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Abstract

Surgical management for hydrocephalus is among the most common procedures performed
by pediatric neurosurgeons. However, how to best predict postoperative outcomes is
unknown. Neuroimaging studies could provide insight, though working with these images is
non-trivial. This thesis aims to 1) evaluate registration and preprocessing methodologies to
best prepare data for comparisons, and 2) assess the impact of postoperative lateral ventricle
volume (LVV) as a predictor of white matter health in networks that are dysregulated in
hydrocephalus patients. We found that skull-stripped, bias corrected images with the SyN
algorithm produced most accurate registration. We also found large dysregulated white
matter networks in patients, and postoperative LVV did not have a large impact in predicting

these networks.

Overall, these studies suggest an image processing pipeline for pathological pediatric images
and adds to the knowledge surrounding both the impact of pediatric hydrocephalus on white

matter networks and the association with postoperative LVV.
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Summary for Lay Audience

Hydrocephalus is a neurological disease that occurs in approximately 0.1% of births world-
wide and is characterized by increased cerebrospinal fluid in the ventricles of the brain.
Treatment for hydrocephalus involves redirecting the excess fluid from the ventricles to
another part of the body, for example the peritoneum which is seen in the
ventriculoperitoneal (VP) shunt. Despite being one of most common surgeries performed in
children, there are many questions surrounding how to best predict postoperative outcomes.
Utilizing neuroimaging techniques can allow us to better understand the disease. One
challenge when working with neuroimages of children with hydrocephalus is that there can
be difficulty when trying to compare these neuroimages with those of healthy children (e.g.,
normalization). This difficulty arises from morphological differences such as large ventricles,
other pathologies in the brain, and treatment related non-correspondence (i.e., the VP shunt).
In the first study, various different image preprocessing steps and normalization algorithms
were assessed. It was found that images that were bias corrected as well as skull-stripped had
better normalization accuracy relative to those that were not, and the best performing
algorithm was SyN by Advanced Normalization Tools. In the case wherein these
preprocessing steps are not possible, the DARTEL toolbox also performed with relatively
high accuracy. In the second study, taking a whole-brain approach, white matter integrity and
connectivity were compared between pediatric patients with hydrocephalus and healthy
controls. Furthermore, postoperative ventricle volume was explored as a predictor for the
white matter metrics in hydrocephalus patients. We found a series of large, dysregulated
networks in patients with hydrocephalus relative to controls, many suggested decreased white
matter integrity, and decreased white matter connections. Most networks involved subcortical
structures and those outside the frontal lobes. After correction for multiple comparisons only

white matter metrics in two streamlines were predicted by ventricle volume.

In summary, this thesis adds to the current knowledge of image processing pipelines for
pathological pediatric images, and both the impact of pediatric hydrocephalus on white

matter networks and the association with postoperative lateral ventricle volume.
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Chapter 1

1 Introduction

Hydrocephalus is a heterogeneous neurological disease characterized by an abnormally large

volume of cerebrospinal fluid (CSF) in the ventricles of the brain as seen in Figure 1.

Figure 1: Structural MRI images where A is a healthy control and B is a patient with
hydrocephalus. The cerebral ventricles are dark and centrally located in both

images.

Ocecurring in approximately one in every 1000 births world-wide, with a higher incidence in
low-income countries, treatment for pediatric hydrocephalus represents one of the most
common procedures completed by pediatric neurosurgeons (Dewan et al., 2018). The impact
pediatric hydrocephalus has on the healthcare system further underscores its importance.
Specifically, in the United States, hydrocephalus related hospital admissions are responsible
for a disproportionately large number of days spent in hospital (Simon et al., 2008). Despite
the impact hydrocephalus has on the patient and the healthcare system, it remains an under-

studied disease.



Various preclinical studies have demonstrated that enlarged ventricle size and increased
intracranial pressure can impact the surrounding neuronal tissues through various processes.
For example, studies have shown stretched white matter tracts, reduced myelin, and
destroyed axons. Specifically, periventricular white matter appears to be most vulnerable,
though some studies have reported distal effects (Del Bigio, 1993; Del Bigio et al., 2003; Tan
et al., 2018). The ability to use diffusion imaging in patients with hydrocephalus allows
researchers to characterize white matter integrity in vivo, by assessing the diffusion of water
in the neurons. Using this technique applied to brains following surgical treatment, we may
be able to better understand the impact of surgical treatment, and surgical decisions on

postoperative white matter health.

Though there is interest in utilizing neuroimaging techniques in children with hydrocephalus,
the ability to work with these neuroimages and compare them to normally developing

children can be difficult due to non-typical features in these images (e.g., large ventricles,

non-typical brain shape, other pathology, and artifacts from treatment. See Figure 2).

Figure 2: Characteristic brain asymmetries seen in pediatric hydrocephalus. A, B and
C, have the ventricles segmented in purple and highlight the potentially non-typical
brain shape. The circle in A outlines an artifact that can occur as a result of the shunt.

D shows the catheter segmented in orange.

In some cases, this can result in the exclusion of participants with large ventricles from
studies, in part due to the inability to accurately register their neuroimage to a standard space,

therefore not allowing the comparison between participants (Tan et al., 2018). The systematic



exclusion of these participants and the inability to utilize this data has the potential to bias

results and does not enable a full representation of the disease.

Pediatric hydrocephalus therefore provides an interesting pathology by which to explore both
the impact of neuroimaging pipelines on the accuracy of neuroimage normalization and
examine postoperative white matter integrity throughout the brain as it relates to

postoperative ventricle size.

1.1 Hydrocephalus
1.1.1  Etiology

Hydrocephalus has been formally defined as “an active distension of the ventricular system
of the brain resulting from inadequate passage of CSF from its point of production within the
cerebral ventricles to its point of absorption into the systemic circulation” (Rekate, 2009).
The cerebral ventricular system is a series of interconnected cavities, composed of two large
lateral ventricles, and two smaller ventricles which are the third, and the fourth ventricle.
These ventricles are the site of CSF production, and they also allow the CSF to flow to the

points of absorption (view Figure 3 for a visualization of the cerebral ventricles).



Lateral ventricles
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Third ventricle
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Figure 3: Labeled schematic of the cerebral ventricles.
Modified from Medical gallery of Blausen Medical, WikiJournal of Medicine,
Wikiversity.

The CSF, which is a clear fluid, has various roles throughout the central nervous system
including physical protection, waste removal, and the maintenance of homeostasis (Redzic et
al., 2005; Spector et al., 2015). CSF is predominantly formed in the lateral ventricles by the
choroid plexus, reaching the subarachnoid space and spinal canal by traveling through the
ventricular system. Specifically, from the lateral ventricles, through the interventricular
foramen of Monro, to the third ventricle. Then from the third to fourth ventricle through the
cerebral aqueduct, and finally to the subarachnoid space and central canal through the
foramen of Luschka and Magendie wherein it can be reabsorbed by the venous system
through arachnoid granulations (Dandy, 1919).

The flow of the CSF through the aforementioned pathway is disrupted in hydrocephalus.
There are many ways in which the flow of CSF can be disrupted, including an obstruction in
the ventricular system, problems with reabsorption at the arachnoid granulations, or an
overproduction of CSF (Ellington & Margolis, 1969; Rekate, 2008). Particularly premature
babies that have hydrocephalus, the etiology is often bacterial meningitis or an
intraventricular hemorrhage (Beni-Adani et al., 2006). Highlighting the varying etiology of

hydrocephalus, there are many ways in which it can be classified (Oi, 2011). One such



classification is based on CSF dysregulation. Specifically, non-communicating or obstructive
hydrocephalus, which is due to an obstruction in the circuit, as opposed to communicating
hydrocephalus which is due to a problem with CSF flow after it exits the ventricular system.
Another classification of hydrocephalus involves when the hydrocephalus was acquired. If it
was present at birth, it can be termed developmental or intrinsic hydrocephalus. In contrast, if
it was developed after birth with an obvious extrinsic cause, it can be classified as acquired
or extrinsic hydrocephalus (Tully & Dobyns, 2014).

While there are many different ways to classify hydrocephalus, a final distinction to be made
as it pertains to the current thesis is hydrocephalus diagnosed in childhood (infantile or
pediatric hydrocephalus) in contrast to hydrocephalus diagnosed in adulthood.
Hydrocephalus diagnosed during childhood is unique from that diagnosed in adulthood. One
difference arises in the etiology, where with adult-onset hydrocephalus, hydrocephalus often
develops secondary to other pathologies. Furthermore, common etiologies include tumors
and vascular lesions (Bir et al., 2016). Additional differences may be seen due to the
compensatory mechanisms postulated to occur alongside ventricle dilatation, which are in
part explained by the Monro-Kellie hypothesis. The Monro-Kellie hypothesis postulates,
there exists a constant volume in the skull which is composed of CSF, brain tissues (i.e.,
white and gray matter), and blood vessels. Further, if one component changes volume, the
other component’s volume must change in the opposite direction (Mokri, 2001). The
expectations of the Monro-Kellie hypothesis are however complicated in pediatric
hydrocephalus when compared to adult onset hydrocephalus, particularly in very young
children wherein the cranial sutures are not yet fused. As a result the skull is able to expand
to accommodate the increased ventricular volume, therefore the impact on the surrounding
tissues can be different (Harold L Rekate, 2020). It follows, when the cranium can expand,
the ventricles can expand much larger with a smaller elevation in intracranial pressure and
while the axons still stretch, a cytotoxic hypoxic environment is less likely. Additionally,
pediatric brains are still undergoing development. One area of interest is myelination,
wherein major myelination increases occur over the first few years of life (Welker & Patton,
2012). Some studies have shown a negative correlation with myelination and ventricular
dilation such that with decreased myelin, ventricles can dilate further (Hanlo et al., 1997). It

is therefore not surprising that the etiology of pediatric hydrocephalus differs from adult



onset hydrocephalus, and even differs throughout pediatric hydrocephalus partially
corresponding to when the cranial sutures begin to fuse, and neurodevelopmental milestones
(Rizvi & Anjum, 2005).

1.1.2 Clinical Presentation

The clinical presentation and features of children with untreated hydrocephalus can vary
based on age. Specifically, one of the main differences between infantile hydrocephalus
wherein the children have hydrocephalus in the first two years of life, and hydrocephalus
diagnosed after this time, is that the cranial sutures are not fused in the earlier case. This
allows the cranium to expand, adjusting to the ventricle dilation. Indeed, the enlarged
cranium is often one of the most evident signs of infantile hydrocephalus. Common clinical
signs of hydrocephalus include changes in head shape, such as an enlarged cranium, or a
bulging anterior fontanelle (Kirkpatrick et al., 1989). Other clinical features include splayed
sutures, particularly prominent scalp veins, and “sunsetting” eyes wherein “sunsetting”
occurs when there is a downward pressure on the eyes resulting in a persistent downward
gaze (Boragina & Cohen, 2006). Other symptoms can include delayed growth and
neurological development, increased muscle tone, increased headaches, and vomiting (Rizvi
& Anjum, 2005).

1.1.3 Treatment

The goal for management of hydrocephalus is to reduce the volume of CSF in the cerebral
ventricles thereby reducing the intracranial pressure. Hydrocephalus is most often treated
surgically. Common surgical procedures for hydrocephalus include the endoscopic third
ventriculostomy, wherein the floor of the third ventricle is penetrated allowing the CSF to
flow to the basal cistern, or insertion of a shunt which diverts the CSF. The current thesis

focuses on hydrocephalus which has been treated using a non-programmable VP shunt.

Shunting is one of the most frequent surgeries performed for the management of
hydrocephalus. A shunt allows the excess fluid from the ventricles to be redirected into a
different body cavity, such as the peritoneum (i.e., the ventriculoperitoneal [VP] shunt).
Other less common configurations for shunts include the ventriculoatrial shunt and the

lumboperitoneal shunt which drain from the ventricle to the atria and from the spine to the



peritoneum respectively. The VP shunt generally involves the insertion of a proximal
catheter into one of the ventricles. This catheter is attached to a valve and a distal catheter,
which is placed subcutaneously along the skull to the peritoneum allowing the extra CSF to
drain and be absorbed (Pople, 2002). Notably, some shunt systems (e.g., adjustable valves)
allow the physician to externally and non-invasively adjust the pressure needed to open the
valve and drain the CSF. Thus, in cases wherein too much CSF is draining, and “slit-ventricle
syndrome” has occurred, ventricle size could be increased in a non-invasive fashion using the
adjustable valve. While shunting has been shown to alleviate some hydrocephalus
symptomatology (e.g., reduced intracranial pressure), ultimately there are many outstanding
questions surrounding the outcome of shunt surgery for hydrocephalus. Especially in young
infants, there is no consensus on exact timing of treatment, particularly when temporary
treatment is necessary, or how to best predict the cognitive outcome of treatment (Flannery et
al., 2014; Paulsen et al., 2015).

Though it is an incredibly common treatment, the VP shunt surgery has a high rate of failure.
Some of the most common complications that can arise alongside VP shunt surgery include
infection, and shunt obstruction. Less common complications include abdominal pseudocyst,
bowel perforation, and subdural hematoma (see Paff, et al., 2018 for a detailed review) (Paff
et al., 2018). In cases wherein there are shunt complications, shunt revision surgery can be
performed. This procedure is not uncommon, and many patients with VP shunt treated
hydrocephalus are expected to undergo shunt revision surgery during their lifetime, some
even requiring multiple revisions (Stone et al., 2013). Factors that positively contribute to the
rate of shunt revisions include low socioeconomic status, obstructive hydrocephalus, and

being younger than 19 years of age (Wu et al., 2007).

1.1.4 Treatment Outcomes

When assessing the outcome of surgery for hydrocephalus, there are many possible metrics
that can be assessed (e.g., cognitive, neurological, or neurodevelopmental deficits). The
outcomes of surgery for hydrocephalus have been previously classified, in brief, as: surgical
outcomes (e.g., rate of shunt infection or malfunction), mortality (e.g., related to the shunt
device, or others causes), morbidity (e.g., cognitive, motor, headaches, and endocrine), and

functional/social (e.g., schooling, and social integration) (Vinchon et al., 2012). Of these



categories, neuronal structure could have an impact on various morbidity and
functional/social outcomes. For example, some studies have found that volumetric
measurements of white and gray matter in patients with pediatric hydrocephalus
corresponded to various cognitive functions (Fletcher et al., 1996). Given these associations,
identifying methods to predict and characterize neuronal changes following VP shunt surgery

for pediatric hydrocephalus may be beneficial.

1.1.4.1 Impact on White Matter

Untreated hydrocephalus is associated with a range of potential pathological changes to white
matter such as stretching, and demyelination (Del Bigio, 1993). Preclinical studies have
demonstrated that neurons that were damaged prior to treatment can experience some
recovery; however the extent of recovery depends on their proximity to the ventricles.
Neuronal recovery following shunt insertion is greater when the tissues are further away
from the ventricles (Aoyama et al., 2006; da Silva et al., 1995). Some clinical studies have
further demonstrated that white matter differences exist between healthy controls and
patients with treated hydrocephalus. For the most part, white matter integrity is often worse
in patients with hydrocephalus relative to controls (Hasan et al., 2008; Koyama et al., 2013;
Rajagopal et al., 2013). Furthermore, while there is no way to best predict white matter
integrity following surgery, some studies have suggested that postoperative lateral ventricle
volume is a positive predictor of white matter integrity and associated with improved
outcomes (Tan et al., 2018; Williams et al., 2015).

1.1.4.2 Postoperative ventricle volume

Following shunting surgery the cerebral ventricles can vary in size until reaching their final
size at approximately 14 months post operation. Ventricle size in pediatric hydrocephalus can
be impacted by a variety of factors including patient specific factors such as initial ventricle
size, growth of brain tissues, and growth of the cranium (Tuli et al., 1999). In addition to
patient specific factors, surgical decisions and shunt implementation can also impact the final
ventricle size. For example, as the valves on the shunt function using principles of pressure,
there are complications which arise which can result in unfavorable fluid dynamics.

Specifically, “slit-ventricle syndrome” (i.e., chronic over drained ventricles) can arise in



some cases due to the patient standing upright (Hanak et al., 2017). Given the variability in
postoperative ventricle size, it has been studied in the literature as it relates to various
postoperative outcomes. In short, a systematic review conducted by Nikas, et al., (2014)
determined that postoperative ventricle volume as measured by the frontal and occipital horn
ratio does not have sufficient evidence in the literature to be a predictor of efficacy of
treatment. Notably, there are various different methods to approximate ventricle volume, and
while the frontal and occipital horn ratio is highly correlated with ventricle volume, it is not
as precise as volumetric ventricle volume which can be achieved through segmenting the
cerebral ventricles (O'Hayon et al., 1998; Radhakrishnan et al., 2019). Using volumetric
measurements, some studies have investigated postoperative ventricle volume as a predictor
for white matter integrity and some of the studies have found that larger ventricles were
indicative of white matter resembling healthy controls (i.e., increased fractional anisotropy
(FA) — suggesting increased white matter integrity), and related to better outcomes (e.g.,
reduced headaches), although other reports conflict with this (Kulkarni et al., 2015; Tan et
al., 2018; Williams et al., 2015). None of these studies have investigated the association of
postoperative ventricle volume with whole brain structural connectivity, or included region to
region streamline counts, which ultimately may help to provide additional information about
white matter organization wherein the varying image processing techniques are discussed in

the following section (Section 1.3 Diffusion-Weighted Magnetic Resonance Imaging [MRI]).

1.2 Brain Imaging Normalization

When performing neuroimaging studies, a common goal is to compare differences between
groups or across various studies. For example comparisons can be done using functional
activation, structural connectivity, or changes in any of the aforementioned over time. To
facilitate these comparisons, images must be in some common stereotaxic space. Some of the
most frequently used common spaces in neuroimaging is the Montreal Neurological Institute
(MNI) space, and the Talairach space (Evans et al., 1993; Talairach, 1988). When all
neuroimages are in a common space, we’re able to compare one point and or structure

between all images.

To ensure that all images are in a standard space, they have to be spatially normalized to a
specific space such as the MNI space, using image registration. Registration, in short, is an
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imaging technique that can be used to align one image to another image. When normalizing,

each participant’s three dimensional neuroimage is registered to a standard template, such as

the MNI 152 template, which is an average image of a series of adult brains (Mazziotta et al.,
2001; Mazziotta et al., 1995). Following this process, the original image is now normalized

to MNI space.

Image registration is a non-trivial task, and various image registration algorithms exist
allowing different transformations. In brief, registration algorithms are often divided into
linear and non-linear or deformable registration. Linear registration can transform images by

translation, rotations, sheers, or zooms (as depicted in Figure 4).

Reference

Rotate

Figure 4: Various linear transformations applied to an MRI neuroimage.

In contrast, deformable registrations allow non-linear transformations and localized
deformations. When registering a participant’s neuroimage to the MNI template image, a
combination of both linear and non-linear transformations are often used. Furthermore, there

are various implementations of registration algorithms which may impact performance,
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wherein differences can occur for example in the degrees of freedom, and similarity metrics
(Hellier et al., 2003; Klein et al., 2009).

1.2.1  Implications of Poor Registration

If a registration is poor, there could be complete non-correspondence between structures
making data unusable. It is not uncommon to find neuroimaging studies wherein participants
have been excluded due to poor registration (Clarencon et al., 2017; Pannek et al., 2020; Tan
et al., 2018). It has been suggested that misalignment in functional MRI can result in false
negatives, or false positives driven by anatomical differences as opposed to differences in
brain activity (Crinion et al., 2007). Indeed, recognizing the limitations of registration, there
have been techniques developed that try to overcome these problems. For example one such
technique found in DTI is tract-based spatial statistics (TBSS), where a maximum FA value
is projected onto a white matter tract skeleton, reducing the need for a perfect registration
(Smith et al., 2006). There are however limitations with TBSS surrounding anatomical
specificity since the dimensionality of the white matter tracts are reduced (Bach et al., 2014).
Taken together, accurate registrations are an important part of neuroimaging studies and
despite attempts to reduce the need for incredibly accurate registrations, these methods still

have limitations.

1.2.2  Challenges with Registration

There are many potential challenges to having accurate neuroimaging registrations. Ou, et al.,
(2014) have characterized some common complications into 4 different categories: 1) inter-
subject anatomical variability, 2) intensity inhomogeneity, 3) protocol and field of view
differences, and 4) pathology induced missing correspondence (Ou et al., 2014). It is not
uncommon to find many of these challenges concurrently. For example, when working with
pathological neuroimages in a pediatric population. Pediatric brains have anatomical
variations due to age related differences wherein over time, there are changes in total brain
volume, and volumes of gray matter and white matter tissues (Giedd & Rapoport, 2010;
Jernigan & Tallal, 1990). There can also be non-correspondence introduced from pathology
or treatment. For example a hemorrhage or a shunt could appear in a pathological image and
would not appear in the template image.
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1.3 Diffusion-Weighted MRI

Diffusion-weighted MRI is an imaging technique that can be used to estimate the underlying
white matter connectivity of the brain, and investigate microstructural differences in vivo.
Diffusion-weighted imaging makes use of the movement of water molecules, their random
motion, and diffusion process (i.e., Brownian motion) to probe the white matter
microstructure. As water does not easily pass through axonal cell membranes, the diffusion
of the water is anisotropic, expected to travel along the direction of the axons. In contrast,
when there is white matter damage, and for example increased demyelination, decreased
number of axons, or damaged axons, you could expect reduced anisotropic diffusion
(Horsfield & Jones, 2002).

There are various metrics that can describe white matter microstructure that are derived from
diffusion-weighted MRI using the diffusion tensor model (i.e., diffusion tensor imaging
[DTI]). The diffusion tensor model represents the direction of diffusion over three different
directions describing an ellipsoid with three eigenvalues A1, A2, and A3 representing the
magnitude of diffusion and three eigenvectors €1, €2, €3, representing the directions of
diffusion. When all eigenvalues are equal, diffusion is considered isotropic in contrast, when
the eigenvalues are unequal, we expect anisotropic diffusion. Using these values, diffusion
within the white matter can be summarized and inferences can be made about white matter

integrity.

There are a series of common measures of white matter microstructure that are frequently
included in the literature. Most commonly, FA, which is a normalized measure used to
describe the fraction of anisotropic diffusion of water, ranging from 0 (high isotropy) to 1
(high anisotropy). FA is commonly described as a measure of white matter integrity;
however there are many features of white matter organization that can impact FA values
(e.g., axonal packing, myelination, and axonal degeneration). Often other diffusion metrics
are included to get a more complete picture of the white matter microstructure as not all
metrics are sensitive to the same underlying white matter structure). For example, mean
diffusivity (MD) which represents the average diffusion over all three directions. There is

also axial diffusivity (AD) and radial diffusivity (RD) which represent the diffusion along the
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long axis (i.e., the principal eigenvector) and perpendicular to the long axis respectively
(Feldman et al., 2010).

Diffusion weighted imaging also allows for the reconstruction of white matter tracts
throughout the brain using probabilistic diffusion tractography. Using diffusion tractography,
insight can be gleaned into brain connectivity differences between groups. This approach has
been taken in hydrocephalus wherein the structural connectome was characterized using
graph analysis and it was revealed that white matter networks in children with hydrocephalus
are dysregulated relative to healthy controls (Yuan et al., 2015). One limitation of
tractography is traditionally, the streamline counts are not quantitative as the number of
reconstructed fibers are not guaranteed to be synonymous with the underlying fibers.
Recently, however, many implementations of tractography have started to address this
limitation, allowing quantitative comparisons of streamline counts by adding a weight or
multiplier to the streamlines to better estimate the connection density (Smith et al., 2015;
Zhang et al., 2022).

1.4 Thesis Outline

Despite the surgical management of hydrocephalus being one of the most common surgeries
completed by pediatric neurosurgeons, the disease remains understudied. While there are
many neuroimaging approaches that can be taken to further understand functional or
structural differences in hydrocephalus, they predominately all depend on being able to
accurately and effectively work with these neuroimages in a common space. The objective of
this thesis is to therefore, in Chapter 2, determine the efficacy of preprocessing steps and
evaluate which freely available registration program produces the most accurate
normalization. Furthermore, using the insight gained from Chapter 2, in Chapter 3, the
impact of postoperative ventricle volume on whole brain structural connectivity is assessed

using a variety of white matter metrics derived from diffusion weighted imaging.
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1.4.1 Evaluating Registration and Preprocessing Methodologies for
the Normalized Analysis of Brain MRI in Pediatric Patients with
Shunt-Treated Hydrocephalus

Registration to a standardized template (i.e.“normalization”) is a critical step when

performing neuroimaging studies. Pediatric patients with shunt treated hydrocephalus,

represent an interesting area of study for evaluation of general-purpose registration
algorithms. These images, in particular, present a number of intersecting challenges for
registration, including potentially large deformations to both brain structures and overall
brain shape, artifacts from shuts, and morphological differences corresponding to age. In this
study, the efficacy of various available registration programs and preprocessing steps are
assessed by performing over 590 registrations. Specifically, the preprocessing steps of skull-
stripping and bias correction are considered, and five different algorithms that are freely
available, are used to normalize the T1 MRI brain images of a group of pediatric patients
with VP shunt treated hydrocephalus. The Dice Coefficient (DICE) and Hausdorff Distance

(HD) are used to evaluate the registration of a series of cortical and subcortical structures.

The accuracy of the registrations are also reported by individual participants according to

lateral ventricle volume for two of the better performing algorithms.

The results of this study suggest that increased registration accuracy is achieved using both
skull-stripped and bias corrected images and a diffeomorphic registration algorithm,
specifically SyN by Advanced Normalization Tools (ANTS). Given that skull-stripping (i.e.,
segmenting the brain tissues from non-brain tissues) is a non-trivial task, we have also
demonstrated that the DARTEL Toolbox also has high accuracy without any additional
preprocessing steps. Overall, these results provide insight to the performance of registration

programs that can be used for normalization of brains with complex pathologies.

1.4.2  Altered White Matter Networks, and Associations with Ventricle
Volume in Children with Shunt Treated Hydrocephalus

There exists no best predictor for determining the success of surgical management for

pediatric hydrocephalus. Though conflicted, some suggest that postoperative lateral ventricle

volume may be a good predictor of postoperative white matter integrity. In this study, a

whole-brain approach is taken with probabilistic tractography in combination with white
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matter microstructure metrics to explore differences in white matter networks between shunt-
treated pediatric hydrocephalus patients and healthy controls. When there were dysregulated
networks, the relationship between these white matter networks and post-operative ventricle

volume were further assessed.

This cross-sectional study in pediatric patients with hydrocephalus and healthy controls
revealed using whole-brain probabilistic tractography that there are various networks with
dysregulated white matter integrity. These dysregulated networks have tracts connecting
structures all throughout the brain, though the regions are predominately located outside the
frontal cortex. Post-operative ventricle volume did not predict the white matter integrity of

many tracts following correction for multiple comparisons.
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Chapter 2

2  Evaluating Registration and Preprocessing Methodologies
for the Normalized Analysis of Brain MRI in Pediatric
Patients with Shunt-Treated Hydrocephalus

2.1 Introduction

Pediatric hydrocephalus is a complex neurological disease characterized by an abnormally
high volume of CSF in the cerebral ventricles. While there is interest in studying pediatric
hydrocephalus using neuroimaging techniques to learn more about the disease, working with
these images may prove to be difficult given the potentially large pathology induced
deformations and artifacts from surgical treatment (e.g., shunts) (Ou et al., 2014; Patel et al.,
2017). When performing neuroimaging studies, a common goal is to be able to compare
findings between participants. In order to accomplish this, the neuroimages must be
registered to a standard stereotaxic space (i.e., spatial normalization) such as the MNI space
using a template image (e.g., MNI-152), such that there is a one-to-one correspondence
between images (Mazziotta et al., 1995). Poor normalizations, wherein there is suboptimal
alignment of brain regions relative to the template image, can have a variety of impacts on
the results of neuroimaging studies. For example, in functional magnetic resonance imaging
studies, poor normalizations can result in decreased sensitivity and false negatives wherein
observed effects could be driven by structural rather than functional differences (Crinion et
al., 2007). Therefore, it is not surprising that image registration is a non-trivial task, and there
has been ongoing interest in assessing the accuracy of various programs used for registration
(Crinion et al., 2007; Klein et al., 2009; Ou et al., 2014).

Image registration can be characterized by the possible transformation into two categories:
linear and nonlinear. Linear registration in 3D can perform translations, rotations, scales, and
skews in three directions (X, y, and z). In contrast, non-linear registration allows for
deformations. Normalization can take advantage of a combination of both methods wherein
there can be an initial linear registration followed by a non-linear registration. A number of
freely available neuroimaging and medical imaging programs include functions for

performing both these registrations (e.g., FMRIB Software Library [FSL,
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https://fsl.fmrib.ox.ac.uk/fsl], and Statistical Parametric Mapping [SPM,
https://www.fil.ion.ucl.ac.uk/spm]) (Ashburner, 2007; Smith et al., 2004).

Difficulty in performing registrations can occur for a variety of reasons. Ou et al., (2014),
have operationalized the potential difficulties into four overarching challenges, which
include: inter-participant anatomical variation, intensity and noise differences, protocol and
field-of-view differences, and pathology induced missing correspondence. Often, there can
be many of these challenges present in one dataset. For example, many of these challenges
can be observed particularly in clinical pediatric populations wherein there can be pathology
induced missing correspondence in addition to age-based anatomical variation (Courchesne
et al., 2000).

There exist various methods to improve normalization accuracy with pathological brains.
Tang, Wu, and Fan (2017) have characterized these methods into three overarching
categories which include: masking, pathology simulation, and inpainting (Tang et al., 2017).
Specifically, cost function masking, wherein a region of non-correspondence in the image is
masked, has been shown to result in more accurate registrations (Brett et al., 2001). The
generation of masks however can be incredibly time consuming, particularly in cases
wherein the regions of interest cannot be accurately segmented automatically and there are
many participants. Further, even when segmentation can be completed automatically, many
segmentation methods are computationally intensive. As a result, there is interest in general
purpose normalization pipelines which can be utilized for pathological images that can
produce accurate results by tuning of parameters rather than extensive manual work and
computationally expensive processes. This is particularly pertinent as the data associated

with medical images are becoming increasingly large (Scholl et al., 2011).

To date, there have been no studies assessing the efficacy of various normalization pipelines
for pediatric hydrocephalus. The normalization of neuroimages in those with shunt-treated
pediatric hydrocephalus provides a unique series to study as these images represent a variety
of challenges including non-correspondence and artifacts from shunt treatment, potentially
large pathology induced deformities in the ventricles and surrounding tissues, and age-based
anatomical variation. Indeed, once treated with a VP shunt, the ventricles can range from

being smaller than normal, to staying extremely large depending on when the shunt is
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inserted in the life of the child, and what type of valve is used. The objective of the current
study is to assess the accuracy of a variety of freely available registration programs after
preprocessing steps including image normalization in a population who has a wide variation

of brain imaging.

2.2 Methods
2.2.1 Participants

Clinically stable children with hydrocephalus treated by VP shunts were recruited from a
pediatric neurosurgical outpatient clinic in London, Ontario, Canada. Approval was obtained
from our institutional research ethics board. Inclusion criteria included patients with
hydrocephalus within the first two years of life or intraventricular hemorrhage at birth.
Patients were not eligible for the study if they had a programmable shunt or any other
contraindications for MRI. Figure 2 shows characteristics of neuroimages of those with

pediatric hydrocephalus that could impact normalization.

2.2.2 Magnetic Resonance Imaging Acquisition

Neuroimages were acquired from a Siemens MAGNETOM Prisma 3-Tesla MRI scanner
with a 32-channel head coil. A whole brain T1-weighted image was acquired using the three-
dimensional magnetization-prepared rapid gradient-echo (MPRAGE) sequence (Repetition
time [TR] = 2300ms ; Echo time [TE] = 2.93ms; Inversion time [TI] = 900ms; Flip Angle =
9°; Matrix Size = 256 x 256, Number of Slices = 160; Field of View [FOV] = 256mm ;

Resolution = 1.0 x 1.0 x 1.0 mm?®).

2.2.3 Image Preprocessing

Given the potential impact of image preprocessing on registration accuracy, various
preprocessing steps were performed. Registrations were performed with and without skull-
stripping, and with or without bias correction. Registration using the DARTEL Toolbox was
performed only with whole-brain data as segmentation of the tissue types is required to run

DARTEL and SPM’s segmentation tool will remove the non-brain tissues.
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2.2.3.1  Skull-Stripping

Removal of non-brain tissues was completed using the Brain Extraction Tool (BET) from
FSL version 6.0 (https://fsl.fmrib.ox.ac.uk/fsl) (Smith, 2002). In order to achieve an accurate
brain extraction given the large deformities present in the dataset, various BET parameters
were tuned, and manual removal of non-brain structures was performed following BET on a

per subject basis.

2.2.3.2 Bias Correction

Bias correction to correct for intensity inhomogeneities was performed using N4 bias field
correction from ANTSs (http://picsl.upenn.edu/software/ants/) (Tustison et al., 2010).

2.2.4  Image Registration

Images were both registered to the 1 x 1 x 1mm?®MNI-152 nonlinear 6th generation template.
Additionally, images were registered to the NIHPD symmetric pre- to mid-puberty (7.5 years
to 13.5 years) 1 x 1 x 1mm?3 pediatric template, followed by registration to the
aforementioned MNI-152 template. This additional registration was performed as it has been
suggested that registering an age specific template could produce more accurate registrations
(Fonov et al., 2011; Wilke et al., 2002). Image registration using the DARTEL Toolbox
differed from the aforementioned process, firstly DARTEL creates a groupwise template
image wherein each participant’s neuroimage is registered to the groupwise template, then

these images can be normalized to MNI space.

2.2.4.1 Registration program details

A variety of freely available programs commonly used for neuroimaging analysis were
chosen. The selected programs employ a variety of registration algorithms and
implementations. All registrations were implemented using default parameters, except for
FLIRT wherein two iterations were used, one with the default parameters and a second with a
reduced angular range for initial optimization (FLIRT 2 and FNIRT 2 represent linear and
non-linear registrations completed with a reduced angular range during the linear registration

step). View Table 1 for a list of the programs used, and Appendix A for the settings used.
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Table 1: Registration programs assessed

Function, Program

Deformable Registration via Attribute Matching and Mutual-Saliency Weighting
(DRAMMS), DRAMMS Deformable Image Registration Toolbox
(https://wwwe.nitrc.org/projects/dramms) (Ou et al., 2011)

Diffeomorphic Anatomical Registration using Exponentiated Lie algebra (DARTEL),
Statistical Parametric Mapping (SPM) (Ashburner, 2007)

FMRIB’s Linear Image Registration Tool (FLIRT), FMRIB Software Library (FSL)
(Jenkinson et al., 2002)

FMRIB’s Non-Linear Image Registration Tool (FNIRT), FMRIB Software Library (FSL)
(Smith et al., 2004)

Symmetric Image Normalization (SyN), Advanced Normalization Tools (ANTS)
(http://stnava.github.io/ANTSs/) (Avants et al., 2011)

2.2.5 Data analyses

2.2.5.1 Region selection and verification

A series of cortical and subcortical regions were selected to represent areas proximal and
distal to the area of deformation as it has been previously demonstrated that registration
accuracy can be impacted by proximity to the region of deformation (Ou et al., 2014). Areas
included in the custom atlas include the corpus callosum, internal capsule, superior temporal
gyrus, hippocampus, superior occipital gyrus, and paracentral lobule (view Figure 5 for the
atlas). All areas were manually segmented from each patient’s neuroimage as well as the
template image and verified by an expert (SdeR). The custom study atlas in each participant's

native space was then warped using the generated warps from all registrations for analysis.
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Superior m Hippocampus = Hippocampus
Temporal (Right) (Left)
Gyrus (Right)

Internal Capsule

Superior Superior Paracentral Lobule
Temporal occipital gyrus (Right)
Gyrus (Left) (Right)

Corpus Callosum

Figure 5: Custom atlas used for registration which includes various cortical and

subcortical structures. All selected regions are represented at least once unilaterally.

2.2.5.2 Computational Time

All registrations were performed on a computer with the Linux CentOS version 8 operating
system, 64GB of RAM, GeForce 970GTX GPU, and an AMD Ryzen 5 3600 6-Core
Processor (3.6GHz/ 4.2 GHz boost). Registration time was reported in minutes, rounded up
to the nearest minute. Given that computation time can be influenced by the size of
deformation needing to be estimated, computation time for both the most and least deformed
brains have been reported. Multi-core processing was used whenever supported by the

software tool and the number of cores used was reported.

2.2.5.3 Similarity Metrics

In order to evaluate the accuracy of the registration two commonly reported similarity
metrics were used (Taha & Hanbury, 2015). The warped participant atlas was compared to
the same areas segmented from the MNI-152 template image. The Dice coefficients (DICE)
were computed for each registration to assess similarity in overlap of the selected 3-
dimensional regions (Dice, 1945). Using two sets, A and B, the DICE is defined as:
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2|(A n B)|

DICE =
4] + |B|

Additionally, Hausdorff Distance (HD) which is a measure of spatial distance was also
assessed (Hausdorff, 1914). Using two sets, A and B, HD is defined as:

HD = max(h(4, B), h(B,A))

A(4,5) = mapiplia = bl

2.3 Results

2.3.1  Participants

Eight patients with hydrocephalus treated with a VP shunt were included in the current study
(1 female, mean age = 8.79 years, sd = 1.81). Their voxel-based ventricle volume ranged
from 6,428 mm?to 336,735 mm?. The etiology of the hydrocephalus was variable between
patients, and included intraventricular hemorrhage, dandy-walker’s malformation,
meningitis, and spina bifida. Complete atlas generation was possible in seven of the eight
participants. In the participant with the largest ventricle size severe deformities resulted in the
inability to distinguish three cortical regions (i.e., left superior occipital gyrus, and both left

and right paracentral lobules).

2.3.2 Normalization

A total of 592 registrations were performed. Excluding the registration of whole-brain bias
corrected data, registrations directly to the MNI template had a larger DICE and smaller HD,
indicative of a more accurate registration, compared to registering to an age-appropriate

template prior to the MNI-152 template.
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Overall, normalization performed with the preprocessing steps of both skull-striping and bias
correction had a larger DICE (median DICE = 0.5810, IQR = 0.1740) and smaller HD
(median HD = 12.2915, IQR =5.2510) compared to those normalizations with whole-brain,
and non-bias corrected neuroimages. Figure 6 qualitatively shows registrations for skull-

stripped bias corrected images.

Participant T1 Template
Image Image

FNIRT1

FNIRT2

Figure 6: Normalization results for one participant. The participant’s neuroimage was

skull-stripped and bias corrected prior to undergoing normalization.
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A similar pattern was observed in those registered first to an age-appropriate template where
the largest DICE (median DICE = 0.5637 IQR = 0.1900) was observed in images which
underwent skull-stripping and bias correction. Table 2 outlines the median DICE and HD for
all regions in the study atlas across all programs and the various preprocessing steps. Figure 7
depicts box plots for the DICE score per program and Figure 8 depicts box plots for the HD
per program. Both figures use the preprocessing step of bias correction and include results
with, and without skull-stripping. The median score for each participant has been shown by

ventricle size.

Whether assessed with DICE or HD, the interquartile range is often smaller for bias corrected
images that underwent skull-stripping compared to whole brain images for the majority of
programs assessed. Additionally, regardless of program and preprocessing performed,
patients with the largest ventricle size predominately have poorer registration accuracy
compared to those with a smaller ventricle size as measured using DICE. In contrast, when
accuracy is measured using HD there is less distinction between accuracy based on ventricle
size, though participants with the two largest ventricle sizes (i.e., ventricle size > 100,000

mm?) often have scores worse than the median.

The better DICE was seen with the SyN algorithm by ANTs with the preprocessing steps of
skull-stripping, and bias correction, with or without initial registration to a pediatric atlas
(without intermediate registration median DICE = 0.6504, IQR = 0.1009; median HD =
10.3920, IQR = 4.9754; with initial registration to a pediatric atlas median DICE = 0.6590,
IQR = 0.1449; median HD = 9.4340, IQR = 5.7898). Figure 9 (A and B) shows the
individual performance for each participant, and each region of interest using the SyN
algorithm with bias correction and skull-stripping. As ventricle size increases, overall
subcortical regions which are closer to the ventricles, on average, have lower DICE
compared to cortical regions. When assessing accuracy using HD, participants with the
smallest ventricle sizes (i.e., < 8000 mm?®) predominately have a HD for subcortical

structures below the median and an HD for cortical structures above the median.

The best performance with the least number of preprocessing steps (i.e., whole brain, no bias
correction) was the DARTEL toolbox by SPM (median DICE = 0.5541, sd = 0.1604; median



HD = 11.5330, sd = 5.2630). Similar to SyN, subcortical regions generally have a lower
DICE (Figure 9 C) as participant ventricle size increases, compared to cortical regions.
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Table 2: Summary statistics for normalization accuracy across 50 registration conditions.
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Similarity ANTs DARTEL DRAMMS FLIRT (1) FLIRT (2) FNIRT (1) FNIRT (2) Overall
Preprocessing  Metric Median(IQR) Median(IQR) Median(IQR) Median(IQR) Median(IQR) Median(IQR) Median(IQR) Median(IQR)
TI to MNI152
Whole Brain DICE 0.5102(0.2967)  0.5541(0.1604)  0.4979(0.1796)  0.3957(0.1824)  0.4110(0.1763)  0.5008(0.2074) 0.5205(0.2057) 0.4767(0.2321)
HD 14.3180(8.7530)  11.5330(5.2630)  14.3530(6.3730)  14.7990(10.0950) 14.7990 (8.4870) 14.3530(8.4113)  14.8660(8.0610)  14.1770(7.7735)
Whole Brain
Bias Corrected DICE 0.5051(0.3078)  0.5388 (0.1624)  0.4906(0.1521)  0.3568 (0.2304)  0.3857(0.2522)  0.4738(0.2675) 0.4518(0.3846) 0.4506(0.2602)
HD 15.0330(8.5790)  11.4020(4.7974)  13.5650(7.4310)  15.3950(11.7050) 16.0310(13.0030) 15.8430(11.7800) 16.6130(11.4690)  14.4570(10.3255)

Skull-Stripped

Skull-Stripped
Bias Corrected

DICE

HD

DICE

HD

0.6468(0.1389)

10.6300(5.6240)

0.6504 (0.1009)

10.3920(4.9754)

T1 to NIHPD, NIHPD to MNI152

Whole Brain

Whole Brain
Bias Corrected

Skull-Stripped

DICE

HD

DICE

HD

DICE

HD

0.4928(0.2906)

13.4910(9.2300)

0.5303(0.2716)

13.8920(9.1050)

0.6439(0.1753)

10.4400(6.0464)

0.5991(0.1577)

11.0450(5.0985)

0.5909(0.1571)

11.0910(5.3180)

0.4485(0.1737)

15.9370(6.8720)

0.4563(0.2033)

14.7650(5.1040)

0.5678(0.1496)

12.0830(6.2298)

0.5291(0.1745)

11.3580(4.9522)

0.5201(0.1796)

11.6620(4.9837)

0.4480(0.2294)

15.2640(6.6720)

0.4438(0.2280)

15.0670(7.1490)

0.5285(0.1838)

11.7470 (5.4107)

0.5290(0.1769)

11.3580 (4.8062)

0.5211(0.1787)

11.7050(5.0917)

0.4473(0.2425)

15.2970(6.8540)

0.4520(0.2266)

15.2640(7.2100)

0.5261(0.1856)

11.7470 (5.4862)

0.5765(0.1981)

11.7900(5.5866)

0.5974(0.1617)

11.5760(4.8140)

0.4987(0.2521)

15.2640(8.7650)

0.4969(0.2383)

14.3180(7.9180)

0.5586(0.2090)

13.0380(6.5325)

0.5778(0.1976)

11.7900(5.6756)

0.5969(0.1674)

11.7900(4.8840)

0.5039(0.2933)

15.1660(8.0260)

0.4950(0.2365)

14.1770(8.2680)

0.5532(0.2092)

12.7670(6.2940)

0.5734(0.1852)

11.1800(5.5638)

0.5810(0.1740)

11.2915(5.2510)

0.4700(0.2380)

15.2640(7.8088)

0.4688(0.2352)

14.5260(7.5223)

0.5584(0.1880)

11.8740(5.8348)



Skull-Stripped
Bias Corrected

DICE

HD

0.6590(0.1449)
9.4340(5.7898)

0.5678(0.1496)
12.0830(6.2298)

0.5201(0.1790)
11.7470(4.6544)

0.5190(0.1819)
11.7470(4.4014)

0.5719(0.2018)
12.3690(5.7525)

0.5727(0.2133)
12.6890(5.5520)

0.5637(0.1900)
11.8950(5.8424)
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Figure 7: Box plots of the DICE scores per program for normalization from participant T1 to the MNI-152 template
image. All images were bias corrected. Results from both whole brain and skull-stripped images are shown in dark gray
and light gray respectively. The median DICE per participant is plotted by voxel-wise ventricle size in mm?,
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Figure 8: Box plot of the HD per program for normalization from participant T1 to the MNI-152 template image. All
images were bias corrected. Results from both whole brain and skull-stripped images are shown in dark gray and light

gray respectively. The median HD per participant is plotted by voxel-wise ventricle size in mm3.
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Figure 9: A and B show the DICE score and HD respectively by participant by region for SyN with the preprocessing
steps of skull-stripping and bias correction. C and D show the DICE and HD respectively by participant by region for
DARTEL with no preprocessing steps (whole-brain, no bias correction). In all graphs, cortical structures are red, and

subcortical structures are blue.
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2.3.3  Computational Time

Computational time for the smallest and largest ventricle sizes are seen in Table 3.
Despite the large differences in ventricle volumes, the time to complete the normalization
for either participant are similar except for FNIRT wherein the participant with the
smaller ventricle size has a much quicker registration to the MNI-152 template relative to
the participant with the larger ventricle size. The fastest non-linear registration is with
ANTSs with 10 cores (approximately 18 minutes). DRAMMS and FNIRT have
comparable times (approximately 20 minutes — 40 minutes) and both use a single-core.
Performing two series of registrations from patient T1 to NIHPD, then the registration
from the NIHPD atlas to MNI-152 atlas almost increases all the times two-fold which is
to be expected as this process involves two-times the registrations. The majority of the
algorithms only offer single-core computation. As the DARTEL Toolbox creates a group-
wise template, its computational time is dependent on the number of participants. Given
the performance of the DARTEL Toolbox with whole-brain non-bias corrected data, this

computational time was included.



Table 3: Time to completion for registration

33

Smallest ventricle size

Largest ventricle size

BET Bias Pediatric atlas BET Bias Pediatric atlas
corrected BET Bias corrected BET Bias
(min) corrected (mins)  (mins) corrected (mins)

DRAMMS 34 83 36 95

(single core)

FLIRT 1, 1 2 1 2

FSL

(single core)

FLIRT 2, 1 2 1 2

FSL

(single core)

FNIRT 1, 17 64 43 53

FSL

(single core)

FNIRT 2, 33 63 41 53

FSL

(single core)

SyN, ANTs 127 273 129 274

(single core)

SyN, ANTs 18 40 18 39

(10 cores)

DARTEL All participants, whole-brain, no bias correction: 29

2.4 Discussion

Normalization of neuroimages of pediatric patients with shunt-treated hydrocephalus was

assessed using a variety of freely available software tools commonly used for

neuroimaging studies. Fifty ways of normalizing neuroimages were examined wherein

variations included programs, parameters, and preprocessing steps for a total of 592

registrations performed.
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Our study revealed that SyN had the most accurate registration as measured by DICE,
and HD with, or without registration to a pediatric atlas. Previous studies assessing the
accuracy of registration in healthy brains and/or brains with pathologies have also
highlighted SyN as registration algorithms that performs with high accuracy (Klein et al.,
2009; Ou et al., 2014; Ripolles et al., 2012). In the current study, we found superior
registration accuracy using bias corrected, skull-stripped data; however, normalization
with non-preprocessed data (i.e., whole-brain, non-bias corrected) can also result in
normalized images with good accuracy. Typically, performing bias correction can help to
improve normalization accuracy and it is non-computationally intensive relative to the
time required to perform registrations. In addition to having a small benefit for
normalization, bias correction has been shown to improve brain extraction (Fennema-
Notestine et al., 2006). The current dataset composed of pathological pediatric
neuroimages revealed that the removal of the skull has been shown to be incredibly
beneficial for normalization. However, it is worth noting that skull-stripping has been
identified as a non-trivial task which could be very time consuming (Popescu et al.,
2012). Poor brain extractions can result in removing areas of the brain or including non-
brain matter. Furthermore the presence of neck in the volumes have been shown to
negatively impact brain extraction (Popescu et al., 2012). These errors in brain extraction
could result in poor registration wherein the non-brain matter for example, could be

interpreted as brain matter.

Towards minimizing preprocessing steps, whole brain normalization can also be
performed in patients with complex neuropathology, such as that seen in hydrocephalus.
It was demonstrated that the DARTEL toolbox outperforms many of the other algorithms
under these circumstances. The DARTEL toolbox makes use of groupwise registration
and is the only tool assessed in this study which uses this process (Ashburner, 2007). In
this case, a group-specific template is created based on the whole input dataset, then each
participant’s neuroimage is then registered to the group template. Group-wise
registrations are beneficial as there is no a priori template selection required; however,
performing group-wise registration between different groups (e.g., healthy controls
compared to patients with morphological differences) is non-trivial and an area of interest
(Liao et al., 2012; Ribbens et al., 2013).
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Given the differences between pediatric and adult neuroimages such as the size, shape,
and tissue type, it has been previously suggested that using an age-appropriate brain
template in registrations, can help to improve registrations reducing the age-based
variability between images (Courchesne et al., 2000; Fonov et al., 2011). We have
demonstrated that with our current dataset, that registering to an age-appropriate
template, for the most part, did not improve registration. Accuracy was similar whether
an age-specific template was used, though accuracy was slightly reduced overall. Given
the purpose of an age-specific template is to better represent a pediatric brain, structural
changes to the brain due to hydrocephalus may make these registrations more difficult
(Del Bigio, 2010). In addition, there was almost a two-fold increase in processing time
with age-based registration compared to a single registration between the participant’s
image and the target MNI-152 image, which may not be ideal in some circumstances.
Therefore, while we would still advise to register healthy participants with age-specific
templates, this step can be skipped when registering children with large anatomical

deformation due for example to hydrocephalus.

Regardless of the overall accuracy of the registration (measured using DICE), often,
participants with larger ventricle sizes had poorer normalization accuracy compared to
those with smaller ventricle sizes. Further, the areas that were most impacted as measured
by DICE were those near the ventricles (i.e., subcortical regions) such that these areas
have low overlap with ground truth. This observation may be due to the sensitivity of the
DICE when comparing regions of different sizes, wherein the size of subcortical
structures, particularly the ones chosen, are much smaller in volume compared to the
cortical structures. The inclusion of subcortical brain structures in neuroimages studies
can be challenging given their small size and many are already excluded from standard
atlases (Forstmann et al., 2016). While the subcortical regions assessed in the current
study can be considered large relative to other subcortical nuclei, it is possible that DICE
was not the best metric to assess volumetric overlap between these regions and ground-
truth. Some studies have used a modified DICE, specifically dilated DICE when

assessing sub-cortical structures, to reduce the sensitivity to size (Bazin et al., 2020).
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Notably, many of the assessed programs do not make use of multicore computing for a
single subject. Only SyN allowed a streamline method of utilizing multiple cores by
modifying the function call (http://stnava.github.io/ANTSs/) (Avants et al., 2009).
Improving the computational efficacy of registrations is an area of interest. Given their
time-consuming nature, registrations are often performed outside of busy clinical
practice, though they have a utility in clinical/surgical practice (Alam et al., 2018).
Ultimately, there is ongoing interest in utilizing the power of modern GPUs which are
built for parallel processing to improve the computational efficiency of image registration
(Shams et al., 2010).

Normalizing images of pediatric patients with shunt-treated hydrocephalus provide a
unique opportunity to assess the accuracy of various non-linear registration programs
given many different challenges. While the patients in this study had a wide range of
ventricle sizes, our study was limited by sample size. Having a larger sample size would
potentially allow us to better understand the impact of large deformities on normalization
outcomes. Furthermore, as we used a custom atlas for assessing registration accuracy,
many regions were excluded. Given a more robust atlas, we could have further assessed
the impact of the shunt location on registration accuracy in nearby areas as registration
performance can vary based on proximity to a pathological site (Ou et al., 2014). Finally,
with the largest DICE being marginally over .60, more robust registration algorithms are

needed to better account for complex pathologies.

In sum, we assessed four different non-linear registration algorithms to normalize
neuroimages from pediatric patients with shunt-treated hydrocephalus. Ultimately
preprocessing the neuroimages to remove non-brain tissue (e.g., skull-striping) and bias
correcting resulted in on average the most accurate normalized images using the SyN
algorithm. We also demonstrated that the DARTEL Toolbox, which performs a group-
wise registration, can produce a similarly accurate registration without any preprocessing
steps. Finally, while registering to an age-appropriate atlas has been shown to produce a
superior registration outcome, overall it did not have a positive impact on the registration

accuracy in the current study. These results may help to inform a normalization pipeline



and algorithm selection for studies with pediatric patients and complex neuronal

pathologies.
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Chapter 3

3  Altered White Matter Networks, and Associations with
Ventricle Volume in Children with Shunt Treated
Hydrocephalus

3.1 Introduction

Pediatric hydrocephalus (PH) is a heterogenous neurological disease occurring in
approximately 0.1% of births globally (Isaacs et al., 2018). Hydrocephalus is
characterized by an abnormally high volume of CSF in the ventricles of the brain, and
consequently increased intracranial pressure. This increased pressure could result in
compensatory mechanisms in the surrounding tissues, and/or skull as predicted by the
Monroe-Kelli Hypothesis (Mokri, 2001; H. L. Rekate, 2020). Treatment for
hydrocephalus, such as inserting a shunt or an endoscopic third ventriculostomy, aim to

reduce the excess fluid in the ventricles, thereby reducing the intracranial pressure.

Damage to the brain tissues arising from ventricle enlargement can include the stretching
of periventricular white matter, myelin loss, and axonal damage (Del Bigio et al., 1994;
Del Bigio et al., 2003). Additionally, the association of decreased cerebral blood flow
alongside ventriculomegaly is well documented in both preclinical models, and in clinical
studies in patients with PH (Hill & Volpe, 1982; Jones et al., 1993; Soul et al., 2000).
Decreased blood flow can create a hypoxic environment in the brain and can result in
ischemic injuries in the white matter. Notably, even following treatment, the brain tissues
that have been damaged due to hydrocephalus may not completely recover, particularly
in periventricular areas (Aoyama et al., 2006). While periventricular areas are
predominately impacted by hydrocephalus, diffuse effects throughout the brain have also
been observed (Yuan et al., 2015). Indeed, it is therefore not surprising that
hydrocephalus can result in various neuropsychological dysfunctions including deficits in
executive functioning, attention, and visuospatial functioning (see Zielinska, et al., 2017

for a review) (Zielinska et al., 2017).

The extent by which the ventricles decrease in volume following treatment for PH is
variable (Hasanin et al., 2020). Further, whether the change in ventricle size indicates



39

postoperative efficacy is unclear in the literature (Nikas et al., 2014). Recent studies have
investigated post-operative ventricle volume as a predictor for white matter integrity, and
some have found that larger ventricles were indicative of white matter resembling healthy
controls (i.e., increased FA) and, in some cases related to better outcomes (e.g., decreased
headaches) (Tan et al., 2018; Williams et al., 2015). It is worth noting however that other
studies conflict with these findings and suggest no correlations between ventricle volume
and white matter injury (Kulkarni et al., 2015). While the aforementioned studies have
explored post-operative ventricle volume as it relates to various diffusion measures (i.e.,
FA, radial diffusivity [RD], mean diffusivity [MD], and axial diffusivity [AD]), none
have taken a whole-brain tractography approach and considered region-to-region

connectivity in addition to the diffusion measures across tracts throughout the brain.

The goal of this study was to use a whole-brain connectivity approach to identify white
matter networks that differ between children with hydrocephalus and controls using both
region-to-region connectivity and white matter diffusion metrics, and assess the

association of post-operative ventricle volume with these metrics.

We hypothesize that:

1) There will be differences in white matter microstructure between healthy
controls and patients with hydrocephalus.

2) We expect to see both white matter differences locally in the
periventricular white matter but also globally, focused predominately in
the posterior brain as the occipital horns of the lateral ventricles can dilate
quickly, and to a larger extent relative to other areas (Brann et al., 1991;
Johnson et al., 1979; Reeder et al., 1983).

3) Finally, we predict, if significant, lateral ventricle volume would be
negatively correlated with white matter integrity predominately in
posterior areas.
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3.2 Methods
3.2.1 Participants

Children with VP shunt-treated hydrocephalus and healthy controls were recruited
through a pediatric neurosurgery clinic and the OurBrainsCAN Research Registry
respectively. The study protocol was approved by the Western University research ethics
board and informed consent and assent was obtained from parents and participants.
Participants underwent a behavioural and imaging protocol, and were included in the
current study if both the structural and diffusion imaging portion of the protocol were
completed. Participants were eligible for the study if they had hydrocephalus within the
first two years of life. Additionally, participants were not eligible for the study if they had
any MRI contraindications (e.g., a programmable shunt).

3.2.2 Image Acquisition

All neuroimages were acquired using a Siemens MAGNETOM Prisma 3-Tesla MRI
scanner with a 32-channel head coil. A T1-weighted image of the whole brain was
acquired with the three-dimensional magnetization-prepared rapid gradient-echo
(MPRAGE) sequence (Repetition time [TR] = 2300ms ; Echo time [TE] = 2.93ms;
Inversion time [TI] = 900ms; Flip Angle = 9° ; Matrix Size = 256 x 256, Number of
Slices = 160; Field of View [FOV] = 256mm ; Resolution = 1.0 x 1.0 x 1.0 mm?®). Two
consecutive series of diffusion-weighted echo-planar imaging were acquired along 30
gradient directions with a b-value of 1000s/mm? (TR = 2500ms; TE 77.40ms; Matrix Size
=192 x 192; Voxel Size = 2.0 x 2.0 x 2.0 mm?). Images were acquired in reverse phase
encoding directions, both anterior to posterior (AP) and posterior to anterior (PA).
Further, for each series, one additional image was acquired without diffusion weighting,

b-value 0s/mm?.

3.2.3 Image Processing

3.2.3.1 Diffusion Imaging Preprocessing and Tractography

Diffusion images were preprocessed using both the MRtrix3 software package
(https://github.com/MRtrix3/mrtrix3) and FSL version 6.0 (https://fsl.fmrib.ox.ac.uk/fsl)



https://github.com/MRtrix3/mrtrix3
https://fsl.fmrib.ox.ac.uk/fsl
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(Jenkinson et al., 2012; Tournier et al., 2019). A summary of the image processing

methods are seen in Figure 10.

:'n
Q_’ %

T1 Image AAL 116 Parcellation
in Participant’s Space

Region-to-Region
Stremline Counts

Diffusion-Weighted Fiber Orientation Whole Brain
MRI Distribution Tractography
Estimation

Figure 10: A flow chart summarizing the overarching steps for connectome

generation for each participant.

Diffusion images were first denoised using MRtrix3’s dwidenoise command. The two
diffusion weighted imaging runs in the same phase encoding directions were
concatenated into one set of data to enhance the signal-to-noise ratio. Afterwards,
corrections for motion, eddy current distortion and inhomogeneity distortions were
completed using FSL’s eddy and topup commands (Andersson et al., 2003; Andersson &
Sotiropoulos, 2016). Using the preprocessed images with a brain mask, the response
function was then estimated and was used to perform single-shell single-tissue
constrained spherical deconvolution which estimates the fiber orientation distributions
(FOD) (Tournier et al., 2007; Tournier et al., 2013). White matter FODs are then
normalized to correct for residual intensity inhomogeneities. The participant’s T1 was
then segmented into 5 tissue types which were registered using FSL’s FLIRT to the
participant’s diffusion space. Using the segmented image, gray matter, white matter
boundaries are determined for streamline seed regions. With these seed regions, anatomy
constrained probabilistic tractography was performed. Ten million streamlines were

generated, the angle value between consecutive steps of 45 was used, and an FOD cut-off
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amplitude of 0.15 was used. Anatomy constrained probabilistic tractography was used to
improve the biological accuracy of the generated streamlines, furthermore the command
backtrack was used to allow tracts to be truncated and re-tracked if there was a poor
termination (Smith et al., 2012). Following whole-brain tractography, spherical-
deconvolution informed filtering of tractograms 2 (SIFT2) was applied to address the
connectivity quantification problem and enable quantitative comparisons (Smith et al.,
2015).

3.2.3.2 Connectivity Matrices

The Automated Anatomical Labeling (AAL) atlas with 116 regions was used to generate
the connectome for each individual patient. Firstly, ANTS
(http://picsl.upenn.edu/software/ants/) SyN algorithm was used to transform the AAL
atlas from MNI space to the participant’s native space using a bias corrected and skull-
stripped T1 image as described in Chapter 2 (Avants et al., 2011). Following this
registration, the atlas image in the participant’s native space was registered to diffusion
image using FSL’s FLIRT using the previously determined warp. All regions of the AAL
atlas were considered nodes wherein a 116 x 116 connectivity matrix was generated.
Each element of the matrix represents the SIFT2 scaled streamline count between
regions. Similar to other studies (Conti et al., 2017; Pannek et al., 2014) a threshold was
applied to the connectome wherein if the mean streamline count across all participants
was less than 250, then the tract was not included for further analysis. Using each
participant’s thresholded streamline count matrix, four other connectivity matrices were
generated wherein the weighting for each element is the mean FA, RD, AD, and MD for

each tract.

3.2.3.3 Ventricle segmentation

The lateral ventricles were semi-automatically segmented to determine lateral ventricle
volume in mm3. Ventricles were initially automatically segmented using the “recon-all”
command from FreeSurfer version 7.1.1 (Athinoula A. Martinos Center for Biomedical
Imaging, Harvard-MIT, Boston). Manual adjustments were then made to the

segmentations, and the segmentations were verified by an expert (SdeR).
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3.2.4  Statistical Analysis

3.2.4.1 Network Based Statistics

In order to assess structural connectivity differences between hydrocephalus patients and
healthy controls, network-based statistics (NBS) using the NBS Connectome toolbox
(https://www.nitrc.org/projects/nbs/) in MATLAB v2020a (Mathworks Inc. Mattick,

USA) was used (Zalesky et al., 2010). NBS is a nonparametric technique that allows for
family-wise error control, in a weak sense, when conducting mass univariate testing (see
Zalesky et al., 2010 for additional details). The NBS method is a multi-step process:
Firstly, a test statistic is computed for each connection in the network based on structural
connectivity differences between groups. Following this, supra-threshold connections
(i.e., connections with a test statistic greater than a primary threshold) are extracted. The
current study used a primary threshold of 3.7 for streamlines and 4.7 for all diffusion
metrics. Similar to other studies, at lower primary thresholds larger wide-spread networks
were seen, and at very high thresholds, many small isolated networks were found;
wherein both these extremes are difficult to interpret (Conti et al., 2017). Using these
supra-threshold connections, topological clusters, indicating potential clusters of interest,
are determined. To estimate the statistical significance of these clusters of interest,
permutation testing is used. Using 5000 random permutations and repeating the previous
steps the null distribution of the largest component size is obtained. Then the number of
random permutations with larger clusters than the cluster of interest can be compared,
wherein the final result is controlled for family-wise error rate at a cluster level with a p <

.05. Both age and gender were included as a regressor in the NBS model.

3.2.4.2 Regression

For each network discovered using NBS, the individual SIFT2 weighted streamline
counts, FA, RD, MD, and AD, for each node edge pairing were further explored using a
multiple regression model. Predictors included lateral ventricle volume, and also total
brain volume, and age at assessment were included as controls. Multiple comparisons
were corrected for using the Holm correction wherein the number of p-values considered

are the number of edges in the network. A Holm correct p < .05 was considered


https://www.nitrc.org/projects/nbs/
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significant (Holm, 1979). Regressions were performed using RStudio version 4.1.3
(RStudio Team, 2020).

3.3 Results

3.3.1 Participants

Fifty participants were recruited, 11 patients with VP shunt treated hydrocephalus and 39
healthy controls. Of the initial 50 participants, a total of 44 completed the imaging
protocol and were included in the current study. Eight patients with hydrocephalus were
included (age in months u (o) = 105.50(21.75); 1 female (12.5%)). View Table 4 for
hydrocephalus patient details. A total of 36 children were included as healthy controls
(age in months u (o) = 108.61(32.10); 21 female (58.33%)).
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Table 4: Summary of all included hydrocephalus patient demographic information.

Case Age Gender Ventricle Shunt  Premature Birth weight Etiology
No. (months) Size Revisions
(mm?)
2A 119 M 8521 0 No Normal Intraventricular Hemorrhage
4A 75 M 6428 0 No Normal Dandy-Walker’s Malformation
4A2 87 M 7250 0 No Normal Dandy-Walker’s Malformation
5A 107 M 12474 0 Yes Below normal Intraventricular Hemorrhage and meningitis
6A 136 M 336735 3 Yes Below normal Intraventricular Hemorrhage
7A 121 F 143513 0 No Normal Spina Bifida
8A 82 M 18353 0 No Normal N/A
9A 117 M 21785 2 No Normal Spina Bifida
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3.3.2 Streamline Counts

Using NBS we found significant differences for region-to-region streamline counts
between healthy controls and patients with hydrocephalus. The four network components
were visualized with BrainNet Viewer (Xia et al., 2013,
http://www.nitrc.org/projects/bnv/) and are displayed in Figure 11A. and a list of regions

pairs in Appendix B.

There were two network components wherein the streamline counts in hydrocephalus
patients were less than those found in controls. Network component 1 consisted of 8
nodes, and 7 edges (p = .0006) and predominantly involved connections to the
hippocampus, and thalamus. Network component 2 was a smaller network, exclusively
on the right hemisphere, consisting of 3 nodes, and 2 edges (p = .0100) predominantly
involving connections to the temporal gyrus. In hydrocephalus patients, our regression
model did not predict any difference in streamline counts in either of these networks.

There were also two network components where streamline counts were greater for
patients with hydrocephalus compared to controls. The first network component was
located exclusively in the right hemisphere and involved 4 nodes, and 3 edges (p =
.0324). This network was composed of principally connections involving the temporal
gyrus and insula. The next network component was large, composed of 13 nodes and 17
edges (p =.002) where all the connections involved cerebellar structures. This network
had two edges that were predicted using the regression model, where lateral ventricle
volume was a positive predictor; however this was not significant after multiple

comparisons (see Table 5 for regression results).
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Hydrocephalus Patients Greater

Hydrocephalus Patients
Less Than Healthy Controls

Than Healthy Controls

Streamline Counts
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Figure 11: Significantly different network components as determined using
Network-Based Statistics. Colours depict significantly different network
components (yellow = component 1, blue = component 2, pink = component 3). Edge
weight depicts the edge metric being predicted by the multiple regression model.
Rows depict network components that differ between healthy controls and patients
with hydrocephalus in either: A) Streamline count differences where there were 2
networks with both decreased and increased streamline counts. B) FA differences
where there were 2 networks with decreased FA, and 3 networks with increased FA.
C) MD difference where there was 1 network with decreased MD, and 2 networks
with increased MD. D) AD difference where there was 2 networks with increased
AD, and E) RD differences where there was 1 network with increased RD and 2
networks with decreased RD.

Table 5: Regression results for tracts that were significant prior to multiple

comparisons
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Region 1 — Region 2

Regression Model Summary
adjusted R?, F, p

Significant Predictors
estimate (standard Error)

Streamline Count
PH > HC: Network 2
Vermis_3 — Vermis_4 5

Cerebelum_6_R — Vermis_7

Vermis_7 — Vermis_10

Fractional Anisotropy
PH < HC: Network 1
Thalamus_L — Thalamus_R

HC > PH: Network 1

Frontal_Sup_Medial_L —
Caudate_L

Mean Diffusivity
PH > HC: Network 1

Calcarine_L — Thalamus_L*

PH > HC: Network 2
Cuneus_R — Pallidum_R
Hippocampus R —
Cuneus_R
Occipital_Inf_R —
Putamen_R

Axial Diffusivity
PH > HC: Network 1
Insula_R — Parietal_Inf R

Hippocampus R —
Angular_R
Cingulum_Mid_R —
Caudate_R

Parietal_Inf R — Pallidum_R

Angular_R — Pallidum_R
Parietal_Inf_R —
Thalamus_R
SupraMarginal_R —
Thalamus_R
SupraMarginal_R —
Heschl_R

Precuneus R —
Temporal_Mid_R
Putamen R —
Temporal_Inf_R

PH > HC: Network 2
ParaHippocampal_L —
Cuneus_L*

Precuneus L — Caudate L

R2=0.7254, F(3,4)=7.164, p =.0437

R?=0.0.7418, F(3,4)=7.702, p
=.03876

R?=0.7431, F(3,4)=7.751, p
=.03836

R?=0.8502, F(3,4)=14.24, p
=.01334

R2=0.8492, F(3,4)=14.14, p
=.01352

R?= 0.9770, F(3,4)=100.2, p =.0003

R?=0.8636, F(3,4)=15.77 , p=.0111
R?=0.8826, F(3,4)=18.54 , p=.0082

R2=0.8200, F(3,4)=11.63 , p=.0191

R2=0.8694 , F(3,4)=16.53 , p=.0102
R2=0.7712 , F(3,4)=8.866 , p=.0306
R2=0.7061 , F(3,4)=6.605 , p=.0498
R2=0.9430 , F(3,4)=39.62 , p=.0020

R2=0.7102 , F(3,4)=6.718 , p=.0485
R?=0.8620 , F(3,4)=15.58 , p=.0113

R2=0.7413 , F(3,4)=7.687 , p=.0389

R?=0.7626 , F(3,4)=8.494 , p=.0329

R2=0.9329 , F(3,4)=33.44 , p=.0027

R?=0.9288 , F(3,4)=31.45 , p=.0031

R2=0.9372 , F(3,4)=35.8 , p=.0024

R2=0.8007 , F(3,4)=10.38 , p=.0234

VV: 2.838e-02 (7.183e-03) *
WMGM: -2.564e-02 (7.908e-03)
*

VV: 1.749e-02 (4.899e-03) *
Age: -1.133e+02 (2.543e+01) *

Age: -5.971e+01(1.562e+01) *

Age: -3.405e-03 (6.342e-04) **

VV: -3.672e-07 (6.102e-08) **
Age: 1.645e-03 (3.168e-04) *

VV: 1.783e-09 (1.037e-10) ***

Age: -5.552e-06 (5.385e-07) ***

WMGM: -4.444e-10 (1.142e-10)
*

VV: 7.004e-10 (1.230e-10) **
VV: 9.810e-10 (1.752e-10) **

VV: 7.114e-10 (1.506e-10) **

VV: 6.259¢-10 (9.481e-11) **
Age: -2.805e-06 (4.922e-07) **

VV: 4.899e-10 (1.537e-10) *

VV: 1.416e-09 (4.396e-10) *
Age: -7.999e-06 (2.282e-06) *

VV: 4.651e-10 (4.500e-11) ***
Age: -1.251e-06 (2.336e-07) **

VV: 4.369e-10 (1.109e-10) *
VV: 6.866e-10 (1.207e-10) **

VV: 4.375e-10 (1.471e-10) *
VV: 2.040e-10 (5.097e-11) *
Age: -7.718e-07 (2.646e-07) *
WMGM: -2.267e-10 (5.612e-11)
*

VV: 1.003e-09 (1.283e-10) **

VV: 3.929e-10 (5.514e-11) **

VV:5.968e-10 (1.179e-10) **

VV: 1.172e-09 (2.515e-10) **



Radial Diffusivity
PH > HC: Network 1
Calcarine_L — Thalamus_L R?=0.8581, F(3,4)=15.13, p
=.01196
PH > HC: Network 2
Cuneus_R — Lingual_R R?=0.7345, F(3,4)=7.46, p =.0409

VV: 1.846e-09 (2.785e-10) **
Age: -5.378e-06 (1.446e-06) *

VV: 6.711e-10 (1.756e-10) *

50

*p < 0.05, **p < 0.01, *** p < 0.001

+ Significant at p < 0.05 after multiple comparisons
VV: Ventricle volume

WMGM: White matter/gray matter volume

PH: Pediatric Hydrocephalus

HC: Healthy Controls
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3.3.3  White Matter Diffusion Metrics

Using NBS there were significant differences for white matter microstructure measures
of FA, MD, RD, and AD between patients with hydrocephalus and healthy controls. On a
whole, patients with hydrocephalus had large networks with increased MD, RD, and AD
relative to controls. Network components are visualized in Figure 11 B through E and a

list of regions pairs are found in Appendix B.

There were two network significant network components where mean tract FA was
decreased in patients with hydrocephalus relative to controls (Figure 11B). The first
network component composed of 8 nodes and 8 edges (p = .0002) predominantly
involved tracts with the hippocampus and thalamus. The second network component was
smaller, in the left hemisphere, and composed of 4 nodes and 3 edges (p = .0006),
wherein all tracts involved the calcarine. There were no significant regressions with these
components following multiple comparisons. There were three significant network
components where mean tract FA were greater in hydrocephalus patients compared to
controls. Two small networks composed of 2 nodes and 1 edge each (both p =.0022),
these components did not have any tracts with FA values significantly predicted by the
regression model. There was also one larger network components composed of 7 nodes
and 6 edges (p = .0002). This network involved many connections with the caudate and
the superior frontal gyrus. Using the regression model, the FA of the tract connecting the
left medial superior frontal gyrus to the left caudate could be predicted by lateral ventricle
volume and age wherein lateral ventricle volume was a negative predictor; however this

was not significant following multiple comparisons.

When assessing white matter microstructure using MD (Figure 11C), there was one small
network (2 nodes, 1 edge) where patients with hydrocephalus had decreased MD
compared to controls (p = .0046); however there were two large networks where the MD
in patients were greater than the MD in controls. The first network was composed of 11
nodes and 14 edges (p = .0002) and predominantly involved tracts connected to the
hippocampus and parahippocampal gyrus. In this network, the connection between the
left calcarine fissure and surrounding cortex, and thalamus was significantly predicted by

lateral ventricle volume, age, and brain volume (see Table 5). The second network
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component was also large, composed of 23 nodes, and 42 edges (p = .0002) where this

network was composed of various subcortical and cortical tracts.

When assessing the AD values of the tracts (Figure 11D), there were no significant
networks where controls had greater tract AD values compared to patients with
hydrocephalus. There were however two very large networks where tract AD values were
higher in patients with hydrocephalus. The first network composed of 30 nodes and 42
edges (p <.0001) had various tracts composed of connections between subcortical
structures, and tracts between subcortical and cortical structures. There were various
tracts with AD values that were predicted by the regression model, however none were
significant following multiple comparisons (Table 5). The second network component
was composed of 13 nodes, and 13 edges (p < .0001) and was predominantly composed
of tracts connected to the parahippocampal gyrus, caudate, and precuneus. This network
had one tract between the left parahippocampal gyrus and left cuneus where AD values

were significantly positively predicted by lateral ventricle volume (Table 5).

There was one small network component (3 nodes, 2 edges) where the tract RD values
for patients with hydrocephalus were less than controls (p = .0010) (Figure 11E). In
contrast, there were two very large networks where the tract RD values for hydrocephalus
were greater than controls. The first network had 14 nodes, and 20 edges (p < .0001). The
second network was composed of 20 nodes, and 24 edges (p <.0001). Finally, there were
31 tracts that had both increased RD and MD which have been depicted in Figure 12.
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Figure 12: Regions that had either increased RD or increased MD are depicted in
orange. Regions that had both increased RD and MD are depicted in purple.

3.4 Discussion

Diffusion imaging allows the exploration and quantification of neuronal white matter.
This technique is particularly beneficial when exploring hydrocephalus as it is a disease
that greatly impacts white matter. In examining both white matter connectivity using
streamline counts and a microstructure approach examining FA, RD, AD, and MD along
the tracts connecting regions, we identified differences between white matter for those
with pediatric hydrocephalus compared to controls. Consistent with previous studies, we
found white matter patterns suggesting decreased white matter integrity in those with
hydrocephalus relative to controls (Tan et al., 2018). We have also found some white
matter patterns indicative of increase white matter integrity in patients with
hydrocephalus relative to controls, which has also been found in other studies throughout
the literature (Assaf et al., 2006). Further, we found a small number of tracts whose
streamline count or white matter microstructure could be predicted by lateral ventricle

volume following corrections for multiple comparisons.
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3.4.1 Group-Wise Differences

In taking a whole-brain probabilistic tractography approach, we wanted to assess
differences in streamline counts and white matter microstructure. As expected, we found
differences between patients with hydrocephalus and controls in both streamline counts
and microstructure. Furthermore, the networks that were identified predominately

involved posterior structures.

Examining the network that had decreased connectivity as measured by streamline counts
in patients with hydrocephalus relative to controls, the network was predominately
composed of connections involving the hippocampus and thalamus. Tracts involving the
hippocampus and thalamus were common targets of white matter dysregulation as
observed in this study wherein many tracts involving these structures also had decreased
FA, increased RD, and increased MD. The hippocampus is widely connected throughout
the brain, strongly connected to various cortical structures in the temporal, occipital,
frontal, and parietal lobes, but also other subcortical structures such as the thalamus
(Maller et al., 2019). While the hippocampus is not widely studied in hydrocephalus, a
limited number of preclinical studies have demonstrated damaged hippocampal neurons
and patterns indicative of reduced cellular connectivity associated with hydrocephalus, as
well as impaired performance in spatial learning and memory (Chen et al., 2017; Kriebel
& McAllister, 2000). Impaired learning and memory are also seen in children with
hydrocephalus relative to health controls. Given the role the hippocampus and its
connections including the thalamus have in learning and memory, and the dysregulation
of pathways observed in the current study, the hippocampus and its connections should

be further studied as it relates to memory and learning in pediatric hydrocephalus.

We also found a large cerebellar network that had an increase in streamline count in
patients with hydrocephalus relative to controls, though wide-spread dysregulation of
these cerebellar regions were not observed with any of the white matter microstructure
measures. Some hydrocephalus etiologies, such as the Dandy-Walker Malformation,
Spina Bifida, and Chiari Malformation can impact the shape of the cerebellum. Indeed, as
these etiologies were present in many of our participants, it is possible that the

differences in streamline counts observed were driven by morphological differences and
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an interaction with the tractography, rather than cerebellum related white matter
microstructure differences wherein differences would have appeared as well in the tensor

metrics.

While many of the networks found in this study were large, some of the smaller networks
were centered around a specific node, such as a small network with reduced FA in
hydrocephalus patients relative to controls which was centered around the calcarine
sulcus. The depth of the calcarine sulcus has been shown to be sensitive to
ventriculomegaly of the lateral ventricles wherein larger lateral ventricle volumes are
associated with reduced depth of the calcarine sulcus, though no differences were
reported for MD values in the occipital lobe (Li et al., 2017; Zhao et al., 2020). Neither of
these studies correlated their findings with clinical results; however the calcarine sulcus
and surrounding cortex forms the primary visual area, thus neuronal damage in this area
could result in difficulties in cognitive visual function. These difficulties have been
observed in children with hydrocephalus wherein the difficulties include many different
areas including shape recognition, motion perception, and simultaneous perception
(Houliston et al., 1999).

On a whole, when assessing white matter microstructure using diffusion metrics of MD,
AD, and RD, there were very large networks found wherein the diffusion metrics were
higher in hydrocephalus patients relative to controls. All networks were predominately
composed of tracts involving exclusively subcortical structures, and regions within the
temporal, parietal, and occipital lobes. There was very little involvement of tracts which
included frontal regions. This was as expected, given that ventricular dilatation is often
quicker in the posterior section of the ventricles, and the occipital horns often dilate
further than other areas of the ventricles (Brann et al., 1991; Johnson et al., 1979). While
many previous studies have focused on periventricular white matter, taking a whole brain
approach, we were able to see broad dysregulation of white matter microstructure,
observing increased MD and RD in tracts throughout the occipital lobe and temporal
lobe. Notably, distal white matter dysregulation has also been observed in other studies
(Tan et al., 2018; Yuan et al., 2015).
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Finally, various studies have found white matter dysregulations in both directions, that is,
for example relative to controls, patients with hydrocephalus have areas of decreased, as
well as increased FA (Assaf et al., 2006; Ben-Sira et al., 2015). We found similar trends
when examining FA across the brain, wherein there were both increases and decreases in
FA relative to controls. Interestingly we also found a large network with increased AD in
patients with hydrocephalus, and no networks with decreased AD in hydrocephalus
relative to controls. Many of the tracts that had increased AD, also had increased MD
and/or RD. Each of these diffusion metrics can represent a different description of the
diffusion tensor wherein FA represents the isotropy of the diffusion, AD the amount of
diffusion along the fiber bundle, RD the amount of diffusion perpendicular to the fiber
bundle, and MD, the average diffusion over all directions. While increased AD can be
indicative of good white matter integrity, it has been suggested that in pathological brains
wherein there is increased myelin injury, axonal damage, inflammation and edema,
measures of AD and RD are less reliably related to the underlying pathologies
(Winklewski et al., 2018). Furthermore, increased AD and RD has been found
preoperatively and tends to normalize following surgery (Kim et al., 2011; Scheel et al.,
2012). Ultimately, the variations observed in microstructure measures can be for many
different reasons, and we cannot know the exact underlying cause; however using

multiple metrics we are able to better understand the white matter differences.

3.4.2 Ventricle Volume

In concordance with other studies that have assessed post-operative ventricle volume and
its relation to DTI metrics, we also found that ventricle volume was a predictor of various
DTI metrics in selective tracts (Tan et al., 2018; Williams et al., 2015). Though most
models lost significance following multiple comparisons, two tracts were able to be
significantly predicted using our regression model. For the tracts that were significantly
predicted by lateral ventricle volume, ventricle volume was a positive predictor,
suggesting as ventricle volume increases, as does the tract AD and MD. These significant
differences were found in networks wherein those with hydrocephalus have increased
values relative to controls, therefore the larger ventricle size is associated with white

matter resembling pathological brains as opposed to healthy brains which is in
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contraindication to the trends observed in other studies (Tan et al., 2018; Williams et al.,
2015). Previous studies have not used a region-to-region tract approach across the whole
brain, instead they examined regions of interest or large tracts (e.g., fronto-tectal tracts).
Using the region-to-region approach we were able to assess the impact of ventricle

volume on specific tracts.

3.4.3 Limitations

The current study is limited by its small sample size. As a result, future studies with
larger sample sizes are required to future explore these findings. Given the sample size,
we were unable to include predictors in our regression model that may help to predict the
white matter streamline and microstructure differences observed in those with
hydrocephalus. For example, shunt revisions which reflect shunt failure, and potentially
multiple episodes of increased intracranial pressure and ventricular dilatation.
Additionally the change in ventricle size between preoperative and postoperative volume
would be an interesting predictor. Though we had access to preoperative scans,
unfortunately, the majority of the preoperative scans were ultrasound images and as such
the volumetric calculations would not be reliable. While postoperative lateral ventricle
volume is indicative of the volume at the time of the scan, it does not reflect the previous

ventricle size and the potential effect it could have had on the surrounding tissues.

3.5 Conclusion

In summary, we used whole brain probabilistic tractography to assess white matter
streamline counts and microstructure metrics in pediatric hydrocephalus patients, and
compared tracts in networks that were dysregulated relative to controls with
postoperative ventricle size. We found that there were large networks that were
dysregulated in hydrocephalus patients which predominately involved tracts with regions
outside the frontal lobe. We also found postoperative lateral ventricle volume to be a
positive predictor of microstructure metrics in two tracts following correction for
multiple comparisons. Additional studies are needed with a larger sample size to allow

for a more robust regression model and to further explore the current results.
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Chapter 4

4 Conclusions and Future Directions

The current thesis had the objectives to 1) determine what preprocessing steps, and which
of the freely available common neuroimaging registration tools would best normalize our
sample of brain images from shunt-treated pediatric hydrocephalus patients, and 2)
examine the impact of postoperative lateral ventricle volume on white matter structural

connectivity across the whole-brain.

In the second chapter of the thesis, we explored various different preprocessing steps and
registration algorithms in order to determine which combination of steps and tools would
result in the most accurate normalization. While similar studies have been done
previously, to my knowledge, this is the first to be completed using patients with shunt-
treated pediatric hydrocephalus wherein there are many difficulties associated with
registering these images to a standard template. The most accurate registrations were
found using SyN from ANTSs with the preprocessing steps of skull-stripping (i.e.,
segmentation of the brain from the skull) and bias correction. While feasible for the
current study, a limitation to this approach is the time required to perform the registration
using ANTs. Though ANTSs allowed for a seamless integration of multicore processing
by changing a flag in the command, the time to completion using a single processing core
was almost four times as long as the other registration programs. In addition, the skull-
stripping step was also non-trivial. Requiring many iterations of tuning parameters and in
some cases manually removing remaining segments of skull, this process would likely
not be feasible in a busy clinical practice, or with a large sample size. In contrast, the
DARTEL toolbox from SPM was found to produce a highly accurate registration without
any preprocessing steps completed by the user. Additionally, on our small sample of
eight patients the time to completion was approximately half an hour. As DARTEL
performs groupwise registration, it would be assumed that as the number of participants
increases, as would the time to completion. A benefit of the current study was assessing
the registration of both subcortical and cortical structures. Additionally, our sample had a
large range of ventricle volumes which provides insight to the accuracy of the registration
of these structures in whole-brain studies, like that completed in Chapter 3. Given that, in
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many cases, participants with the largest ventricles had decreased registration accuracy
relative to those with smaller ventricles, future studies in this area could consider a series
of non-parametric tests to see if there is a statistically significant difference. Furthermore,
as the ventricles often dilate more posteriorly in hydrocephalus, an examination of the

registration of additional posterior structures may provide valuable insight.

The third chapter of the thesis explored the relationship between lateral ventricle volume
and white matter diffusion metrics, as well as streamline counts across the whole brain.
While only eight participants with hydrocephalus were included, using NBS to control
family-wise error, a series of networks were found to be dysregulated in patients with
hydrocephalus relative to controls. As expected, many of these networks involved
structures close to the ventricles as well as various posterior structures. Following
multiple comparisons only white matter metrics in two streamlines were able to be
predicted by lateral ventricle volume. The results surrounding the predictive power of
ventricle volume further contribute to the conflicted literature. It is possible that taking a
NBS approach using all white matter networks as opposed to those dysregulated in
hydrocephalus may provide greater insight to the potential impact of postoperative
ventricle volume. Given that structures in the frontal lobe were not frequently involved in
the dysregulated networks, future studies should continue to focus on periventricular
white matter but also consider the impacts of decreased white matter integrity connecting
structures in the occipital, temporal and parietal lobes. Examining cognitive and
behavioral processes associated with these areas could also help to further understand the
impact of these network differences. Similar to other studies we found white matter
dysregulation in both directions, wherein there were some networks with increased FA
and increased AD relative to healthy controls. Both increases in FA and AD have been
shown to normalize following shunt surgery, as a result a regression model that could
also include time since last shunt surgery would be beneficial. A benefit to the current
study is the use of anatomically constrained tractography wherein streamlines between
regions were rejected if they entered the CSF. This process helped to reduce false
positives associated with tractography, and attempts to ensure that the streamlines that

were generated were biologically plausible. This was particularly relevant in patients with
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hydrocephalus as it ensured that there were no streamlines generated in the shunt, or in

the ventricles.

In summary, there are challenges in working with neuroimages from patients with
pediatric hydrocephalus. The current thesis demonstrates that some registration programs
allow better accuracy compared to others. Furthermore, using methods such as anatomy-
constrained tractography and NBS, we were able to identify a series of dysregulated
networks, many with decreased white matter integrity relative to controls, though there
were very few streamlines with white matter metrics that were able to be predicted by
postoperative lateral ventricle volume. These results help to inform neuroimaging
processing decisions when working with this population and possibly similar populations
with large deformities. Furthermore we demonstrated distal impacts on white matter
connections providing areas to study further in the future.
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Appendices

Appendix A: Settings for all registration programs
SyN ANTs:

-d 3

-f templatelmage

-m participantimage
-0 conditionLabel
-ts

-r4

DARTEL Toolbox:
Segmentation Step:

Data
Volumes: participantimages
Bias regularisation: no regularisation
Bias FWHM: No correction
Save Bias Corrected: Save Nothing
Tissue

Tissue probability map: TPM.nii, 1
Num. Gaussians: 1

Native Tissue: Native + Dartel Imported
Warped Tissue: None

Tissue probability map: TPM.nii, 2
Num. Gaussians: 1

Native Tissue: Native + Dartel Imported
Warped Tissue: None

Tissue probability map: TPM.nii, 3
Num. Gaussians: 2

Native Tissue: Native + Dartel Imported
Warped Tissue: None

Tissue probability map: TPM.nii, 4
Num. Gaussians: 3

Native Tissue: Native + Dartel Imported
Warped Tissue: None

Tissue probability map: TPM.nii, 5
Num. Gaussians: 4

Native Tissue: Native + Dartel Imported



Warped Tissue: None
Tissue probability map: TPM.nii, 6
Num. Gaussians: 2
Native Tissue: Native + Dartel Imported
Warped Tissue: None

Warping & MRF
MRF Parameter: 1
Clean Up: Light Clean
Warping Regularisation: 1x5 double
Affine Regularisation: ICBM space template — European brains
Smoothness: 0
Sampling distance: 3
Deformation Fields: None

Run Dartel (create Template)

Images: participantimages

Settings
Template basename: Template
Regularisation Form: Linear Elastic Energy
Outer iterations
Inner Iterations: 3
Reg params: [4 2 1e-06]
Time Steps: 1
Smoothing Parameter: 16
Inner Iterations: 3
Reg params: [2 1 1e-06]
Time Steps: 1
Smoothing Parameter: 8
Inner Iterations: 3
Reg params: [1 0.5 1e-06]
Time Steps: 2
Smoothing Parameter: 4
Inner Iterations: 3
Reg params: [0.5 0.25 1e-06]
Time Steps: 4
Smoothing Parameter: 2
Inner Iterations: 3
Reg params: [0.25 0.125 1e-06]
Time Steps: 16
Smoothing Parameter: 1
Inner Iterations: 3
Reg params: [0.25 0.125 1e-06]
Time Steps: 64
Smoothing Parameter: 0.5
Optimisation Settings
LM Regularisation: 0.01
Cycles: 3
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Iterations: 3
Normalize to MNI Space
Dartel Template: templatelmage
Voxel sizes: [1 1 1]
Bounding box: 2x3 double
Preserve: Preserve Amount
Gaussian FWHM: [8 8 8]
DRAAMS:
-S participantimage
-T templatelmage
-O outputRegisteredimage
-D outputDeformationField

FLIRT
-in participantimage
-ref templatelmage
-out outputimage
-omat outputMatrix
-cost corratio
-searchcost corratio
-anglerep euler
-interp trilinear
-sincwidth 7
-bins 256
-dof 12
-searchrx -90 90 FLIRT?2 uses -10 10
-searchry -90 90 FLIRT?2 uses -10 10
-searchrz -90 90 FLIRT2 uses -10 10
-coarsesearch 60
-finesearch 18

FNIRT
-ref templatelmage
-in participantimage
-aff affineTransformation
-iout outputImage
-fout outputField
-cout outputFiledCoefficients
-applyrefmask 1
-applyinmask 1
-imprefm 1
-impinm 1
-imprefval 0
-impinval 0
-miter 5,5,5,5
-subsamp 4,2,1,1



-warpres 10,10,10
-splineorder 3
-infwhm 6,4,2,2
-reffwhm 4,2,0,0
-regmod bending_energy
-ssglambda 1
-jacrange 0.01, 100.0
-refderiv O

-intorder 5

-biasres 50,50,50
-biaslambda 10000
-estint 1

-numprec double
-interp linear

78



Appendix B: Region to region white matter tract details.
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Region 1 2 Region 2 Streamline Count FA MD AD RD
network#(t-statistic) network#(t-statistic) network#(t-statistic) network#(t-statistic) network#(t-statistic)
PH<HC | PH>HC | PH<HC | PH>HC | PH<HC | PH>HC | PH<HC | PH>HC | PH<HC | PH>HC
Amygdala_R -> Calcarine_R - - - - - 2(5.61) - - - 2(5.21)
Amygdala_R - Lingual_R - - - - - 2(6.61) - - - 2(7.48)
Amygdala R 2> - - - - - 2(5.28) - - - -
Occipital_Sup_R.
Amygdala_R 2> - - - - - 2(5.80) - 1(5.14) - -
Temporal Mid R
Angular_R - Pallidum_R - - - - - - - 1(5.15) - -
Calcarine_L - Putamen_L - - 2(4.95) - - - - - - 1(4.78)
Calcarine_L = - - 2(4.94) - - - - - - -
Temporal Mid_L
Calcarine_L 2> - - 2(5.77) - - - - - - 1(4.77)
Temporal _Pole Sup L
Calcarine_L - Fusiform_L - - - - - - - - - 1(5.05)
Calcarine_L - Thalamus_L - - - - - 1(5.03) - - - 1(5.36)
Calcarine_R - Cuneus_R - - - - - - - 1(4.75) - -
Calcarine_R > - - - - - 2(6.12) - 1(6.29) - -
Occipital_Sup_R
Calcarine_R = Putamen_R - - - - - 2(5.02) - - - -
Calcarine_ R 2> - - - - - 2(5.12) - - - 2(4.79)
Temporal Sup R
Caudate_R - Thalamus_R - - - - - 2(4.79) - 1(5.40) - -
Cerebelum_3 R > - 2(5.48) - - - - - - - -
Cerebelum 4 5 R
Cerebelum 4 5 L > - 2(4.11) - - - - - - - -
Vermis_6
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Cerebelum_4 5 R->
Cerebelum 6 R

2(4.37)

Cerebelum 4 5 R->
Vermis_3

2(5.03)

Cerebelum_4 5 R->
Vermis 6

2(4.46)

Cerebelum_6_R - Vermis_6

2(4.62)

Cerebelum_6_R - Vermis_7

2(5.39)

Cerebelum_6_R - Vermis_8

2(4.97)

Cerebelum_Crus2_L 2>
Vermis 7

2(3.73)

Cerebelum_Crus2 R 2>
Cerebelum 6 R

2(5.08)

Cingulum_Mid_R >
Caudate R

1(4.91)

Cingulum_Post L 2>
Cuneus L

1(3.70)

Cuneus_L 2>
Occipital_Mid_L

1(4.84)

Cuneus_L = Thalamus_L

1(4.09)

1(5.22)

Cuneus_R - Fusiform_R

2(7.24)

2(7.23)

Cuneus_R - Lingual R

2(5.86)

2(4.87)

Cuneus_R - Pallidum_R

2(5.04)

Frontal Inf Orb L >
Temporal _Pole Mid_L

1(4.87)

Frontal Mid_ R -2 Insula_R

1(5.48)

Frontal_Sup_L - Caudate_L - - 1(5.30) - - - -

Frontal_Sup_Medial_L 2> - - 1(5.03) - - - -
Caudate_L

Frontal_Sup_Medial_L = - - 1(5.97) - - - -

Insula L
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Frontal_Sup_Medial_L 2> - - 1(5.44) - - - i _
Pallidum_L
Frontal_Sup_Medial L => - - 1(5.75) - - - - -
Putamen_L
Frontal_Sup_Orb_L > - - - 1(4.73) - - 1(4.76) -
Temporal Pole Mid_L
Frontal Sup R 2> - - 2(4.79) - - - - -

Putamen R

Fusiform_L -
Temporal Pole Sup L

1(4.72)

Fusiform_R = Putamen_R

2(4.64)

Hippocampus L 2>
Cuneus_L

1(3.99)

1(5.14)

1(5.06)

Hippocampus_L 2>
Hippocampus R

1(3.75)

Hippocampus_L - Lingual L

1(5.38)

1(5.66)

Hippocampus_L »>
Occipital Sup L

1(5.02)

1(5.03)

Hippocampus_L 2>
ParaHippocampal L

1(6.56)

1(6.01)

Hippocampus_L »>
Precuneus L

Hippocampus_R >
Lingual_L

1(4.91)

Hippocampus_R 2>
Lingual R

1(5.65)

2(7.53)

2(9.72)

Hippocampus_R =
Precuneus R

1(6.00)

2(7.58)

2(8.37)

Hippocampus_R 2>
Angular R

1(5.00)

Hippocampus_R =
Calcarine_R

2(4.72)
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Hippocampus_R 2>
Cuneus_R

2(5.34)

1(5.48)

Hippocampus_R 2>
Occipital_Inf R

2(4.93)

Hippocampus_R 2>
Occipital Mid_R

2(6.54)

1(7.39)

2(4.90)

Hippocampus_R 2>
Occipital_Sup_R

2(5.66)

1(6.87)

Hippocampus_R 2>
Precuneus L

1(4.20)

Hippocampus_R 2>
Temporal Mid R

1(4.37)

Hippocampus_R 2>
Thalamus_L

1(3.78)

Insula_L = Lingual L

1(4.98)

Insula_R - Calcarine_R

2(4.86)

Insula_R - Occipital_Mid_R

2(5.29)

1(4.90)

Insula_R - Parietal_Inf R

1(4.86)

Insula_R = Precuneus_R

1(4.81)

Insula_R 2>
Temporal_Mid R

Lingual L = Precuneus_R

1(5.73)

Lingual_L = Thalamus_L

1(4.99)

1(5.82)

Lingual_L - Fusiform_L

2(4.89)

Lingual_L = Precuneus_L

1(5.80)

Lingual_L = Putamen_L

1(4.98)

Lingual_L =
Temporal Sup L

1(4.77)
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Lingual_R >
Cerebelum 3 R

1(4.92)

Lingual R = Vermis_6

3(6.42)

2(5.89)

1(6.30)

2(5.58)

Lingual R 2>
Cerebelum 6 R

1(4.84)

Lingual_R - Fusiform_R

2(4.79)

Lingual R 2>
Occipital Sup R

2(6.02)

2(4.99)

Lingual_R - Parietal_Sup_R

2(5.03)

Lingual_R - Precuneus_R

2(5.17)

Lingual_R - Putamen_R

2(5.73)

Lingual_R >
Temporal_Inf R

2(4.93)

2(5.25)

Lingual R 2>
Temporal Mid R

2(5.92)

2(6.10)

Lingual_R -
Temporal Pole_Mid R

2(4.60)

2(5.78)

2(6.45)

Lingual R 2>
Temporal Sup R

2(4.84)

2(4.75)

Lingual_R - Thalamus_R

2(5.10)

Occipital_Inf L 2>
Thalamus L

1(5.29)

Occipital_Inf R >
Putamen R

2(5.07)

2(4.79)

Occipital Mid R 2>
Pallidum R

2(6.15)

1(5.20)

Occipital_Mid_R >
Precuneus R

1(5.01)

Occipital_Mid_R =
Putamen_R

2(5.76)

1(5.23)

Occipital_Mid_R >
Temporal Pole Mid R

2(4.77)

1(4.80)
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Occipital_Mid_R >
Thalamus R

2(5.36)

1(5.10)

2(4.74)

Occipital Sup L 2>
Thalamus_L

1(4.64)

1(4.97)

Occipital_Sup_R 2>
Pallidum R

2(5.07)

Pallidum_R >
Temporal Mid R

2(6.14)

1(5.28)

2(4.92)

Paracentral_Lobule_L 2>
Thalamus_L

1(4.82)

ParaHippocampal L 2>
Calcarine_L

1(5.17)

1(5.49)

ParaHippocampal_L -
Cuneus L

2(5.58)

ParaHippocampal L 2>
Fusiform L

1(5.07)

1(5.18)

ParaHippocampal L -
Lingual L

1(5.43)

2(5.81)

1(5.00)

ParaHippocampal L 2>
Occipital_Sup_L

1(4.74)

2(4.88)

ParaHippocampal L -
Parietal Sup L

2(4.91)

ParaHippocampal L 2>
Precuneus L

2(5.26)

ParaHippocampal R 2>
Occipital_Sup_R

2(5.16)

ParaHippocampal_R 2>
Calcarine_R

2(5.41)

2(6.13)

ParaHippocampal_R =2
Cuneus_R

2(5.15)

1(4.76)

ParaHippocampal_R >
Lingual_R

2(5.13)
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ParaHippocampal_R 2> - 2(5.68) - 2(6.13)
Precuneus R
Parietal_Inf L = Caudate_L - - 2(5.28) -
Parietal_Inf_R = Pallidum_R - - 1(4.82) -
Parietal_Inf_ R 2> - - 1(5.18) -
Thalamus_R
Parietal Sup L 2> - - 2(5.00) -
Caudate L
Parietal_Sup_L - Heschl_L - - 2(4.82) -
Parietal_Sup_R - Heschl_R - - 1(5.53) -
Precentral_L - Caudate_L 1(5.51) - - -
Precentral_R - Caudate_R - - 1(5.07) -
Precentral R & Thalamus_R - - 1(4.90) -
Precuneus_L - Caudate_L - - 2(5.18) -
Precuneus_L - Thalamus_L - 1(5.07) 2(7.07) -
Precuneus_R - Pallidum_R - - 1(6.32) -
Precuneus_R = Putamen_R - - 1(5.53) -
Precuneus_R > - - 1(5.09) -
Temporal Mid R
Precuneus R 2> - - 1(6.41) -
Temporal Sup R
Putamen_R > - - 1(5.19) -
Temporal_Inf R
Putamen R 2> - 2(5.49) 1(5.67) -
Temporal Mid_ R
Putamen_R =2 - - 1(5.41) -
Temporal Sup R
Supp_Motor_Area_R > - - 1(5.66) -
Caudate R
Supp_Motor_Area_R > - - 1(5.50) -

Cerebelum 3 R
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SupraMarginal_R >
Heschl R

1(5.32)

SupraMarginal R 2>
Pallidum_R

1(5.30)

SupraMarginal_R >
Putamen_R

1(5.08)

SupraMarginal R 2>
Thalamus_R

1(5.02)

Temporal_Mid_R 2>
Temporal Pole Mid R

2(3.87)

Thalamus_L - Thalamus_R

1(5.51)

Thalamus_L 2
Cerebelum 4 5 L

1(4.92)

2(4.95)

Thalamus_R - Vermis_3

2(5.46)

1(4.73)

2(5.67)

Vermis_1 2 - Vermis_10

2(4.20)

Vermis_3 2> Vermis_ 4 5

2(4.83)

Vermis_4 5 - Vermis_10

2(3.84)

Vermis_6 = Vermis_10

2(5.99)

Vermis_6 - Vermis_10

2(4.44)

Vermis_6 - Vermis_7

2(5.43)

Vermis_6 - Vermis_8

2(4.74)
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