Levey, Verda and Kinsman (2002) using an older version of the BRIEF in 

adolescents with spina bifida and hydrocephalus found that parents reported more problems 

on the Global Executive Composite of the BRIEF than on the three common indices of the 

Behavior Assessment System for Children (BASC; Reynolds & Kamphaus, 1998a, 1998b). 

Interestingly, the adolescents with hydrocephalus in their study were also more likely to self-

report executive dysfunction in the Behavioural Regulation Index, while their parents 

reported lower scores on the Metacognitive Index. While the nature of executive dysfunction 

is likely to be mediated based on factors such as etiology, whether there is a form of 

dysfunction that is more vulnerable than others to ventricular dilatation and high ICP remains 

to be explored. Future work with larger patient samples and higher power can also 

investigate the individual clinical scales derived from the BRIEF shown in Figure 2 as means 

of disentangling underlying deficits contributing to GEC scores.     

Although the current thesis only reported findings pertaining to parental reports on the 

BRIEF2, all patients and controls were also tested on performance-based measures using a 

mobile touchscreen battery. The testing battery was designed in-house and was used to obtain 

a multitude of performance metrics reflecting the various domains of executive functioning 

through computerized tasks in the form of games, which were designed to engage children 

while being easy to administer. The tasks included:   

1. A size-congruency task which requires selecting the numerically larger value of 

two options that differ in physical size.  

2. A digit span task that requires the participant to recall an increasingly lengthier 

series of numbers.  

3. A visual-spatial working memory task that requires remembering a sequence of 

objects and their respective locations.  

4. A working memory task that involves counting bags that go into an x-ray scanner 

and reporting how many are missing. 
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5. A 2D manipulation task that involves mental rotation of an object and 

identification among 4 different options. 

6. An intra-dimensional and extra-dimensional shift task that requires cognitive 

flexibility and adapting to new rules for correct responses. 

7. A spatial reasoning task that involves counting the least number of moves 

required to match the blocks on two trees.  

8. A go/no-go whack-a-mole task that involves quickly selecting moles as they 

appear and avoiding moles that are wearing a hat.  

These tasks were developed to assess various domains of executive function, including 

selective attention, attention shifting and flexibility, working memory, planning, and 

response inhibition. However, validation with other performance-based measures or golden 

standards such as the BRIEF, is one possible future direction. As  performance-based 

measures can assess a wide variety of specific executive functions, future work can 

potentially identify if a specific underlying cognitive deficit is driving the dysfunction being 

reported by parents.  

 

4.2 The Striatal Executive Network 

Our results from probabilistic tractography revealed that structural connectivity within the 

striatal-executive network was significantly dissimilar from the healthy control profile. 

Specifically, patients 7A, 9A, 4A and 5A all exhibited lower correlations with the control 

mean when compared to the bootstrapped distribution of control correlations. These findings 

could reflect the impact of ventricular dilatation on white matter fibers and the re-

organization of neural circuitry post-injury. Indeed, a previous study investigating structural 

networks using DTI in pediatric patients suffering from traumatic brain injury revealed 

altered network topology, characterized by hyper-connectivity of “rich club” nodes (which 

are the network cores marked by high degree nodes) relative to healthy controls, at the 

expense of local connectivity (Dennis et al., 2017). Although our study did not inspect the 
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entire structural connectivity matrix using graph theoretical analysis, our analysis specific to 

the striatal-executive network was still sensitive to aberrant connectivity in patients when 

compared to controls. Decreased correlations with the control mean could reflect both hyper-

connectivity and hypo-connectivity across nodes in the network due to brain injury at young 

age. Interestingly, upon visual inspection of the corrected structural connectivity index in 

Figure 9B, patients tended to demonstrate higher levels of connectivity with the frontal pole 

than the control average, which possibly reflects this “rich club” hyper-connectivity 

phenotype, although further investigation is required to fully characterize the striatal network 

topology in our sample .  

Other studies assessing both functional MRI and DTI in infants with IVH and post-

hemorrhagic hydrocephalus have also found aberrant changes in resting-state networks, with 

some infants demonstrating increases in both structural and functional connectivity in the 

weeks before and after VP shunt placement (Smyser et al, 2013; Smyser 2019). Furthermore, 

preterm infants with periventricular leukomalacia, a neurological condition primarily 

impacting white matter, also shown re-organization of frontal-striatal and frontal-limbic 

white matter pathways when compared to healthy children (Ceschin, Lee, Schmithorst, & 

Panigraphy, 2015). These changes in network connectivity could thus reflect the plastic 

brain’s attempt to re-organize neural circuitry following white matter damage due to 

ventricular dilatation. 

In addition to aberrant structural connectivity, changes in white matter integrity measured 

using DTI and MTR were also found in corticostriatal tracts. Our results revealed every 

single patient except 4A showed significantly lower correlations to the control profile on at 

least one metric of white matter integrity, ranging from FA, MD, AD, RD and MTR, 

corrected for multiple comparisons. Specifically, the striatal-executive profiles measuring 

MD and RD captured the highest proportions of patients with significantly lower correlations 

to the control group mean (Figure 11 C, E). Visual inspection revealed that most patients 

showed higher MD and RD values  in the executive-striatum network in reference to the 

control group mean (Figure 10 B, D). Higher levels of MD and RD and disproportionate 

increases across the striatal network when compared to healthy controls likely contributed to 

lower correlations. Furthermore, high RD reflects an increase in diffusion which is 
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perpendicular to the principal diffusivity vector (Figure 3) and is possibly the result of 

impaired myelination of axonal membranes across neurodevelopment. One study which used 

a cuprizone mouse model of demyelination showed that changes in myelination assessed 

using immunostaining techniques reflected changes in RD in the corpus callosum, and that 

RD values were specific to the time course of changes in myelin integrity and distinct from 

acute axonal injury (Song et al., 2005). Other studies have noted damage to white matter in 

pediatric hydrocephalus which persists after shunt placement, and that apoptosis of 

oligodendrocytes responsible for myelinating the brain could be a driving factor for observed 

RD increases (Air et al., 2010; Assaf et al., 2006; Isaacs et al., 2019; Mangano et al., 2016; 

Scheel, Diekhoff, Sprung, & Hoffmann, 2012; Ludwin, 1980). Thus, it is likely that patients 

in our study showing significantly lower correlations of RD have underlying differences in 

myelination status, and that alterations in other metrics like MD and FA also reflect similar 

states of lower white matter integrity. 

Patient 4A was the only patient similar to control profiles on all measured diffusivity metrics 

(FA, MD, AD, and RD; Figure 11B-E), however one year later as patient 4A2 their striatal-

executive network FA was significantly less correlated with the control mean profile. 

Although it is not entirely clear what this result reflects, it could be that differences from a 

typical profile begin to emerge or become more apparent later in development as the healthy 

counterparts continually myelinate striatal-executive tracts. If a patient had regionally 

aberrant myelination patterns within a network, this could result in a lower FA correlation 

with the control mean profile. Although not significant due to our correction for multiple 

comparisons, patient 4A2 was also trending towards lower correlation with the RD mean 

profile, a potential sign of impaired myelination status. Nonetheless, future longitudinal work 

in developing patient and healthy control samples or experimental animal models would be 

better posed to assess this question.  

Although our sample size was diminished for the MTR protocol, as it was at the end of our 

entire 1hr 15 min imaging series, we were still able to assess 3 patients and 11 controls. In 

particular, Patient 9A’s striatal-executive network showed significantly lower MTR 

correlations within the bootstrapped distribution, and patients 7A and 8A were not 

significantly different from controls. MTR is a marker for macromolecules such as the lipid-
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content in white matter, and lower levels are associated with decreases in myelination. While 

our correlation-approach is not specific to decreases in MTR, but rather any deviations from 

the control mean profile, it is still possible that lower MTR in a number of tracts within the 

network drives a reduced correlation. Furthermore, visual inspection of patient 9A’s MTR 

profile revealed lower MTR in tracts connecting with the juxtapositional lobule cortex 

(supplementary motor area), paracingulate gyrus, and planume polare than the control 

profile. These regions are highly connected with the frontal cortex, known to play roles in 

coordinating locomotion, allocating attention and language.  

When investigating FA within the striatal-executive network, patients 7A, 4A2 and 8A 

showed significantly lower correlations to the control profile (Figure 11B). Lower FA values 

across ROIs in patient networks were present when compared to controls, which potentially 

reflects decreases in white matter integrity due to ventricular dilatation. In one study of 

children with ADHD, reduction of FA in fronto-striatal tracts significantly correlated with 

symptom severity and executive functioning performance on the Cambridge 

Neuropsychological Test Automated Battery (Shang, Wu, Gau & Tseng, 2013). In our study 

we were also interested in assessing whether differences in white matter integrity measured 

by FA correlated with differences in GEC t-scores. Damage to periventricular white matter 

structures, such as the corpus callosum, fornix and internal capsule, has been consistently 

reported to be a major factor associated with poor neurological outcome, including decreases 

in performance IQ scores and motor, visuo-spatial and language skills (Fletcher et al., 1992; 

Fletcher et al., 1996; Hannay, 2000). However, impairments in the development of higher-

order function later in childhood and the related integrity of striatal tracts has yet to be 

investigated using DTI.  

In order to test this function-structure relationship, we performed a regression analysis on the 

FA correlation co-efficients and GEC t-scores obtained from the BRIEF (Figure 12A). We 

found a significant negative linear relationship in our sample of patients, meaning that higher 

executive dysfunction measured by the GEC was related to lower FA correlations in the 

striatal-executive network to healthy controls. To test whether lower executive dysfunction 

was related to another striatal network that has a high susceptibility to damage, we performed 

another regression on GEC scores, except this time with the FA of striatal-occipital network 
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(Figure 12B). The results were not significant, meaning that variability in the patient GEC 

scores was not related to differences in FA correlations of tracts travelling towards more 

posterior brain regions. Even though ventricular dilatation progresses into both posterior-

anterior white matter, impairment of global executive function was only related to damage in 

the striatal-executive network. Although our small patient sample may or may not be 

contributing to this finding, it is specific to tracts expected to play a role in the development 

of executive function. Greater white matter changes and alterations occurring within this 

striatal-executive network due to ventricular dilation could thus be one important predictor of 

executive functioning outcome.  

4.3 Caveats & Limitations 

With only 7 patients in our current study, the scope of our white matter analysis was limited 

to identifying how each individual patient related to the controls DTI metrics and MTR. We 

were also only able to identify how individual patients compared to normative reference data 

in terms of executive functioning outcome and we were not able to perform an appropriately 

powered group-analysis. While we did implement a bootstrapping method that was sensitive 

to alterations of the striatal-executive network between individual patients and controls, our 

small sample limits the generalizability of our findings to children presently included in this 

study. Nonetheless, small samples in clinical pediatric research are relatively common and 

have still provided valuable insight into possible mechanisms impacting neurodevelopment 

across scientific history. 

Furthermore, while the current pilot study was too under-powered to investigate the 

relationship of etiology with executive functioning outcomes and structural integrity, it is 

important to keep in mind that etiological differences do exist among these children that 

contribute to observed cognitive and neuropsychological deficits (Fletcher et al., 2000). 

Other factors which were not included in the present analysis, such as age of onset, number 

of revisions, prematurity, and birthweight, likely play a role in developmental outcome as 

well. While the current study was not able to appropriately test these variables, future 

research with larger samples can identify their unique relationships with DTI-related metrics 

using a multiple regression approach. 
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Additionally, although our patients were age-matched with the control group, they ranged 

from 6-10 years old, and possible developmental changes in striatal-executive white matter 

could thus be captured by our measures. Future longitudinal work with larger samples could 

thus investigate age-specific differences in patients with hydrocephalus and healthy controls, 

and whether deviation from a neurotypical can become more apparent later in development 

for certain patients. 

One aspect of the current study that can be revisited in the future was our approach to 

isolating regionally specific striatal networks. In the current investigation, we defined our 

network based on the values of corrected streamline counts, such that only tracts containing 

streamlines above 10% of the maximum count would be included. However, studies have 

shown this weight-based approach can be biased towards selecting for streamlines that travel 

shorter distances, while consistency-based thresholds derived from a coefficient of variation 

(CV) can resolve this issue (Roberts, Perry, Roberts, Mitchell & Breakspear, 2017). The CV 

of every tract can be computed by dividing the standard deviation by its mean value across 

subjects. Tracts with lower CVs are more consistent in the group. By selecting for tracts that 

show lower variance across all ROIs for the entire group, tracts that tend to be strong for their 

length are included in the network rather than tracts that tend to shorter. However, studies 

implementing this approach have been done in adults, and one question as to how this 

consistency-based approach reduces developmental-related variability in the resulting 

network still remains. I therefore opted to avoid implementing this consistency-based 

threshold in our pediatric sample, with the risk of biasing networks to include tracts of 

shorter streamlines. One possible alternative is to include variability of streamline length in 

our calculation of the corrected connectivity index, as a means to assess the weight of 

connections independent of length.  

4.4 Conclusions 

The current pilot study using DTI and MTR to investigate white matter outcomes in a small 

sample of school aged children with VP shunted hydrocephalus was able to highlight 

deviations in striatal structural connectivity and integrity when compared to age-matched 

healthy controls. Using a bootstrap resampling technique to construct distributions of control 
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correlation co-efficients, highlighting that small sample studies can still be sensitive and 

capture individual patient deviations from a typical structural profile. Lower patient 

correlations of RD and MD was interpreted as a possible marker of impaired myelination due 

to early life ventricular dilatation; however, more research is needed to fully characterize 

developmental differences in patients. The patients in the current study also demonstrated 

variable executive functioning outcome obtained by parental reports on the BRIEF2, with a 

number of patients reaching clinically elevated dysfunction across the ERI, BRI, CRI and 

GEC, whereas others were within the expected range for children of their age and gender. 

Variability in outcome could be related to a number of different factors which the current 

study was unable to explore. Furthermore, a structure-function relationship of striatal-

executive FA and executive functioning outcome was detected in patients. Patients with 

higher executive dysfunction measured by the GEC also had lower correlation of FA with the 

healthy control profile, linking the importance of white matter sub-regionally specific striatal 

circuitry. Overall, a more robust understanding of the impacts of early life ventricular 

dilation on white matter and higher-order cognitive outcome can help parents and 

neurosurgeons make clinical decisions in the course of treatment, better understand an 

infant’s prognosis and access appropriate interventions. Future work with larger samples and 

consortium-style studies could help test the generalizability of these results to the larger 

patient population, while also investigating how etiology, prematurity, ICP, and revisions 

impact striatal tracts and neurodevelopmental outcomes.
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