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ABSTRACT

USING DIGITAL RECONSTRUCTIONS, MORPHOMETRY, AND
COMPUTATIONAL MODELS TO GENERATE NOVEL MAPS OF HUMAN BRAIN
VASCULAR ARCHITECTURE

Susan Wright, Ph.D.
George Mason University, 2013

Dissertation Director: Dr. Giorgio A. Ascoli

Many non-invasive imaging techniques based upon hemodynamic responses of blood
vessels have provided data for analysis of brain vasculature. However, these data lack the
detail that could be ascertained by exploiting state-of-the—art neuroinformatics tools. A
more complete and sufficiently detailed analysis of brain vascular architecture is critical
for a wide variety of applications, including the development of models which may help
predict or treat cerebrovascular disease.

Taking advantage of image stacks acquired from 3T time-of-flight magnetic resonance
angiography and techniques previously used to create 3D neuronal reconstructions, the
circle of Willis and the six major arteries that stem from it were reconstructed for sixty-
one healthy subjects. The basis of this dissertation research is that recently available
neuroinformatics tools can be exploited to create new models of vascular reconstructions

that are representative of the general population of healthy subjects. These models can be



used to generate more detailed novel comparative assessments between normal and
diseased vasculature found in forms of cerebrovascular disease.

Sixty-one digital reconstructions of healthy human brain vasculature were created and
extensive quantitative morphometrical analysis was conducted in order to characterize the
anatomy of the human brain vessels, on both global and local levels of size, distances,
angles and topology, concentrating in particular on vessel bifurcations. Additional
analysis was conducted to provide quantitative description of the arterial branches,
bifurcation patterns, shape and geographical distribution of the main cerebral arterial
arborizations, as well as estimations of the corresponding vascular territories. Also as part
of this analysis, computational models were created to examine fluid dynamics. In order
to create these models, the brain was segmented and normal blood flow and wall shear
stress values were measured, with the intent to provide a set of baseline values that could
then be compared to patient data values. Lastly, the digital reconstructions and their
extracted morphological measurements were archived in a database that will be made
publicly available.

The information that can be extracted from these detailed reconstructions can be used to
examine questions such as how the brain vasculature differs across various populations,
such as males and females, different age groups, and healthy individuals versus
individuals with cerebrovascular disease. Also, the information that can be extracted from
the reconstructions can be used to implement complex computational models of fluid
dynamics that may aid in the development of new treatments for individuals afflicted

with cerebrovascular disease. Finally, the new information generated here may play a



fundamental role in our ability to recognize vascular defects that could help treat, or even

predict, cerebrovascular diseases.



CHAPTER ONE: INTRODUCTION

“How can a three-pound mass of jelly that you can hold in your palm imagine
angels, contemplate the meaning of infinity, and even question its own place in the
cosmos? Especially awe inspiring is the fact that any single brain, including yours, is
made up of atoms that were forged in the hearts of countless, far-flung stars billions of
years ago. These particles drifted for eons and light-years until gravity and change
brought them together here, now. These atoms now form a conglomerate- your brain- that
can not only ponder the very stars that gave it birth but can also think about its own
ability to think and wonder about its own ability to wonder. With the arrival of humans, it
has been said, the universe has suddenly become conscious of itself. This, truly, is the
greatest mystery of all.”

— V.S. Ramachandran, The Tell-Tale Brain: A Neuroscientist's Quest for What Makes

Us Human

Background and Significance
The study of brain vasculature has attracted intense interest from neuroanatomists

for many decades; yet, the precise anatomical relationships which underlie neurovascular
structure and function remain unclear. The importance of achieving a more complete
understanding of neurovascular structures is highlighted by the fact that aneurysms and

other forms of cerebrovascular disease are a major cause of morbidity and death


http://www.goodreads.com/author/show/17674.V_S_Ramachandran
http://www.goodreads.com/work/quotes/13443579
http://www.goodreads.com/work/quotes/13443579

worldwide. Thus, the central goal of this research has been to apply the techniques that
have previously been used for neuronal reconstructions to create digital reconstructions
of healthy human brain vasculature, which have then been evaluated in a number of
ways. The following section details prior work in this area, and the clinical and biological

significance of developing new state—of-the-art vascular mapping of regions of the brain.

Morbidity and Mortality of Cerebrovascular Disease
Cerebrovascular diseases affect a large portion of the human population and are a

leading cause of death, devastating morbidity, and long-term disability worldwide.
Cerebrovascular diseases can include a variety of vascular-related problems, and two
common types of such disease are aneurysms and stroke. Records show that this type of
disease is the fourth leading cause of death in the U.S, with an economic cost of $73.3
billion in 2010 (Towfighi and Savers, 2011). Moreover, survivors usually sustain severe
long-term disabilities (Higashida et al., 2003). Individual and group variations in the
neurovascular structure-function relationship have not yet been comprehensively
investigated. It is not yet known, for example, whether the higher rate of subarachnoid
hemorrhages in women are due to hormonal differences and/or wall shear stress
variations (Ghods et al., 2012). Another serious problem is determining the role of
vascular anomalies and their suspected relationship with migraine and ischemic
cerebrovascular disease (Cucchiara and Detre, 2008). Achieving a better understanding of
physiological function and pathological dysfunction of the cerebrovascular system

requires a detailed and quantitative characterization of its architecture.



In the past decade, studies have correlated population-based information to
functional outcome, survival, and recurrence for the different subtypes of strokes
(Lemesle et al., 1999, Petty et al., 2000, Chung and Wong, 2004, Alzamora et al., 2008).
Aneurysms are also widely studied, especially their detection and treatments (Chang et
al., 1998, Lohani, 2004, Jayaraman et al., 2007, Joo et al., 2007, Kelly et al., 2007, Ding
et al., 2008, Santos-Franco and Zenteno, 2008). There has also been an increase in studies
related to the genetics of cerebrovascular diseases; these studies typically focus largely on
only one gene or polymorphism at a time. A recent study examined genetics on a much
larger scale (Kostulas et al., 2008) and an editorial has been written regarding the future
of atherothrombotic disease genetics highlighting the importance of developing new
technological and bioinformatics tools for future research (Brand-Herrmann, 2008).

Unless we know more details about how neurovascular features differ among
populations of people, it will not be possible to develop treatments that are effective for
large, defined populations. Studies have been done to test how limited the clinical
diagnoses are for certain vascular diseases (Allder et al., 1999) and for trial designs and
reporting standards (Higashida et al., 2003). The next section describes a particular area
of cerebrovasculature with known anomalies in the human population, and explains the

importance of increasing knowledge of its morphology.

The Circle of Willis
The circle of Willis (CoW) is a ring of vessels that encircles the optic chiasm and

hypothalamus, with the anterior cerebral arteries (ACAs), middle cerebral arteries

(MCAS), and posterior cerebral arteries (PCAs) stemming from it. Making up the CowW



are the anterior and posterior communicating arteries and the proximal portions of the
ACAs, MCAs and PCAs. Aneurysms commonly form in the bifurcations of the CowW
(Keedy, 2006). This ring allows for rapid changes in flow depending on regional
metabolic needs. It is well known that the CoW is not complete in all individuals. In fact,
approximately 50% of the population has variations of the CoW in which one or more
vessels are missing, resulting in an incomplete ring. It follows that many studies have
been done on the variations of the CoW, in an effort to answer questions about how these
variations may be linked to the different types of cerbrovascular disease (Bingzhen et al.,
1998, Krabbe-Hartkamp et al., 1998, Eftekhar et al, 2006, Moritz et al., 2007, Naggara et
al., 2008, Papantchev et al., 2007, Cucchiara and Detre, 2008, de Monye et al., 2008,
Urbanski et al, 2008). Migraine has been linked to CoW anomalies as well, and it is
thought that the identification of anatomical variations of this ring as a risk factor for both
migraines and other vascular disorders could be important for clinical associations
(Cucchiara and Detre, 2008). It is also known that anatomic variations of the cerebral
arteries can occur during development, which has been studied as well (Okahara et al.,
2002). However, there is a need for improved imaging techniques in order to increase
knowledge about the COW and cerebral arteries. The next section describes current
imaging techniques as well as their advantages and disadvantages.
Brain Imaging

The current diagnostic tools commonly used for many cerebrovascular disorders
are magnetic resonance imaging (MRI) and magnetic resonance angiography (MRA). In

MRI, strong magnetic fields are used to image biological tissue. MRA is similar, but is



specific to the imaging of blood vessels (Bosmans et al., 1992). There are two main
categories of MRA: contrast-enhanced (CE) and non-contrast methods. Within the non-
contrast category, the two major methods are phase contrast and time-of-flight (TOF),
with TOF being the type of imaging used in this research. TOF, which is more common,
IS a unique type of angiography where contrast is generated by compressing the signals
from spins within the imaging plane, which results in high signals from voxels with
inflowing spins, which are the voxels that contain blood vessels (Huettel et al., 2004).
This spin saturation is accomplished by an almost constant application of either excitation
or gradient pulses to just one imaging plane so that the signal is suppressed (Huettel et al.,
2004). As a result, gray or white matter with spins that are within the plane appear to be
very dark, as they will produce very little signal (Huettel et al., 2004). On the other hand,
blood vessels appear much lighter due to the fact that they contribute normal signal since
they receive new spins from outside the plane which have not been affected by the
excitation or gradient pulses (Huettel et al., 2004). The amount of blood that enters the
slice is proportional to the signal, so repetition times where new columns of blood enter
the slice result in maximum signal (Huettel et al., 2004). The amount of flow also
differentiates blood vessels in this type of imaging as well, making it flow-dependent
(Huettel et al., 2004). Because of this, the slice thickness and repetition times are
important factors to consider and must be chosen based on the expected flow (Huettel et
al., 2004). One advantage of this type of imaging is that it is able to be reformatted to
planes other than the one that it was acquired in (usually axial) (Huettel et al., 2004).

There are two techniques used in this type of imaging. The first involves pre-saturation of



the imaging plane by an electromagnetic excitation pulse and gradient saturation pulses,
then fresh blood is allowed to enter the plane following a brief waiting period and this
signal alone is acquired by a gradient-echo technique (Huettel et al., 2004). Alternatively,
a velocity-encoded phase contrast MRA, which takes advantage of gradient fields to
differentiate between vasculature and surrounding tissue, produces a velocity-dependent
phase difference (Huettel et al., 2004). Numerous imaging studies have been carried out
with various types of imaging to assess the cerebral vessels. Such studies include aging
vessels (Kusunoki et al., 1999), vascular malformations (Dobson et al., 1997), evaluation
of the CoW (Katz et al., 1995, Stock et al., 1996, Bagan et al., 2005), strokes (Bentson,
1997, Schaefer et al., 2002, Minematsu, 2003, Ahmed and Masaryk, 2004, Bagan et al.,
2006), and aneurysms, both unruptured (Harrison et al., 1997, Grandin et al., 1998) and
those that have bled (Keogh and Vhora, 1998).

There are many advantages to MRA, such as being non-invasive, accurate, cost-
effective, fairly simple to perform, and having a flexible display, as well as integration of
both vessels and soft tissues (Wilms et al., 2001, Ahmed and Masaryk, 2004, Insko and
Carpenter, 2004, Bammer et al., 2005, Vaphiades and Horton, 2005). MRA at 3T leads to
especially detailed imaging of the intracranial circulation, because it allows an increased
signal-to-noise ratio with better background suppression (Parmar et al., 1005). However,
one significant disadvantage of this type of imaging is that for detecting aneurysms, it
may underestimate the size of intracranial aneurysms or fail to detect aneurysms
completely, even if a patient is displaying characteristics of a disorder (Vaphiades and

Horton, 2005). Other disadvantages include poor temporal information, a dependence on



blood flow, and reduced visibility of very small or very deep branches in the cortex
(Wilms et al., 2001). In TOF MRA, the diameters of blood vessels may appear thinner
than in actuality (Vaphiades and Horton, 2005).

Obtaining data sets from imaging techniques is the first step in creating digital
reconstructions of the vasculature. It is then necessary to classify the voxels of these
images into blood vessels and other tissues, which is referred to as data segmentation, and

is discussed in the next section.

Data Segmentation
In order to create digital reconstructions and new computational models,

segmentation of the entire data set, just the arteries, or subject-specific defects, such as
cerebral aneurysms, must be carried out as one of the first steps. There is a great deal of
literature on various segmentation algorithms, as different types of imaging present
unique challenges.

Several automated segmentation algorithms have been tested on the various types
of data. One such method focuses on extraction of cerebrospinal fluid-tissue boundary
from serial structure MRI from imaging studies of aging and dementia (Drapaca et al.,
2005). Another automatic segmentation algorithm uses level sets and dense registration
(Baillard et al., 2001). One of the problems with automated segmentation is that
complicated curvilinear structures exist, and in an attempt to solve this problem, a
method was developed to handle curves in 3D (Lorigo et al., 2001). Curve evolution
theory has been studied, and one study describes alternative metrics for quantifying

distances between distributions and tries to solve the problem of separating the object



from the background in an image (Georgiou et al., 2007). Another automated
segmentation method that consisted of two stages resulted in a greater number of detected
vessels than ground truth results (Almi’ani and Barkana, 2012).

There have been several attempts to test methods for the segmentation of
aneurysm data. One method segmented cerebrovascular structures in addition to
aneurysms from 3D Rotational Angiography and Computed Tomography Angiography,
which are both challenging due to high levels of noise (Hernandez and Frangi, 2007). An
adaptive segmentation algorithm designed for use with TOF MRA uses recursive model
fitting in order to classify local subvolumes of data, and was tested on data sets involving
various sized artery and aneurysm structures (Wilson and Noble, 1999). Both healthy
vascular and diseased vascular data were used for an algorithm that segmented MRA data
(Flasque et al., 2001). Another segmentation algorithm was tested on aneurysm patients
and was unique because it is based on geodesic active regions (Bogunovic et al., 2011).

Other segmentation techniques have been carried out on vessels of various sizes.
An algorithm specific to blood vessels from MRA data was shown to be fairly accurate
(Kobashi et al., 2001). For the segmentation of thin blood vessels, an algorithm was
designed to accurately model capillary action and derive capillary active contour (Yan
and Kassim, 2006). A method that used 3D steerable filters was shown to detect small
vessels (Weiping and Huazhong, 2005). Larger cerebral arteries were segmented
successfully (Luo et al., 2005). A level set based cerebral vasculature segmentation and
diameter quantification algorithm was accurately implemented using CTA data

(Manniesing et al., 2006), and another level set based algorithm was used on MRA data



(Hassan and Farag, 2003). Complete vascular trees were segmented with another
algorithm, with the authors noting that vessels with a diameter of less than 1mm are
difficult to detect (Sabry et al., 2002). The CoW was successfully segmented with
multiple segmentation algorithms (Luo et al., 2011, Datta and Chakraborty, 2012).

MRA images have been segmented using various algorithms, including a gradient
compensated geodesic active contour based segmentation algorithm (Zonoobi et al.,
2009), and tight-frame based (Cai et al., 2013 (accepted for publication)), Affine Cell
Decomposition (ACD)-based (Mclnerney and Terzopoulos, 1997), a thinning step (Qin et
al., 2003), and a novel post-processing method to increase the detail of the vasculature
that can be visualized was tested (Payne et al., 2005). Another method was shown to be
capable of simultaneously carrying out segmentation in MRA and wall signal in MRI
(Passat et al., 2007). Several algorithms have been tested for TOF MRA data (Vermandel
etal., 2007, El-Baz et al., 2005, Wilson and Noble, 1999). 1.5T (Hao et al., 2008) and 7T
MRA data have been used to segment data, and the drawback with 7T was that it wasn’t
feasible for a large number of data sets due to the number of vessels that are visible at 7T
(Liao et al., 2011; Liao et al., 2012).

Phase Contrast MRA data has been used for several segmentation algorithms as
well. A method integrating a priori knowledge into the segmentation process was carried
out (Passat et al., 2006). Statistically based algorithms were also tested (Chung et al.,
2004 and Sabry et al., 2002).

Additionally, the charged fluid model simulates charged elements to segment

images (Chang and Valentino, 2008). Several deformable contour methods exist for



medical imaging, and research has been done to present the strengths and limitations of
such methods (He et al., 2008). For X-ray tomography data, one research group has
developed techniques for segmentation and image enhancement of porous materials
(Sheppard et al., 2004). Another group focused on the segmentation of cortical and
subcortical structures, and the analysis of white matter fiber tracts from DTI, and
neuroanatomic analysis from MRI (Duncan et al., 2004). For studies that require realistic
models of the head, the segmentation of the skull is an important element, which must be
modeled as an independent parameter (Rifai et al., 2000). Segmentation processes can
also be used to quantify vascular structures from MRA data (Luo et al., 2011). In order to
increase knowledge of vascular anatomy, especially the regions that are prone to disease,
the characterization of the geometry of arteries is essential (O’Flynn et al., 2007). The
next section will discuss how digital reconstructions of the segmented vasculature can be

created and morphometric parameters can then be extracted.

Digital Reconstructions and Morphological Analysis
In neuronal reconstructions, the dendritic tree is represented as a series of

cylinders, with information about the diameter, spatial coordinates, and connectivity to
other cylinders in the tree represented for each individual compartment (Ascoli et al.,
2001, Scorcioni and Ascoli, 2005). Neuron_Morpho, an ImageJ plugin, has been
demonstrated to be an effective tool in creating digital reconstructions from neuronal
stacks (Brown et al., 2005). Extensive morphology studies from neuronal tree structures
have been described in a number of publications (Uylings et al., 1986,Verwer and van

Pelt, 1986, Cannon et al., 1998, Ascoli and Krichmar, 2000, Washington et al., 2000,
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Ascoli et al., 2001, Scorcioni and Ascoli, 2001, Uylings and van Pelt, 2002, Samsonovich
and Ascoli, 2003, Scorcioni et al., 2004, Donohue and Ascoli, 2005, Samsonovich and
Ascoli, 2005, Krichmar et al., 2006, Duque et al., 2007). The vasculature of the brain can
also be thought of as a tree, with the origin (e.g. soma) being along the basilar artery.
Using data stacks from 3T TOF MRA, the Neuron_Morpho ImageJ plugin can be used to
create detailed digital reconstructions of the CoW and the 6 major arteries (2 ACAs, 2
MCAs, and 2 PCAs) that stem from it. An extensive study of the morphology of the brain
vasculature can then be done, yielding a better understanding of which characteristics are
considered normal or healthy, and which are not.

Previous research has included the optimal branching of human arterial
bifurcations (Fanucci et al., 1990, Rossitti and Lofgren, 1993, Karch et al., 2000), studies
of taper values (MacLean et al., 1992, Roach and MacLean, 1993), and branching
characteristics (Fanucci et al., 1988). One of the theories of the growth and adaptation of
arterial trees is the principle of minimum work, which is a parametric optimization
model, and it has been shown that vascular dimensions of the cerebral arteries follow this
principle (Rossitti and Lofgren, 1993). The predominant hypothesis of the design of
vascular trees is the minimum dissipation principle known as Murray’s Law, which
suggests that metabolic consumption in a single vessel segment is proportional to the
blood volume, and several studies have been done to test this theory (Sherman, 1981,
Painter et al., 2006, Liu and Kassab, 2007). It was shown that all vascular trees which had
morphometric data in the literature followed a set of scaling laws (Kassab, 2006). It is

known that branching systems that occur in the environment as well as in bodies are
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characterized by a fractal nature (Kamiya and Takahashi, 2007, Zamir, 2001).
Morphology studies have been particularly important in studies of aneurysms, in an
attempt to figure out why intracranial aneurysms develop (Canham and Finlay, 2004,
Ingebrigtsen et al., 2004, Bor et al., 2008). Also, the diameter asymmetry of arterial trees
in pigs has been studied (Kaimovitz et al., 2008).

To summarize the above sections, a search of the literature shows that although
studies of MRA data have been carried out, these studies have been limited to qualitative
or semi-quantitative assessments (El-Barhoun et al., 2009), partial morphometric analyses
(Bullitt et al., 2009; Chen et al, 2008), small numbers of subjects (Canham and Finlay,
2004) and proprietary data sets (Nowinski et al., 2009). A more comprehensive structural
characterization of cerebral arterial trees can be achieved by reconstructing the vascular
arborization into an explicit 3D representation (Passat et al., 2006; Bullitt et al., 2005).
These digital reconstructions of vascular trees can also be used to create three-
dimensional CFD models of the blood flow in healthy human brain vasculatures, which

will provide useful information and insights into the normal cerebral hemodynamics.

Computational Fluid Dynamics Models
In addition to being used for morphometric analysis, vector representations of

arterial trees play an important role in subject-specific computational fluid dynamics
modeling for investigation of individual risks of vascular malformation (Oshima et al,
2001, Cebral et al., 2003). For these approaches, it is necessary to specify the appropriate
boundary conditions and constraints related to arterial branch geometry and bifurcation

characteristics (Olufsen et al, 1999; Cebral et al., 2003; Cebral et al., 2000). It is possible
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to use surrogate arterial tree models in the absence of representative samples of available
complete reconstructions (Olufsen et al., 2000; Karch et al., 1999; Bui et al, 2010;
Dozoumetzidis et al., 2003).

Knowledge of how blood flows normally throughout brain vasculature is
important so that we may eventually be able to detect or possibly prevent aneurysms or
strokes or other cerebrovascular disorders. Therefore, hemodynamics is an area that has
been studied extensively, with hopes of finding links between high volume flow to the
brain and vascular disorders (Rutgers et al., 2004). Some of the major studies of
hemodynamics have included changes in cerebral circulation after a type of treatment of
angioplasty known as stent-protected carotid angioplasty, which is one option for treating
internal carotid artery (ICA) stenosis (Niesen et al., 2004). Quantitative measurements of
blood-flow volume in the carotid and vertebral arteries have been used to estimate the
total cerebral blood-flow volume, which is used to help diagnose a number of
cerebrovascular diseases and to monitor certain treatments, so it follows that studies have
focused on getting an accurate number for this value (Oktar et al., 2006). Related to
quantitative measurements of blood-flow volume, studies have also been done to examine
whether cerebral ischemia develops during cross-clamping of the carotid artery in carotid
endarterectomy patients (Rutgers et al., 2000). The diameters of blood vessels are very
important in hemodynamics studies, as even small changes in diameter can have great
effects on blood flow (Cassot et al., 1995). Collateral flow patterns have been studied in

the CoW and the ophthalmic artery (Rutgers et al., 2000). Rats and pigs have been
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studied as well (MacLean et al., 1992, Huo et al., 2007, Chen et al., 2008, Esneault et al.,
2008, Kaimovitz et al., 2008, Seo et al., 2008).

Because the CoW plays such an important role in distributing blood flow
throughout the brain, many models have focused their attention on this structure.
Attempts have been made to determine the effects on hemodynamics when there are
variations in this ring of vessels (Hendrikse et al., 2005, Tanaka et al., 2006, Alnaes et al.,
2007), and both one-dimensional and three-dimensional models have been created
(Moore et al., 2005, Moore et al., 2006, Alastruey et al., 2007). A very simple one-
dimensional model of this ring was created to examine hemodynamic autoregulation
using a proportional-integral-derivative controller to modify the resistances of efferent
arteries (Moorhead et al., 2004, Moorhead et al., 2006). A two-dimensional model similar
to the one just described, but also simulating different common variations of the CowW
was created to examine autoregulation and cerebral blood flow (Ferrandez et al., 2002).
Another two-dimensional model of the CoW was created to examine the steady state of
the vessel ring, using porous blocks to simulate peripheral resistance of the
cerebrovascular tree (Ferrandez et al., 2000). An extended CoW model that also included
the periorbital links and the external carotid arteries was developed in an attempt to
explain clinical observations of periorbital arterial flow (Viedma et al., 1997). A model of
the CoW that also included jugular venous return was created to test a theory of selective
brain cooling in humans (Neimark et al., 2007). In another model that involved the CoW,

the two hemispheres of the brain were connected by the ring by various sized anterior
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communicating arteries in order to study cerebral and cerebrospinal fluid circulations
(Piechnik et al., 2001).

Although not specific to the brain, a one dimensional/\Womersley model of
pulsatile blood flow to the entire coronary arterial tree was created, and proved to be an
efficient way to represent hemodynamics of a complex, large-scale vascular network
(Huo and Kassab, 2007). Hemodynamics are thought to be important in many aspects of
aneurysms, such as their initiation, growth, and rupture, and a number of computational
models have focused on this area (Cebral et al., 2005, Castro et al., 2006, Cebral et al.,
2007). It is this last set of hemodynamics models that were built upon in the studies
described in this dissertation.

Wall shear stress (WSS) is a very important factor in computational models of
hemodynamics and aneurysms. The WSS is the force that is exerted by the wall on the
fluid (Katritsis et al., 2007). The dominant theory is that WSS is assumed to be constant
along an arterial tree and is the same in a particular artery across species (Reneman and
Hoeks, 2008). However, a recent study shows evidence that this theory may not be
correct, as it compares data across the literature in both large and small animals (Cheng et
al., 2007). Another study investigates allometric scaling of WSS between species,
including humans (Greve et al., 2006). Many studies have been done on WSS
calculations. In vivo studies of WSS have been examined to see what the effect is on the
design of the arterial system (Reneman and Hoeks, 2008) and whether WSS is an
important factor in endothelial cell function and structure (Reneman et al., 2006). High-

resolution 3D phase contrast mapping for estimation of WSS in vivo was examined and
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applied (Wu et al., 2004). Studies have also been done using noninvasive methods of
measuring WSS, either by ultrasound (Brands et al., 1995) or by modeling MRI velocity
data (Oyre et al., 1998). Another study using phase contrast imaging calculated WSS in
the ascending aorta in order to test whether the most straightforward application of WSS
calculation can be applied in a clinical setting and yield accurate results (Efstathopoulos
et al., 2008). The relationship between vascular WSS and flow-mediated dilation in
humans was studied using phase contrast MRA data, and showed that in normal subjects,
arterial flow-mediated dilation is linearly proportional to WSS (Silber et al., 2001). The
relationship between branching exponent heterogeneity and WSS distribution in vascular
trees was studied (Karau et al., 2001) and WSS was also analyzed by experimental and
numerical studies of pulsatile flows through stenosis (Deplano and Siouffi, 1999), as well
as the effects of WSS on stent implantation (LaDisa Jr. et al., 2006). The previous studies
on WSS were helpful in evaluating normal conditions in the models attempted in this

dissertation, and would also apply to aneurysm conditions.

Conclusions from Literature and Dissertation Goals
It is clear that although much research has been carried out regarding brain

vasculature, what is lacking is a comprehensive structural characterization of these
vessels. Extensive morphometric analysis of the brain arteries needs to be carried out on a
large number of data sets, and this information needs to be publicly available.

In an attempt to fix this gap in the field, this dissertation reports the first extensive
quantitative analysis of the global and local anatomical features of healthy arterial

vasculature including size, symmetry, branching characteristics, bifurcation angles and
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path meandering. In addition to characterizing normative statistics for this representative
population sample, a systematic comparison of arterial geometry between hemispheres,
genders, and branch types, among arteries, along the path, and across subject ages is
presented. Geographic and territorial characterization of the cerebral arteries is also
reported. The results of the analysis presented throughout this dissertation confirm and
greatly extend previous knowledge of the human cerebrovascular architecture.
Additionally, the entire data set will be publicly distributed online for continuous

reanalysis and computational modeling by the research community.

Organization of Dissertation
In addition to this introductory chapter, this dissertation consists of three

independent chapters, and two appendices. The first of the independent chapters, Chapter
Two, is a manuscript that has been submitted for publication. It outlines the digital
reconstruction process of the arterial trees, the extensive morphological analysis, and the
data sharing. The second of the independent chapters, Chapter Three, describes work that
IS ongoing at the time of this write-up. It describes the method used to create subject-
specific CFD models from the digital reconstructions presented in the previous chapter.
The third independent chapter, Chapter Four, summarizes the results presented
throughout this dissertation and discusses questions that remain unanswered, as well as
future directions of the research. The two appendices correspond to a collaborative
(middle-authored) manuscript that has been prepared for publication but has not yet been
submitted, and additional necessary information, respectively. The first appendix

provides additional morphometric analysis, as well as geographic and territorial
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characterization of the cerebral arteries. The second appendix is a more in-depth
explanation of the database, BraVa, which archives the digital reconstructions and their
corresponding morphometric analysis results, and will be made available to the public to

promote data sharing.
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CHAPTER TWO: DIGITAL RECONSTRUCTION AND MORPHOMETRIC
ANALYSIS OF HUMAN BRAIN ARTERIAL VASCULATURE FROM
MAGNETIC RESONANCE ANGIOGRAPHY

Abstract
Characterization of the complex branching architecture of cerebral arteries across

a representative sample of the human population is important for diagnosing, analyzing,
and predicting pathological states. Brain arterial vasculature can be visualized by
Magnetic Resonance Angiography (MRA). However, most MRA studies are limited to
qualitative assessments, partial morphometric analyses, individual (or small numbers of)
subjects, proprietary data sets, or combinations of the above limitations. State-of-the-art
neuroinformatics tools, developed for neuronal arbor analysis, were used to quantify
vascular morphology from 3T time-of-flight MRA high-resolution (620 pum isotropic)
images collected in 61 healthy volunteers (36/25 F/M, average age=31.2+10.7, range=19-
64 years). We present in-depth morphometric analyses of the global and local anatomical
features of these arbors. The overall structure and size of the vasculature did not
significantly differ across genders, ages, or hemispheres. The size of the three major
arterial trees stemming from the Circle of Willis (from largest to smallest: the Middle,
Anterior, and Posterior Cerebral Arteries; or MCAs, ACAs, and PCAs, respectively) co-
varied across individuals: subjects with one artery larger than average tended to have all
other arteries also larger than average. There was no net right-left preference across the

population in any of the individual arteries, but ACAs were more lateralized than MCAs
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within subjects. MCAs, ACAs, and PCAs had similar branch-level properties such as
bifurcation angles. Throughout the arterial vasculature, there were considerable
differences between branch types: bifurcating branches were significantly shorter and
straighter than terminating branches. Furthermore, the length and meandering of
bifurcating branches increased with age and with path distance from the Circle of Willis.
All reconstructions are freely distributed through a public database to enable additional

analyses and modeling (cng.gmu.edu/brava).

Introduction
Better understanding of physiological function and pathological dysfunction of

cerebrovascular system requires the quantitative characterization of its architecture.
Cerebrovascular disorders affect a large portion of the human population and are a
leading cause of death, devastating morbidity, and long-term disabilities worldwide.
Individual and group variations in the neurovascular structure-function relationship have
not yet been comprehensively investigated. It is not yet known, for example, whether the
higher rate of subarachnoid hemorrhages in women is due to hormonal differences and/or
wall shear stress variations (Ghods et al., 2012).

Magnetic resonance angiography (MRA) allows non-invasive, three-dimensional
visualization of cerebral arteries based on the contrast between rapidly moving arterial
blood and stationary tissues that surround the vessel. To date, most MRA studies have
been limited to qualitative or semi-quantitative assessments (EI-Barhoun et al., 2009),
partial morphometric analyses (Bullitt et al., 2009; Chen et al., 2009), small numbers of

subjects (Canham and Finlay 2004) and proprietary data sets (Nowinski et al., 2009). A

20



more comprehensive structural characterization of cerebral arterial tree can be achieved
by reconstructing the vascular arborization into an explicit 3D representation (Passat et
al., 2006; Bullitt et al., 2005). In addition to enabling extensive morphometric analysis,
these reconstructions also provides an essential substrate to implement subject-specific
computational fluid dynamics modeling for investigation of individual risks of vascular
malformation (Oshima et al., 2001, Cebral et al., 2003). These approaches require
specification of appropriate boundary conditions and constraints related to arterial branch
geometry and bifurcation characteristics (Olufsen et al., 1999; Cebral et al., 2003; Cebral
et al., 2000). In the absence of a representative sample of available complete
reconstructions, such numerical simulations so far have mostly relied on surrogate arterial
tree models (Olufsen et al., 2000; Karch et al., 1999; Bui et al., 2010; Dokoumetzidis et
al., 2003).

We applied a method originally developed for 3D reconstruction and analysis of
neuronal trees (Halavi et al., 2012) to digitally reconstruct the cerebral arterial
vasculature of 61 healthy human subjects imaged with high-resolution time-of-flight
(TOF) MRA. All visible structures were reconstructed, including the basilar and two
carotid arteries entering the brain, the circle of Willis (CoW) and the six major arteries
stemming from it, namely right and left Middle, Anterior, and Posterior Cerebral Arteries
(MCAs, ACAs, and PCAs, respectively). These six arteries in particular could be
followed and reconstructed for ~300 mm from the CoW, typically through ~15
bifurcation points along the paths. Such a collection constitutes an unprecedented data set

in terms of completeness and sample size.
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We report the first extensive quantitative analysis of the global and local
anatomical features of arterial vasculature including size, symmetry, branching
characteristics, bifurcation angles, and path meandering. We focused on morphological
measures most relevant to common pathological conditions and least affected by
potential imaging limitations. In addition to characterizing normative statistics for this
representative population sample, we systematically compare arterial geometry between
hemispheres, genders, and branch types, among arteries, along the path, and across
subject ages. Our analysis reproduces and greatly extends previous knowledge of the
human cerebrovascular architecture. In addition to the tools to reconstruct, visualize, and
analyze the vascular arbors, we are publicly distributing the entire dataset online for

continuous re-analysis and computational modeling by the research community.

Methods

MRA Acquisition
Imaging data were collected at the Research Imaging Institute, University of

Texas Health Science Center at San Antonio, using Siemens TRIO, 3T scanner and 12-
channel head coil. MRA data for 61 healthy, right-handed participants (36/25 F/M,
average age=31.2+10.7, range=19-64 years) using a 3D, spoiled, gradient echo time-of-
flight (TOF) MRA (Huettel et al., 2004) sequence with the following control parameters:
TE/TR/Flip Angle = 4.4 ms / 24.0 ms / 18° and 620 um isotropic resolution. Two
overlapping slabs with thickness of 100 mm and aligned with AC-PC were used to reduce
the saturation of TOF effects, while achieving full brain coverage. Head motion was

suppressed using expandable foam and mechanical head-holder. The slab thickness and
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excitation angles were varied in two healthy volunteers to achieve reliable digital
reconstructions. The final parameters used in this study can be downloaded from the
reconstruction database. The study design was evaluated and approved by the
Institutional Review Board at the University of Texas Health Science Center in San

Antonio and all subjects signed an informed consent form.

Digital Reconstructions
MRA image stacks were visualized with ImageJ, a Java imaging program

developed and freely distributed by the National Institutes of Health (imagej.nih.gov;
Collins TJ, 2007). All reconstructions were carried out by the same person (SNW) using
the freeware Neuron_Morpho plugin (personal.soton.ac.uk/dales/morpho; Brown et al.,
2005) and were saved as ASCII files in the SWC format (Ascoli et al., 2001). The SWC
format fully describes branching structures as a parsimonious series of interconnected
tapering cylinders characterized by their x, y, and z positions, radius, the identity of the
parent cylinder, and an arbitrary “color” to label structures of interest.

The arterial vasculature was reconstructed as a single arborization in each subject
in order to make it amenable to the extensive morphometric characterization available for
tree structures. Specifically, we manually reconstructed the trees stemming from the
basilar artery (BA) and internal carotid arteries (ICAs), and the first visible point along
the BA was chosen as the origin for the vascular tree in every subject. All visible
connecting vessels of the CoW were also reconstructed, with the exclusion of the anterior
communicating arteries so as to ensure unambiguous maintenance of a binary tree

structure of the resulting reconstructions in all subjects, greatly aiding consistent
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comparisons within and across the population sample. All six major arteries stemming
from the CoW (right and left MCAs, ACAs, and PCASs) were completely reconstructed
through each visible ending.

The vascular reconstructions were systematically validated by running a battery of
tests to detect defects such as intersecting branches, zero-diameter branches, spatially
overlapping branches, disconnected branches, etc. (Halavi et al, 2008) followed by
thorough visual inspection to identify and correct these defects. Reconstruction accuracy
was also visually verified by overlaying the reconstructed arborization onto the original

MRA image stack and 3D volume renderings.

Morphological Analysis
Morphometric parameters were extracted from the digital reconstructions using L-

Measure (http://krasnowl.gmu.edu/cn3), an open source tool originally developed to
quantify axonal and dendritic morphology (Scorcioni et al., 2008). An expansive battery
of variables was selected so as to yield a comprehensive statistical characterization of
angiographic anatomy at both global and local levels, including measurements of size,
distances, angles, and branching structure. In order to explain the definitions of the non-
trivial metrics, we adopt the following standard terminological notation (e.g. Brown et
al., 2008). Additional details, as well as diagrams accompanying each morphometric
definition, are documented online on the L-Measure help page.

We refer to a branch as a sequence of reconstruction points starting from a
bifurcation (or from the root) and ending at the next bifurcation (bifurcating branch) or at

a termination (terminating branch). The branch order is the number of bifurcations
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between a given point in the arborization and the root. The branch path length or simply
branch length is the geodesic distance between the beginning and ending of a branch
(i.e., the sum length along the branch). Branch tortuosity is the ratio between branch
length and the Euclidean (straight) distance between its beginning and ending (Diedrich
et al., 2011). The fractal dimension is the slope of the linear regression obtained from the
log-log scatter plot of path vs. Euclidean length moving from the second to the last
reconstruction point along a branch.

The total length of an arborization is the sum of all of its branch lengths. Its
maximum path and Euclidean distances are respectively the geodesic and straight
distances from the root to the farthest termination points (the farthest geodesic and
Euclidean points do not necessarily coincide). The height of an arborization is the
minimum vertical span of a box encompassing the brain in the horizontal plane that
contains 95% of the reconstruction points. Width and depth are similarly defined for the
spans perpendicular to the sagittal and coronal planes, respectively.

Two types of amplitude angles were measured at bifurcations. The remote
bifurcation amplitude is the angle between the bifurcation point and the last
reconstruction points of each of the two branches away from the root. The local
bifurcation amplitude is the angle between the bifurcation point and the first
reconstruction points of each of the two branches away from the root. The (remote) tilt is
the smaller of the two angles between the bifurcation point, the previous bifurcation
towards the root, and each of the last reconstruction points of the two branches away

from the root. The torque is the angle between the plane of the current bifurcation and the
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plane of the previous bifurcation towards the root. The bifurcation partition measures the
imbalance between the numbers of terminations in the two sub-trees, and is defined as the
ratio of the difference between these two numbers over their sum minus two (Van Pelt et
al., 1992). This formulation yields a unitary partition for fully asymmetric bifurcations
(giving rise to one terminating and one bifurcating branch) and a nil partition for fully

symmetric bifurcations (with identical numbers of terminations in the two sub-trees).

Statistical Analysis
Differences between groups of reconstructions were assessed by Student’s t test

(for normally distributed variables) and Wilcoxon-Mann-Whitney nonparametric test
(otherwise). Significance was determined by two-tailed exact p values after Bonferroni
correction for multiple testing. Pairwise correlations were determined with Pearson’s
coefficient, with the p values indicating the probability of independent distributions. The
age difference between males (31.48+10.12) and females (30.97+10.23) was not
significant (p>0.1). In selected analyses the sample was also divided by median age (28

years) into an older (38.2+9.2, N=32) and a younger (23.4+2.4, N=29) group.

Data Archival and Dissemination
All digital reconstruction files used in this study along with extracted

morphological measurements and metadata are available for download at
cng.gmu.edu/brava. The relational database was designed with the open source
management system MySQL v. 5.0 (http://www.mysgl.com; Tahaghoghi and Williams,
2006; Zawodny and Balling, 2004). The graphical user interface (GUI) was created with

the free scripting language PHP v. 5.2.9 (http://www.php.net; Sklar, 2004) and HTML
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(Shelly and Woods, 2004) to enable seamless data browsing, searching, organizing, and

downloading by metadata or morphometric statistics.

Results

Visual Aspect and Inter-Subject Variation of Reconstructed Arterial
Vasculature

Brain arterial arbors were digitally reconstructed from 36 females (31.0+10.2
years old) and 25 males (31.5+10.1 years old), beginning at the first visible point along
the basilar artery and including internal carotid arteries, the CoW, and the MCAs, ACAs,
and PCAs (Figure 2.1). All three planar views (horizontal, coronal, and sagittal) were
used in the course of the reconstruction depending on the orientation of the branch being
traced. Although arterial vessels were always reconstructed from individual sections
(Figure 2.1A), occasional toggling to maximum intensity projections was useful to assess
the full extent of the structure (Figure 2.1B). Throughout the tracing process, the (partial
or complete) reconstructed structures were periodically embedded in the data to verify
their accuracy and facilitate correction of reconstruction errors using perpendicular views
(Figure 2.1C) or pseudo-3D rotational volume rendering. A second investigator (FM)
independently inspected all reconstructions for quality.

The reconstruction pipeline successfully yielded complete digital reconstructions
(down to the image resolution) for all subjects. The two reconstructions from the same
subject imaged twice by independent operators on different scanners confirmed high
reproducibility both by visual assessment and morphometric comparison. The six major

arteries stemming from the CoW (Figure 2.1D) were present in every subject and the

same color scheme (Figure 2.1E) was used consistently across the entire sample. High-
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resolution rendering of complete individual reconstructions provided visual information
about the detailed vascular patterns within and across hemispheres, subjects, genders, and
ages (Figure 2.2). Qualitative comparison among the entire sample revealed noteworthy
inter-subject variability of the size and shape of the six major arteries and entire arbors

(Figure 2.3), prompting further investigation by morphometric analysis.
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Figure 2.1. Digital reconstructions of human brain vasculature from MRA
imaging. A. Arterial arbors are semi-manually traced from single planar sections of
each image stack in horizontal, coronal or sagittal views. B. Maximum intensity
projections in the same orientations reveal a fuller extent of the imaged structure. C.
Embedding of the final reconstructed arborization within the original image stack
enables tracing validation by facilitating critical inspection of branch correspondence
and identification of incomplete sub-trees. D. Color-coded schematic of the Circle of
Willis and the six major arteries stemming from it. E. Complete reconstruction of the
brain vasculature corresponding to panels A-C (from a 59 year-old male) and color-
coded by artery according to panel D.
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Figure 2.2. Representative arterial reconstructions color-coded by age and gender.
A. Female, age 19 (light pink). B. Female, age 47 (dark pink). C. Male, age 21 (light
blue). D. Male, age 46 (dark blue). E. Zoom-in on the left MCA, the largest of the
arteries stemming from the Circle of Willis, from panel C.
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Figure 2.3. Visual variability of arterial structure across the population sample.
All complete reconstructions (except those displayed in Figures 2.1 and 2.2) are
ordered in this montage by age and gender and color-coded by artery. Ages of
females and males are shown in pink and blue, respectively.
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Quantitative Anatomy of Human Brain Arteries
As a simple initial normative quantification of arterial morphology and variability

within our dataset, we extracted summary statistics for several scalar parameters
characterizing the entire vascular structure in terms of overall size, bifurcation angles and
symmetry, and branches features (Table 2.1). Because of the sensitivity of the apparent
diameter on blood flow in TOF MRA (Lell et al., 2007), we focused our analysis on
diameter-independent parameters.

The variability of overall size was similar to that reported for other measures of
human body size (e.g. 1ISO, 2010). For example, the coefficients of variation (CVs) for
total length and number of branches were between 0.1 and 0.2, and the corresponding
ranges went from 65% to 160% of the respective means. The various metrics of size were
highly cross-correlated (e.g. between total length and number of branches: R=0.83,
p<0.05). We also compared each of these metrics between right and left hemispheres,
males and females, and as a function of age. None of the differences were statistically
significant, with the only exception of height, which was greater in males than in females
(85.66£4.14 mm vs. 83.81+2.94 mm, p=0.0006), again possibly reflecting the same trend
in body size (1SO, 2010). A previously reported measurement of total arterial length from
a single (51 year old male) subject, 7519 mm (Nowinski et al., 2011) fell approximately
half a standard deviation from our sample mean and within our sample range (Table 2.1)
by a comfortable margin.

Bifurcation characteristics are important as the prevalence of aneurysms is higher
at or near bifurcations (Lindekleiv et al., 2010). These metrics represent sample means of

averages within arbors, and therefore display a substantially lower variability (e.g.
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CV<0.05 for mean amplitude and range from 88% to 114% of the mean). Interestingly,
the local amplitude angle was nearly one and a half times larger than the remote
amplitude angle (p<10°®). Bifurcations started at nearly orthogonal angles, but branches
tended to grow towards each other before bifurcating again or terminating. The
distribution of partition values indicates that arterial bifurcations display an intermediate
arbor balance between perfectly symmetric and fully asymmetric trees. As for overall
size, there were no statistical differences in measured bifurcation characteristics between
hemispheres, genders, and across age, suggesting that these summary scalar metrics alone
cannot explain group or bilateral differences of aneurysm prevalence.

Branch features are also relevant to cerebrovascular disease. For example, branch
meandering, as measured by tortuosity (Bullitt et al., 2003) is altered in pathologies as
different as stroke (Alazzaz et al., 2000), diabetes (Moritani et al., 2001; Liem et al.,
1996), anemia (Vicari et al., 2011), and hypertension (Spangler et al., 1994; Diedrich et
al., 2011). Earlier morphological investigations on neuronal dendrites described
substantially longer terminating branches than bifurcating branches (Claiborne et al.,
1990). These studies, however, did not extend to other branch characteristics, such as
tortuosity, or multiple neuron types. When separately analyzing bifurcating and
terminating branches (Table 2.1), we found surprisingly large and highly significant
differences in branch length, tortuosity, and fractal dimension (p<10™ in all three cases).
Specifically, terminating branches were on average 73% longer, 28% more tortuous, and

6% more fractal than bifurcating branches.
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Although these branch properties, similarly to size and bifurcation features, did
not change between hemispheres and genders, we found significant changes with the age
of the subjects (Figure 2.4). Tortuosity increased with age in both bifurcating and
terminating branches (Figure 2.4A). Fractal dimension increased with age in terminating,
but not bifurcating branches (Figure 2.4B). In contrast, branch length increased in
bifurcating, but not terminating branches (Figure 2.4C). Further investigation will be
necessary to determine the source and functional implication of these distinctions.

We are excluding diameter-based measures in this normative characterization
because vascular diameter in TOF MRA depends on blood flow, rendering a purely
structural interpretation ambiguous, especially at higher branch order. However, we
checked whether diameter differed by gender or changed by age in the first few branch

orders, and found no significant differences in either case (data not shown).
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Table 2.1 - Whole Arterial Metrics

Metric Overall (N=61)
I = ¢ (min-max)
Total # Branches 2086 £39.6 (138-330)

Total Length (mm)

TO02.8 £9458 (4752-9171)

Mean Bifurcating Branch Length (mm)

Mean Terminating Branch Length (mm)

I Max Branch Order 1546 £1.34 (13-19)
; Max Path Distance (mm) 285.0 =235 (250-362)
g Max Euclidean Distance (mm) 108.9 £4.8(98-123)
5 Width (mm) 1183 =5.0(10%-129)
Height (mm) B4.6+3.6(76-93)
Depth (mm) 130.0=95.1(102-146)
_ Mean Bifurcation Tilt (%) 4569 £4.35(37.13-56.60)
-E Mean Bifurcation Torgue (°) 5431229 (48.61-60.28)
% Mean Bifurcation Amplitude () 60.83 =297 (53.45-69.21)
% Mean Local Bifurcation Amplitude (%) 89.43 =315 (83.21-58.62)
Mean Partition 051 £0.04(0.41-0.59)
Mean Bifurcating Tortuosity 1.28£0.05(1.17-1.40)
Mean Terminating Tortuosity 1.64 009 (1.47-1.84)
E Mean Bifurcating Fractal Dimension 1.090.01(1.06-1.13)
g Mean Terminating Fractal Dimension 1.15£002(1.11-1.19)

2502£271(19.35-30.14)
4325 £535(32.72-60.42)
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Figure 2.4. Change of bifurcating and terminating branch
metrics with age. A. Branch tortuosity statistically tends to increase
with the age of subjects. B. Fractal dimension significantly increases
with age in terminating, but not bifurcating, branches. C. Branch
length significantly increases with age in bifurcating, but not
terminating, branches.

Size Differences and Proportional Scaling Among Cerebral Arteries
Next we examined the scalar morphometric characteristics of individual cerebral

arteries (Table 2.2). As expected, MCAs were significantly larger than ACAs, and ACAs
were significantly larger than PCAs. For example, MCAs had twice as many branches
and twice as much total length as ACAs, and ACAs had 50% as many branches and 50%
as much total length than PCAs (p<10™ for each of these comparisons). While these
trends tended to be generally true across the sample, the size distribution of ACAs
overlapped with both the MCA and PCA size distributions, and there were occasional
exceptions of individuals with larger PCAs than MCAs. Moreover, the height, width, and
depth of individual arteries did not systematically follow the same trends even at the level
of sample means, because of the different orientation of the cerebral arteries relative to

the canonical (horizontal, coronal, and sagittal) planes of the brain.
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We also extracted all bifurcation and branch scalar morphometrics for the
individual cerebral arteries (data not shown), and they were all statistically
indistinguishable from the distributions reported in Table 2.1 (p> 0.1 in all cases). All the
above measurements were also compared between males and females, right and left
hemispheres, and across subject age (not shown), and no additional significant
differences were found relative to the analysis of whole vasculature. The previously
reported length values from an individual subject (Nowinski et al., 2011), while larger
than our means (MCA: 2198.7 mm; ACA: 1229.9 mm; PCA: 528.1 mm) fell within
statistical expectation and the observed range of our sample.

While summary statistics are useful by providing normative populations baselines
and a simple overview of vascular morphology, a more in-depth analysis is necessary to
characterize the detailed arterial architecture within and among individual brains. We first
focused on individual hemispheric dominance, or laterality (Figure 2.5). There was a
strong linear correlation between right and left length across the sample (Figure 2.5A)
and within genders, age groups, and artery types (R> 0.65, p<0.001 in all cases).
Although there was no overall hemispheric dominance across the sample, we investigated
individual lateralization by defining laterality (£) as the absolute inter-hemispheric length
difference normalized by total length:

L£L=|R-LJR+L,

where R and L are the right and left lengths, respectively). The distribution of
laterality was statistically equivalent between genders and age groups, and whether

calculated from 183 artery pairs (Figure 2.5B) or the complete hemispheric vasculatures
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of 61 individuals. Interestingly, however, ACAs were significantly more lateralized than
MCAs (Figure 2.5C), but there were no other differences between cerebral arteries.

The within-subject composition of arterial length was further considered to
determine whether cerebral arteries might compensate for each other (Figure 2.6).
Specifically, we have recently discovered a form of morphological homeostasis in
cortical dendrites (Samsonovich and Ascoli, 2006), whereas if a neuron is found to have a
dendritic (sub-)tree smaller than expected based on population expectation, it would also
tend to possess another (sub-)tree larger than average. It is unknown whether the same
phenomenon might apply to brain arterial vasculature. The (bilateral) length of each
cerebral artery visually appears to scale proportionally with overall size (Figure 2.6A).
Indeed, a significantly positive length cross-correlation was found between each artery
and the rest of the vascular arborization (R values for MCA, ACA, and PCA: 0.68, 0.56,
and 0.53, respectively, p<10™ in all cases), as well as between each pair of arteries (not
shown). These data do not support the compensatory hypothesis. On the contrary, they
suggest proportional scaling of brain arteries: if the vasculature is big, every artery is big,
and vice versa.

To further test this possibility, we generated one hundred surrogate datasets by
stochastically (but exclusively, i.e. non-repetitively) picking one of the six cerebral
arteries from our sample. Then we measured the standard deviation of their total length
and compared it to the observed value of the (single) real distribution. Morphological
homeostasis and proportional scaling produce opposite predictions that the surrogate

variance should be respectively greater and smaller than the real one. The result (Figure
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2.6B) provides uncontroversial support for proportional scaling, falsifying the
compensation hypothesis. The same analyses (Figures 2.5 and 2.6) repeated with other

size metrics (e.g. number of branches) supported the same conclusions.

Table 2.2 - Individual Artery Metrics

Metric

ACA (N=122)

1 £ ¢ (min-max)

MCA (N=122)

p % ¢ (min-max)

PCA (N=122)

n £ ¢ (min-max)

Total Number of Branches

Total Length (mm)
Max Branch Order

Max Path Distance (mm)

Max Euclidean Distance (mm)

Width (mm)
Height (mm)
Depth (mm)

26.0+8.5 (4-52
877.4 2013 (234-1344)
6.15 £ 1.53 (1-10)
187.1% 18.7 (143-268)
96.3 9.1 (66-113)
26.0 £ 5.4 (10-48)
725+ 7.5 (50-98)
109.1 £ 143 (52-149)

52.7+11.2 (30-94)
18782 + 297 .4 (967-2636)
8.80 = 1.40 (6-13)
224.7£22.1 (182-298)
98.7 £ 6.2 (80-112)
38.5 3.0 (3348)
69.4 = 5.6 (52-85)
105.6  10.0 (77-127)

189+ 5.9 (6-34)
500.8 + 124.1 (228-770)
5.93 £ 1.66 (2-10)
150.5% 16.6 (111-194)
90.7 £ 7.1 (70-102)
30.5+ 6.9 (16-49)
524+102 (21-74)
66.3 £ 6.7 (52-86)

41




A 3000,

r=0.95, p<10* N=183 .
2500

— el e

E 2000/ te  $E A

E o s, O s b

— 4 & 70 %

= " /’DA. a

5 "’."’ .

© 1500 -

Q N L Oe @

- »

% 1000 .

|
OYoung WOId
ACA MCA PCA

500 4 A Male OFemale

0 500 1000 1500 2000 2500 3000
Right Length (mm)

B 0.30

£=|R-L|/R+L
0.25- /\
> 0.20-
3 \
S
g 0154 \ % 0 =0.07 £0.07
H \/,p.,cr .07 £0.
(18
0.10 \
N
0.05 \\
\
0.00

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Laterality

@)

0.30 ACA vs MCA: p < 0.001
MCA ACAvs PCA:p>0.1

p+o= 005+004 | MCAvsPCA:p>0.1

0.25

0.20 PCA
Wt 0=007%0.06

0.15

ACA
pto=0.1020.10

Frequency

0.10

0.05

0.00

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Laterality



Figure 2.5. Hemispheric laterality of reconstructed vasculature length. A.
The length differences between left and right artery pairs tend to vary in both
directions and proportionally across trees. The dashed line indicates where left
and right artery pairs would be of identical length. B. Laterality is the normalized
absolute inter-hemispheres length difference within artery pairs (in the formula, R
and L represent right and left lengths, respectively). C. ACA is significantly more
lateralized than MCA, but there are no other differences between arteries, gender,
and age.
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Systematic Variation of Selected Morphometric Properties along the Vascular
parh Lastly, we tested whether vascular morphology varied systematically along the
arterial path or was uniform from the CoW to the terminations (Figure 2.7). The lengths
of the major cerebral arteries were normally distributed across path distance (Figure
2.7A: best fitting means and standard deviations of the sample distributions were
1878.2+297.4, 877.4+201.3, and 500.8+£124.1 mm for MCAs, ACAs, and PCAs,
respectively). Bifurcating and terminating branch distributions had opposite skews
(Figure 2.7B): bifurcating branches arborize densely near the CoW and gently drop off;
terminating branches increase slowly to peak farther out and decrease suddenly shortly
thereafter. The length and tortuosity of bifurcating branches increase linearly along the
path from the CoW (Figure 2.7C), whereas terminating branches remain constant
throughout the tree. Due to these contrasting behaviors, the values of the two branch
types become similar around the distance at which terminating branches are densest (cf.
Figure 2.7B).

Branching angles are independent of path distance (R* < 0.04, p> 0.3 in all cases),
except near the CoW, where remote amplitude is similar to local amplitude (Figure 7D),
decreasing to a constant mean angle after ~90. This may be explained by the shorter
branch lengths near the CoW (cf. Figure 2.7C), reducing the opportunity for branches to
meander closer toward each other. Indeed, remote amplitude is significantly different
between branches shorter and longer than 20 mm length (66+4°, N=3333 vs. and 54+32°,
N = 2965, respectively, p<10™). Additionally, remote amplitude is negatively correlated

with branch length, but only in shorter (<20 mm) branches, suggesting a length threshold
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to provide branches with enough freedom to reach their optimal angular spread. All

individual cerebral arteries had similar trends when analyzed separately (not shown).
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Figure 2.7. Vasculature extent, branching, and selected local metrics vary along
the arterial path. A. Arterial length is normally distributed across the path distance
from the Circle of Willis and scales across MCAs, ACAs, and PCAs. B. Bifurcating
and terminating branch distributions have opposite skews: the number of bifurcating
branches peaks near the circle of Willis and gradually decreases thereafter; the
number of terminating branches increases slowly and drops off suddenly at farther
path distances. C. Branch length and tortuosity increase with path distance for
bifurcating, but not terminating branches. D. Branching angles are largely constant
along the arterial path: local amplitude is always larger than the (“remote”) angle
measured at the end of the branch, except near the CoW.
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Public Online Availability of Reconstructions
The normative dataset of 61 vascular reconstructions are freely downloadable at

cng.gmu.edu/brava (Figure 2.8). Boolean searches allow fast data retrieval filtered by any
combination of the described morphometric features as well as subject age and gender.
The reconstructions can be viewed as raw coordinate files or pseudo-3D visualized as
rotating growth animations with color-coded individual arteries. The data include
diameters information, whose analysis may be challenging to interpret. Similar to
neuronal reconstructions at NeuroMorpho.Org, users can also render and manipulate the
reconstructions within their browser in a built-in virtual reality online display. The
morphometric results are also stored in the database and can be queried for complete trees

or each of the six major arteries.
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Figure 2.8. Accessibility and function of the BraVa database. The complete
digital arterial reconstructions from all 61 MRA-imaged subjects described in this
study, as well as the individual arteries, can be searched, downloaded, analyzed, and
visualized by morphometric features and metadata.
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Discussion
Understanding the structure-function relationship is an important goal in the

investigation of all biological systems. Arterial vasculature provides oxygenation and
metabolic transport to the territory it invades. Thus, the primary function of vascular
arborization is fundamentally linked to its architecture. Moreover, vessel morphology
directly affects fluid dynamics, much like the branching structure of dendritic trees
affects the passive flow of electric current in neurons (Lindsay et al., 2004).
Computational neuroscience simulations are often based on computer models built on
detailed digital reconstructions of neuronal morphology, enabling detailed investigation
of the relationship between dendritic structure and activity. Digitally reconstructing
neuronal dendrites (from microscopic imaging) also enables extensive statistical analysis
and comparison across neuron types, brain regions, species, and experimental conditions.
Here we adapted the same approach to a different scale, with the goal of quantitatively
characterizing the entire vascular arborization non-invasively imaged by MRA in a
sufficiently large sample of human subjects to allow statistical comparison between
genders, ages, hemispheres, and main arterial trees. Earlier imaging data based upon
hemodynamic response of blood vessels provided useful information on vascular
anatomy, including arterial bifurcations (Fanucci et al., 1988, 1990; Rossitti and Lofgren,
1993; Karch et al., 2000) and branch tapering (MacLean et al., 1992, Roach and
MacLean, 1993). However, these prior studies were somewhat limited in the number of

subject, completeness of the reconstruction, or detail of the quantitative analysis. Our
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study confirmed and vastly expanded previous results on the arterial morphology of the
human brain.

Precise characterization of vascular anatomy is important for understanding
cerebrovascular diseases (O’Flynn et al., 2007) and formation of intracranial aneurysms
in particular (Canham and Finlay, 2004; Ingebrigtsen et al., 2004; Bor et al., 2008). For
example, aneurysm prevalence varies between genders and hemispheres (Horiuchi et al.,
2006), and sharply increases after the age of 50 (Wardlaw and White, 2000). We
measured an extensive battery of global and local morphological properties from the
entire vascular arbors to individual arterial branches, including but not limited to size,
distances, and angles. None of these geometric features explain gender or hemispheric
differences in aneurysm prevalence. However, several differences across age emerged
when separately examining bifurcating and terminating branches. Nevertheless, of the 61
subjects used in this study only two females and one male were over the age of 50.
Therefore, more data will be needed on older individuals to provide accurate insight into
morphological characteristics that might support age prevalence of aneurysms. The most
dramatic morphological differences were found between bifurcating and terminating
branches, and between bifurcating branches farther and closer to the CowW. These
findings raise the intriguing possibility of a structural underpinning of the prevalence of
aneurysms near bifurcations (Norman et al., 2010) and closer to the CoW (Kayembe et
al., 1984), where almost all branches are bifurcating rather than terminating.
Interestingly, tortuosity, usually associated with greater hemorrhagic prevalence,

increased with distance from the CoW and was higher in terminating than bifurcating
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branches. As expected, we found significant differences in the sizes of individual arteries
(MCA being the largest and PCA the smallest), which were typically, but not always,
consistent across subjects. Local branch properties were similar among arteries and no
differences were found between genders and hemispheres in individual arterial trees.
Thus, the examined morphological parameters cannot explain the prevalence of
aneurysms in the right ACA of males (Horiuchi et al., 2006).

Lateralization of brain function is reflected in major behavioral and cognitive
traits. Thus, it was somewhat surprising to find no statistically significant differences in
any local or global morphological parameter between right and left arterial vasculatures
across the population sample. Specifically, inter-hemispheric differences were present to
variable degrees in all individuals, but without a net right or left prevalence. Laterality
was similar between males and females, across ages, and was greater for ACAs than for
MCAs. The variability of whole arterial arbor size was also similar between genders, and
was consistent across individual arteries (i.e. larger right MCA was predictive of larger
left ACA), indicating that vascular trees do not compete with or compensate for each
other. Both local and remote branching angles remained remarkably constant throughout
the arterial vasculature. Arterial bifurcations started at near-orthogonal angles and
systematically closed in to significantly narrower remote amplitude. These observations
are consistent with optimal design principles proposed to explain other aspects of arterial
geometry and function, such as the “principle of minimum work™ (Rossitti and Lofgren,
1993), Murray’s Law of dissipation (Sherman, 1981; Painter et al., 2006; Liu and Kassab,

2007), and fractal scaling (Kassab, 2006; Zamir, 2001) similar to other biological systems
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(Kamiya and Takahashi, 2007). In contrast, the lack of branch-level differences between
hemispheres or among MCAs, ACAs, and PCAs suggests an absence of functional
differentiation among cortical regions (e.g. visual vs. motor areas).

While 3T TOF MRA remains the preferred routine technique for detailed
morphological analysis of brain arteries (Ahmed and Masaryk, 2004; Insko and
Carpenter, 2004; Bammer et al., 2005; Parmar et al., 2005), it is important to recognize
its limits. These include saturation of the signal in the direction that is parallel to slab
orientation and reduced visibility in the branches with slower flow velocity and near the
top of the imaging slab (Wilms et al., 2001), which may have affected our analysis. Yet,
while the number of missed branches is greatly reduced from 1.5T to 3T, the relative gain
is much more modest if not altogether negligible from 3T to 7T (Nowinski et al, 2011).
Moreover, in TOF MRA arterial vessels may appear thinner than in actuality (VVaphiades
and Horton, 2005), and the apparent vascular caliber varies with blood flow. For these
reasons, we have avoided reporting diameter information. All metrics of size, distance,
angles, and topology analyzed in this study are independent of diameter and unaffected
by related imaging artifacts. It is possible that arterial thickness is essential to explain
gender, age, and hemispheric prevalence of aneurysms. Our limited evaluation of arterial
diameter in the first few branch orders from the CoW, however, revealed no significant
difference by age or gender. The availability of all reconstructions in our database
enables future investigation of additional aspects of arterial morphology with due
interpretative care. It would be particularly interesting to compare the diameter measures

of these reconstructions with physical “ground truth” measures to facilitate better
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estimates from non-invasive imaging. Interestingly, diameter determination is a limiting
factor in the morphometry of neuronal dendrites as well (Scorcioni et al, 2004), although
the source of the problem is obviously different.

Despite these limitations, this study and the accompanying database provide an
unprecedented normative collection of quantitative morphometric parameters measured
from in vivo 3D imaging of the arterial vasculature of the human brain. This data set can
be extended in future studies to a broader range of ages, integrated with other imaging
modalities, augmented with vein information, and compared with different experimental
conditions including pathological states. Moreover, the reconstructions can be used to
implement complex computational models of fluid dynamics that may aid understanding

of physiological function and cerebrovascular diseases.
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CHAPTER THREE: SUBJECT SPECIFIC MODELS OF BLOOD FLOWS IN
CEREBRAL ARTERIAL TREES FROM HIGH-RESOLUTION MAGNETIC
RESONANCE IMAGES

Introduction
Vector representations (digital reconstructions) of vascular trees can be used to

create three-dimensional Computational Fluid Dynamics (CFD) models of the blood flow
in healthy human brain vasculatures. Hemodynamics variables including velocity,
pressure, and wall shear stress (WSS) can be obtained from such models. Computer
simulations of blood flow through the circle of Willis and cerebral arteries provide useful
information and insights into the normal cerebral hemodynamics, which can be used for

quantitative comparison with pathological conditions such as intracranial aneurysms.

Methods

Digital Reconstructions
MRA data stacks were used to create digital reconstructions of human brain

vasculature. As described in Chapter Two, these were 3T time-of-flight MRA scans
spanning the entire cerebral volume at 0.6mm isotropic resolution. These digital
reconstructions consisted of manual reconstructions of the circle of Willis and main
cerebral arteries as a series of interconnected tapering cylinders characterized by their

coordinates, diameter, and link to the previous node.
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Geometric Models
Geometric models (N = 6) were then created from these digital reconstructions.

Figure 3.1 outlines the steps used to create these geometric models. The research team at
the Center for Computational Fluid Dynamics at George Mason University has developed
in-house software that is used in the creation of CFD models, and was used for the
creation of these models. The software includes: 1) ZMD for anatomical modeling 2)
GENB3D for mesh generation 3) FEFLO for the numerical solution of the blood flow 4)
ZFEM for the visualization of the results, and follows the modeling pipeline (Cebral et
al., 2005). Figure 3.2 shows examples of the reconstructions used for the geometric
models.

In order to create the geometric model, a cubic spline was used to fit the
centerline and radius of each arterial branch. A cylindrical surface triangulation was
constructed along each branch. Then, all the branches were merged using an adaptive
voxelization technique, resulting in watertight surface representation of the brain
vasculature. Cuts were made in the models to allow inflow and outflow; all branches
were cut perpendicularly to the axis in the last generation of the arterial tree
reconstructions. Examples of these steps are shown in Figure 3.3. The models were
checked for errors such as zero diameter-branches, intersecting branches, spatially
overlapping branches, disconnected branches, etc., (Halavi et al., 2008). The next step
was the creation of the volumetric mesh, shown in Figure 3.4. The surface of the models
underwent a triangulation (advancing front technique), and this surface was then used to
generate a volumetric grid of composed of tetrahedral elements that fill the interior of

anatomical model using an advancing front method (Lohner, 2008). The element size, the
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fixed number of elements in a cross-section, was specified using vessel skeletons from
the reconstructions. Then, CFD models were made and visualized. Unsteady blood flow
simulations were carried out on one data set using the computational grid and a flow
solver. The 3D compressible Navier- Stokes equations:

V:i:v=0

p(g -i—v-Vv) =—Vp+V.7+f

which are used to mathematically model blood flow (Mazumdar, 1992, Kundu and
Cohen, 2004), were numerically solved using an implicit finite element formulation on
unstructured grids. In order to solve these equations, boundary conditions must be
specified. For these models, pulsatile flow wave forms from reconstructions of phase
contrast magnetic resonance images of normal subjects were imposed at inlets (internal
carotid arteries and basilar arteries) and zero pressure boundary conditions were imposed
at outlets. These boundary conditions assume that distal resistances are equivalent, and
are not entirely physiologically correct. A deflated preconditioned conjugate gradients
algorithm was used to solve the pressure Poisson equation at each step of the
incompressible flow calculation (Aubry et al., 2008). The CFD calculations resulted in
values for unsteady pressure, velocity, and WSS fields along the brain arteries. The
highest WSS was centered around the CoW, where there is a high incidence of
aneurysms. The techniques necessary for calculations of these values were well-suited for

elongated domains, and therefore were much faster than previous attempts.
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Methods

MRA Data Create Volumetric | —)
Stacks Mesh CFD Models

|

g
Digital _ —
Reconstructions of Create Geometric Visualization
Human Brain : D Models

Vasculature

Figure 3.1. Schematic of Methods to create CFD models from MRA data stacks.

Figure 3.2. A. Max-intensity projection of MRA data set in coronal view. B.
Example of a reconstruction; front view. C. Example of a reconstruction; side
view.
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Figure 3.3. A. Cylindrical surface triangulation of a cubic spline. B.
Adaptive voxelation merge. C. Uncut termination point. D. Cut
termination point.
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Figure 3.4. Zoom-in of volumetric mesh of the circle of Willis.

Results
CFD simulations were successfully carried out in these complex geometries,

shown in Figure 3.5. The deflated conjugate gradient algorithm that was used to solve the
pressure Poisson equation at each time-step of the incompressible flow calculation runs
approximately 4-5 times faster than conventional conjugate gradient schemes, making
these large calculations feasible and practical. This is a feasible method for subject-

specific models of blood flow in cerebral arterial trees reconstructed from high-resolution
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MRA images. Computer simulations of blood flow through the circle of Willis and
cerebral arteries provide useful information and insights into the normal cerebral
hemodynamics which is useful for quantitative comparison with pathological conditions

such as intracranial aneurysms.

Figure 3.5. A. & B. Surface shading of CFD values, pressure and WSS, respectively.
C. through H. Stream lines of blood flow at different views; (C) Front view, (D)
Zoome-in of circle of Willis, (E) Side view of inflow from both internal carotid
arteries, (F) Side view of inflow from one internal carotid artery, (G) inflow from
basilar artery and half of the circle of Willis, (H) Inflow from basilar artery to
posterior cerebral arteries (cooler colors = lower velocity, warmer colors = higher
velocity).
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Conclusions
For the CFD models described here, the boundary conditions were idealized.

Because of this, these models mostly serve to show that it is possible to make subject-
specific models of blood flow in human cerebral arterial trees in this manner. These
simulations show that you can use reconstructions to create 3D models of arterial tree
networks and using techniques described here, flow simulations can be done in a practical
manner which enables future studies in normal subjects. Additionally, these simulations
show the feasibility to construct 3D models of hundreds of subjects in an efficient
manner. Currently, work is being done to determine the physiological boundary

conditions in order to get more realistic flows.

Future Directions
The next step of this project is to study how to best apply the boundary conditions

for a vessel network (N = 1). This will be carried out by rendering the problem as a
minimization problem (e.g. of the total energy required to transport blood to the brain)
and estimating the flow distribution to achieve this minimum. Then, simulations (N = 10)
will be carried out to see how the blood flow distribution looks along the trees. It is
estimated that it will take approximately one year to determine the boundary conditions.

Future work will focus on improving boundary conditions for WSS, pressure, and flows.
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CHAPTER FOUR: CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions
The work described in this dissertation has exploited neuroinformatics tools to

create improved digital reconstructions of human brain vasculature and provided an
extensive characterization of the morphology of the cerebral arteries, which has the
potential to play a fundamental role in the ability to recognize and possibly predict
vascular anomalies that lead to pathology/disease. The brain vasculature of 61 healthy
volunteers was digitally traced from 3T MRA data, and all cerebral arteries were
morphologically quantified with both global and local analyses. The digital
reconstructions were used to create subject-specific models of blood flows in the cerebral
arterial trees. Estimations of the arterial branch geometry and bifurcation characteristics,
as well as information about the regional distribution of these brain arterial trees were
also provided, and can be used as a guide and/or as a way to test methods for constructing
arterial tree models. Finally, the reconstructions, metadata, and morphometric
measurements have been archived in a database that will be made freely available online.
The digital reconstructions created here have verified that it is possible to use the
same methods previously used to reconstruct neuronal trees. Taking advantage of the 3T
MRA data stacks, the Neuron_Morpho ImageJ plugin was used to create detailed
reconstructions of the circle of Willis and the six major arteries that stem from it. The

arterial trees are represented as a set of cylinders, with information about the diameter,
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spatial coordinates, and connectivity to the other cylinders in the tree represented for each
individual compartment. The ACAs, MCAs, and PCAs were reconstructed for
approximately 300 mm from the circle of Willis, for approximately 15 bifurcation points
along the paths that were traced, resulting in a novel data set regarding the sample size
and completeness.

These detailed digital reconstructions of healthy human arterial trees were then
used to carry out an extensive morphological study of brain vasculature. Knowledge of
the morphology of these arteries leads to increased knowledge of which characteristics
are considered normal, and which are not. The major results of the morphometrical
analysis were: 1) the size and overall structure varied with artery type but not gender,
age, or hemisphere, 2) the size of the three major arterial trees from the circle of Willis
covaried across individuals such that subjects with one artery that was larger than average
tended to have all other arteries larger than average, 3) a net right-left preference across
the population in any of the individual arteries was not present, but within subjects, the
ACAs were more lateralized than MCAs, 4) all three types of arteries had similar branch-
level properties, 5) throughout the arterial trees, the bifurcating branches were
significantly shorter and straighter than terminating branches, and 6) the length and
meandering of bifurcating branches increased with age and path distance from the circle
of Willis.

These subject-specific digital reconstructions were also used to create 3D CFD
models of the blood flow in healthy human brain vasculatures, and hemodynamics

variables including velocity, pressure, and wall sheer stress were examined. The main
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purpose of these models was to show that it is possible to create subject-specific models
of blood flow in human arterial trees in this manner. Also, a new algorithm was used to
solve the pressure Poisson equation and was faster than conventional methods, proving
that these large calculations were both practical and feasible. Physiological boundary
conditions would need to be applied to these models to get more realistic flows as results
that could then be used for a quantitative comparison with pathological conditions.

The reconstructions, metadata, and morphometric measurements have been
archived in a database that is freely available online. This will allow other researchers to
carry out additional studies on the morphology of human brain vasculature, or to do
additional analysis of the geographic and territorial characterization of the brain arterial
trees. Other researchers may be able to use these reconstructions to create additional
subject-specific CFD models.

The morphometric analysis described in this dissertation reproduces and greatly
extends previous knowledge of the human cerebrovascular architecture. The variability of
overall size was similar to that reported for other measures of human body size (e.g. ISO,
2010). A previously reported measure of total arterial length from a single (51 year old
male) subject fell approximately half a standard deviation from our sample mean and

within our sample range by a comfortable margin.

Future Directions
Although the research carried out here significantly contributes to the knowledge

of cerebrovascular architecture in healthy human adult subjects, there are still several

interesting questions that remain. It should be reiterated that the analyses carried out
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throughout this dissertation were from healthy subjects where only the gender and age of
the subjects was recorded. It would be interesting and helpful if, in the future, arterial
reconstructions were done on both healthy and diseased data sets where additional
information was also recorded, such as height and weight of the subject, 1Q, occupation,
and hobbies and interests. Additionally, digital reconstructions of subjects that are
younger and older than the subjects used throughout this study, as well as data sets from
higher tesla scans or other imaging techniques would also be useful in future studies. The
reasoning behind such additional information is outlined below.

Knowledge of the height and weight of the subjects whose brain arteries were
reconstructed would allow us to see if the sizes of the vessels in the brain correlate to the
sizes of the individuals. Males tend to be taller and weigh more than females. The
morphometrical analysis revealed that height was the only metric that was statistically
significantly different between males and females (85.66+4.14 mm vs. 83.81+2.94 mm,
p=0.0006). Additionally, an investigation of the morphological homeostasis of brain
arteries found that if the vasculature is big, every artery is big, and if the vasculature is
small, every artery is small. It would be interesting to see if these results correspond with
the height of the individuals, and also, what role, if any, that weight may have on the size
of an individual’s arterial dimensions.

Information on the 1Q, occupation, hobbies and interests of an individual would
be useful for further lateralization analysis. Figure 2.5 shows that an in-depth evaluation
of the length and laterality of the digital reconstructions revealed that there are

differences across arteries. A strong linear correlation between the right and left lengths
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across the sample and within genders, age groups, and artery types was shown. No
overall hemispheric dominance was seen across the sample. An investigation of
individual lateralization revealed that the laterality was statistically equivalent between
age groups and genders, when it was calculated by artery pair or by the complete
hemispheric vasculatures of the individuals. The only difference between cerebral arteries
was that the ACAs were significantly more lateralized than MCAs. Additional
information about the subjects would be useful in determining if the lateralization of
individual arteries can predict characteristics that an individual may possess, or provide
insight into an individual’s behavior, personality, or creative abilities.

The morphological analysis carried out in this dissertation revealed differences in
bifurcating and terminating branches. As seen in Table 2.1, large and highly significant
differences were seen in branch path length, tortuosity, and fractal dimension, with
terminating branches being an average of 73% longer, 28% more tortuous, and 6% more
fractal than bifurcating branches. The age of the subjects also had an effect on these
metrics, as seen in Figure 2.4, but no differences were observed between genders or
hemispheres. For both bifurcating and terminating branches, as age increases, tortuosity
also increases. As age increases, fractal dimension increases only with terminating
branches, while branch length increases only in bifurcating branches. The reasons for
these trends are not clear, and will require further analysis.

None of the results of the morphometrical analysis provided any insights into
gender or hemispheric differences in aneurysm prevalence. As most aneurysms occur in

individuals over the age of 50, and only two of the 61 subjects included in this study were
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over the age of 50, including more data on older subjects in future studies would be
useful in providing more information. Including younger subjects as well as patient data
would also be useful to answer these questions.

Data from higher tesla scans or other imaging techniques would be useful for
increasing the accuracy of the digital reconstructions. Metrics that depended on diameter
of the vessels were purposely avoided in the analysis discussed throughout this
dissertation, and could be helpful in explaining age, hemispheric, or gender prevalence of
aneurysms. Future digital reconstructions of diseased patients would obviously also be
quite valuable.

In the immediate future, additional metrics could be analyzed to characterize the
arterial trees. L-measure (http://krasnowl.gmu.edu/cn3), the tool used for the
morphometric analysis, supports several dozen morphometric functions, and only the
most relevant metrics for vascular trees were analyzed for this study. The data could also
be divided into various age groups and re-analyzed. The geographic and territorial
analysis presented here could also be built upon. Additionally, more CFD models could
be developed.

The analysis and accompanying database presented in this dissertation provide an
extensive collection of normative quantitative morphometric parameters measured from
in vivo 3D imaging of human vascular arteries. The data and CFD models can be
broadened in future studies to help answer the questions that remain, and can potentially

aid in understanding and treating cerebrovascular diseases.
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APPENDIX ONE: MORPHOMETRIC, GEOGRAPHIC, AND TERRITORIAL
CHARACTERIZATION OF BRAIN ARTERIAL TREES

[Fernando Mut, Susan Wright, Giorgio Ascoli, Juan Cebral]

Abstract
Morphometric information of the brain vascularization is valuable for a variety of

clinical and scientific applications. In particular, this information is important when
creating arterial tree models for imposing boundary conditions in numerical simulations
of the brain hemodynamics. The purpose of this work is to provide quantitative
descriptions of arterial branches, bifurcation patterns, shape and geographical distribution
of the arborization of the main cerebral arteries as well as estimations of the
corresponding vascular territories. For this purpose, subject-specific digital
reconstructions of the brain vascular network are created from 3T magnetic resonance
angiography images of healthy volunteers, and used to derive population averaged

morphometric characteristics of the cerebral arterial trees.

Introduction
Detailed knowledge of the brain vascular architecture is important for gaining

insight into a variety of vascular pathologies and brain diseases. In particular, knowledge
of the distribution of hemodynamic quantities in the cerebral arteries is important to
understand the pathophysiology and pathogenesis of cerebrovascular diseases such as

intracranial aneurysms (Sforza et al., 2009). The hemodynamics in cerebral arteries has
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been studied with patient-specific computational fluid dynamics models (Oshima et al.,
2001, Cebral et al., 2003). These numerical simulations require specification of
appropriate outflow boundary conditions (Olufsen, 1999, Cebral et al., 2003, Cebral et
al., 2000). The flow division among the different arteries is largely determined by the
relative impedance of the distal vascular beds. Thus, researchers have estimated these
impedances by developing arterial tree models. A variety of methods have been
developed to build realistic arterial trees (Olufsen et al., 2000, Karch et al., 1999, Bui et
al., 2010, Dokoumetzidis and Macheras, 2003) and scaling laws for vascular trees have
been proposed (Kassab, 2006, Zamir, 1999). These approaches require the specification
of a number of parameters and constraints related to the arterial branch geometry and
bifurcation characteristics. The purpose of this paper is to provide estimations of these
parameters as well as information about the regional distribution of the arterial trees of
the brain based on in vivo human data that can be used to guide and/or test methods for

constructing arterial tree models.

Methods

Vascular Reconstructions
A total of 61 digital reconstructions of healthy human arterial networks were

created from 3T magnetic resonance angiography (MRA) images. These images were
acquired with a field of view that spanned the entire brain at an isotropic voxel resolution
of 0.6 mm. The brain arterial network of each subject was manually traced using a
software tool originally designed for reconstruction of neuronal trees

(www.neuromorpho.org). This tool was implemented as a plug-in extension of the
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ImageJ software developed at the National Institute of Health (http://rsbweb.nih.gov/ij/).

The centerline and diameter of each arterial branch were reconstructed by interactively
selecting voxels on the MRA image rendered as 2D slices in three orthogonal planes.

Avrterial branches and bifurcations were digitally represented as a set of
interconnected tapering cylinders characterized by the X, y, z coordinates along their
centerlines and corresponding radius, and connection to the parent branch or node.

The vascular reconstructions were systematically checked and verified by running
a battery of tests in order to detect defects such as intersecting arterial segments, zero
diameter branches, overlapping branches, disconnected nodes or branches, etc. The
reconstructions were also checked by visual inspection of the vascular model overlaid to
the MRA slices and to volume renderings of the 3D MRA images in order to verify the
topology and geometry of the vascular models. When detected, the errors were removed
by editing the reconstructions and the tests were run again until no new problems were
found.

Subsequently, the vascular models were smoothed and re-parametrized by passing
cubic splines along the centerline each arterial branch. Finally, the arterial trees
corresponding to the six main cerebral arteries emanating from the circle of Willis were
identified and labeled: left (L) and right (R) anterior cerebral artery (ACA), middle
cerebral artery (MCA) and posterior cerebral artery (PCA).

The reconstruction process is illustrated in Figure Al.1. The top row of this figure
shows a coronal slice of the MRA dataset of one of the subjects at the level of the circle

of Willis (a), a maximum intensity projection (MIP) of the vasculature (b) and a volume
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rendering of the brain arteries (c). The bottom row of this figure shows the reconstructed
arterial centerlines colored with the vessel radius (d), the reconstructed arterial model
rendered as a 3D surface (e), and the labeling of the main arterial trees (LACA=green,
RACA=yellow, LMCA=cyan, RMCA=red, LPCA=magenta, RPCA=Dblue) of the

vascular model (f).

Figure Al.1: Reconstruction of vascular trees from MRA image data: a) slice of
MRA at the level of the Circle of Willis, b) maximum intensity projection of MRA
image, c¢) volume rendering of MRA image, d) tracing of arterial network, e)
reconstruction of arterial networks, ) labeling of arterial trees.
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Arterial Tree Characterization
The nodes of each arterial tree were classified as: a) the root node (node at the

origin of the tree with no connection to a parent node), b) terminal nodes (with no
children nodes), c) internal nodes (with only one child node and one parent node), and d)
bifurcation nodes (with two children nodes and a parent node). Arterial branches were
then identified as the set of connected internal nodes between bifurcation or terminal
nodes. Arterial branches and bifurcation nodes were assigned a branch order or
generation number by recursively traversing the tree starting at the root node and
incrementing the generation number at each bifurcation node. The geometry and
branching pattern of the tree were then characterized by measuring quantities defined at
each branch and at each bifurcation. The geometry of each branch was characterized by
its geodesic (S) and Euclidean (L) lengths, the mean radius along the branch (R), the
branch tortuosity (T=S/L), and its aspect ratio (A=S/R). Bifurcations were characterized
by measuring parent-children and children-children ratios of branch lengths (LR=Lo/L;
and Lj/L;), mean radius (RR=R¢/R; and R1/Ry), bifurcation law (n such that
Ro"=R;"+R,"), and bifurcation angles between the parent and each of the children
branches. Here O represents the parent branch, i represents each child branch ordered by

size (1 is larger, 2 is smaller).

Vascular Atlas and Territories
In order to build probabilistic vascular and territorial atlases, the 61 vascular

reconstructions were aligned to a common reference frame. For this purpose, a landmark
point (the tip of the basilar artery) was manually identified in all models and used as the

origin of the reference frame. Then, three main directions (left-right, anterior-posterior,

71



and inferior-superior) were identified using a principal component analysis (PCA).
Specifically, the left-right direction was found by performing a PCA analysis that
computed the plane that best separates the left and right arterial trees. Then, the anterior-
posterior direction was found with a PCA analysis that computed the plane that best
separated the anterior cerebral from the posterior cerebral arterial trees. The inferior-
superior direction was then defined as perpendicular to the other two directions. Next, all
vascular models were translated to the common origin (basilar artery tip) and rigidly
rotated to make their principal directions coincide.

The bounding box enclosing all 61 aligned vascular models was computed and
used to create a 3D image or voxelization composed of 5122 isotropic voxels.
Subsequently, each arterial tree of each subject was voxelized, i.e. voxels intersecting the
vascular model were painted white while empty voxels were left black. A population
averaged or generic brain region or mask was then created by rasterizing (i.e. computing
the convex hull of) all voxels touched at least once by any branch of any tree of any
subject. A probabilistic vascular atlas for each of the six cerebral arterial trees was then
created by computing the occupancy probability of each voxel in the rasterized brain
region.

Vascular territories, i.e. regions perfused by each arterial tree, of each subject
were approximated by assigning each voxel of the population averaged brain to the
closest arterial tree using an advancing regions growing technique. Territorial probability
maps, i.e. probabilistic territorial atlases, were then computed from the vascular

territories of the 61 subjects by counting the number of times a voxel belongs to the
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vascular territory of a given tree. Watershed regions between pairs of territories were
identified by finding voxels with non-zero probabilities of belonging to the two adjacent
territories. Relative volumes of all territories and watershed regions were calculated.

The process is illustrated in Figure Al.2 that shows: the alignment of the vascular
models of two subjects (a), the alignment of the arterial trees of all 61 subjects (b), the
arterial trees of one subject superposed to the rasterized or population averaged brain
region (c), and the vascular territories of the left (transparent red) and right (transparent
cyan) middle cerebral arteries of one subjects along with the corresponding arterial trees.
In this figure, the vascular territories (d) and the brain volume (c) were rendered by
extracting an iso-surface corresponding to 0.5 probability of belonging to each region and

plotting these iso-surfaces with transparency.

Figure A1.2: Vascular atlas and territories: a) alignment of vascular trees of two
subjects, b) alignment of vascular trees of 61 subjects, c) rasterized brain volume and
arterial trees of one subject, d) vascular territories corresponding to left and right
MCA trees of one patient.
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Results

Branch Geometry
Geometric characteristics, including geodesic and Euclidean length, mean radius,

aspect ratio, and tortuosity were calculated for each branch of each of the vascular trees
and for all subjects. Population averages were computed for each branch order or
generation of each of the brain arterial trees. Averages were computed over all subjects
and both hemispheres. The results are presented in Figure A1.3. This figure shows how
the population average of the branch geodesic length (a), mean radius (b), aspect ratio (c),
and tortuosity (d) varies along the generations of each arterial tree. We can see that
branch radius decrease with branch order and that lengths and aspect ratio peak between
generations 4 and 7 and then continue to decrease as the generation order increases.
Branch tortuosity increases up to about generation 8 and then seems to stabilize or

slightly decrease in the terminal branches.
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Figure Al1.3: Geometric characteristics of arterial tree branches as functions
of branch order: a) branch geodesic length along trees, b) branch mean radius
along trees, c) branch aspect ratio along trees, d) branch tortuosity along trees.
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Bifurcation Characteristics
Similarly, bifurcation characteristics were computed by averaging over subjects

(population average) and hemispheres for all bifurcation generations of each arterial tree.
The branching pattern characteristics of each arterial tree are presented in Figure Al.4.
This figure shows the variation of the population average of the length and radius ratios,
the bifurcation power law exponent between parent and children branches, and the
parent-child angles along each tree (i.e. as a function of the branch or bifurcation
generation). We can see that all these values remain roughly constant after about the third
generation, except for the power law exponent of the PCA trees which exhibits a larger
variation. These results indicate that the largest child, i.e. with larger mean radius, has
roughly a length 130% of the parent branch length (panel a) and a radius about 90% of
the radius of the parent branch (panel b). Conversely, the smallest child has a length of
about 50% of the parent branch length (panel a) and a radius about 75% of the radius of
the parent branch (panel b). Additionally, for each arterial tree the smallest child tends to
bifurcate with a larger angle (above 55 degrees) than the largest child (angle below 50
degrees), as can be seen in panel c¢: red and magenta curves for ACA, green and cyan
curves for PCA, and blue and brown curves for MCA. This suggests that the trees do not
bifurcate symmetrically. Instead, when each artery reaches a bifurcation point, it curves
and gives off a thinner and shorter branch, and continues with roughly the same radius for
a longer distance. This branching pattern is schematically illustrated in panel e.
Interestingly, the bifurcation power law exponent (panel d) remains roughly constant for
all generations with a value around 2.5 (except for larger variations seen in the PCA

trees). This value seems to indicate that the branching pattern satisfies a principle of
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minimum work. Another interesting observation is that on average the bifurcation
characteristics of the cerebral arterial trees seem to remain roughly constant for

generations beyond 3, i.e. they exhibit a roughly fractal behavior.
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Figure Al.4: Bifurcation characteristics as functions of branch order: a)
daughter to parent length ratios, b) daughter to parent radius ratios, c) daughter
to parent bifurcation angles, d) bifurcation power law, e) schematics showing
the general characteristics of arterial bifurcations.
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Tree Shapes
The shapes of the arterial trees of each patient were characterized using a

principal component analysis. The shape of each tree was quantified by computing the
extension of the tree along three orthogonal principal directions of elongation. The
distribution of sizes along the three principal components of each tree is presented in
Figure A1.5. Different colors were used for the ACA, MCA and PCA trees. Clustering of
the shapes of the ACA, MCA and PCA trees can be clearly observed. This means that the
trees of different subjects have similar shapes. The range, mean and standard deviation of
the three principal directions of each group of trees computed over the subject population
are given in Table Al.1. The trees closest to the mean of each cluster are shown at the
right of Figure AL1.5. These are representative examples of the shape of the trees in each
group. In particular, the ACA trees appear flatter (one dimension smaller than the other
two), the MCA trees appear more isotropic (all three dimensions are similar), and the

PCA trees appear elongated (one dimension longer than the other two).
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Figure AL.5: Principal component analysis of arterial tree shapes: a) distribution
of tree sizes along three principal size directions, b) example of ACA tree closest to
the mean, ¢) example of MCA tree closest to the mean, d) example of PCA tree closest

to the mean.
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Table Al.1: Distribution of height, depth and width of brain arterial trees.

Arterial tree Value Height | Depth | Width
Mean 7245 | 109.07 | 2597
Standard dev| 744 | 1431 | 540
ACA
Min 496 | 5146 | 10.23
Max 0796 | 1488 | 48.05
Mean 69.40 | 10555 | 38.48
Standard dev| 337 | 1001 | 3.02
MCA
Min 5146 | 76.88 | 32.86
Max 8463 | 12711 | 48.05
Mean 3243 | 66.27 | 30.50
Standard dev| 1022 | 6.69 6.86
PCA
Min 2139 | 5146 | 155
Max 7409 | B5.56 | 49.29

Territory Characteristics
The probabilistic atlases computed from the vascular reconstructions of the 61

subjects are presented in Figure AL.6. In order to visualize the probabilistic vascular atlas
of each arterial tree, the probability that a voxel belong to a given arterial tree was
encoded with a grey level value and displayed using volume rendering techniques (six

leftmost panels). Thus, the grey level values in these images represent the probability of
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occupancy of each voxel by a branch of each arterial tree. The territorial probabilities
(rightmost panel) were visualized by plotting transparent iso-surfaces corresponding to

probability of belonging to each territory > 0.5.

territorial atlas

Figure Al.6: Probabilistic vascular atlases (left) and probabilistic territorial
atlas (right).

81



The probabilistic geographic partition of the brain volume into vascular territories
corresponding to each cerebral arterial tree is presented in Figure AL1.7. This figure shows

the territories of the ACAs, MCAs, and PCAs from three orthogonal viewpoints.

horizontal

coronal

sagittal

Figure AL1.7: Probabilistic territorial atlas from 61 subjects corresponding to each
cerebral arterial tree (ACA, MCA and PCA), from three orthogonal viewpoints
(horizontal, coronal and sagittal).
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Relative volumes of the territories with respect to the PCA territory are presented
in Table A1.2 for the left and right hemispheres. The volumes of the vascular territories
were estimated by thresholding the probabilistic territorial atlas (denoted Atlas in the
table) as well as by averaging the territories of all subjects in the population (denoted
population average in the table). Both estimates are in good agreement, they coincide
well within one standard deviation. These results indicate that the territories of the middle
cerebral arteries are about 2.53 to 2.99 times larger than those of the posterior cerebral
arteries. Similarly, the territories of the anterior cerebral arteries are 1.28 to 1.59 times

larger than those of the posterior cerebral arteries.

Table Al.2: Relative volumes of vascular territories.

Side Relative volume
Territorv
Atlas | Population average

Right | 2.99 2.8 (051
MCA/PCA

Left | 2.53 242 (x042)

Right | 1.59 1.54 (x0.42)
ACAPCA

Left | 1.28 1.37 (£0.32)
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The geographic locations of the watershed regions are presented in Figure A1.8.
This figure shows regions that have probabilities above 0.5 of belonging simultaneously
to the territories of the ACA and the MCA (denoted ACANMCA), the MCA and PCA
(denoted MCANPCA), and the PCA and ACA (denoted PCANACA). The relative
volumes of the watershed zones with respect to the PCANACA (smallest watershed
region in each hemisphere) are presented in Table Al1.3. These results show that the
watershed region between the MCA and the ACA are the largest and is about 16 times
larger than the PCA and ACA, followed by the MCA and PCA watershed region which is

about 12 times larger than the PCA and ACA.
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ACANMCA MCANPCA PCANACA

horizontal

coronal

Figure Al1.8: Probabilistic atlas based on data from 61 subjects of watershed
zones between vascular territories of main cerebral arteries, from three
orthogonal viewpoints (horizontal, coronal, and sagittal).
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Table Al.3: Relative volumes of watershed regions.

Watershed temitorv Side | Relative volume
Right 16.37
(MCAMNACA)/ (ACANPCA)
Left 16.34
Right 11.62
(MCANPCA)/(ACANPCA)
Left 12.39

Discussion
In vivo morphometric characteristics of the arterial vascularization of the human

brain have been extracted from MRA images of healthy subjects. These characteristics
include geometric properties of the arterial branches of the main cerebral arteries as well
as their bifurcation or branching pattern and their geographical and territorial
distributions. Generic values of a variety of geometric and bifurcation parameters were
given as population averages at each generation along the arterial trees of the anterior
cerebral artery, middle cerebral artery and the posterior cerebral artery. The results
indicate that the geometric properties of arterial branches follow similar variations along
the generations of the different cerebral artery trees (see Figure Al1.3) Likewise, these
trees seem to follow similar asymmetric bifurcation patterns in which the main arterial
trunk gives off smaller branches as it extends on the brain surface (as illustrated in Figure
Al.4 —panel e). The bifurcation characteristics were found to be roughly constant after
about the third generation for all trees, suggesting a “fractal” branching pattern (i.e.

invariant along arterial generations). However, the vascular trees of the ACA, MCA and
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PCA have in general different shapes (Figure A1.5) and cover territories of different
extensions (Figure A1.7).

Additionally, the artery radius seems to follow a power law at arterial bifurcations
(Figure A1.4 — panel d). Conservation of mass at a bifurcation implies Qo= Q; + Qo,
where Qo, Q1 and Q; represent the volumetric blood flow in the parent and children
branches, respectively. The principle of minimum work applied to a straight circular
cylinder under steady flow conditions implies Q = A x r* (Murray’s law), where A is a
constant, and r the radius of the artery. This law was obtained by minimizing the energy
required to move a volume of blood through a straight artery with a steady flow (i.e.
Poiseuille’s flow) (Murray, 1926). An optimal value of 3 has been proposed for laminar
flow and 2.33 for turbulent flow (Olufsen, 1999). Values ranging from 2 to 3 have been
suggested for pulsatile flows (Painter et al., 2006). Similarly, an extension of Murray’s
law for non-Newtonian flows suggests a value between 2.42 and 3. In this work, a power
law of the form ry" = r;" + r," was proposed and the value of n was fitted at each
bifurcation and population averaged for each generation along the different arterial trees.
It was observed that n fluctuated between 2 and 3 for all generations greater than 3 of all
trees (except for the PCA trees that exhibited larger variations). Thus, the arterial trees of
the brain seem to obey a principle of minimum work; i.e. they are close to the optimal
design for transporting blood with the minimum possible energy. However, it is not
exactly clear which form of the principle of minimum work is the most appropriate to
describe the branching pattern observed in the data presented in this paper. Additionally,

our results indicate that bifurcation angles cluster around a value of 50-55 degrees. These

87



values are consistent with optimal values estimated to minimize work in vascular trees
(Huo et al., 2012).

The information and quantitative values provided in this paper are important for a
variety of applications. In particular, they are useful for specifying morphometric
parameters required by different techniques used for generating computer models of brain
arterial trees. For instance, arterial tree models have been generated using fractal
structured trees (Olufsen, 1999, Olufsen et al., 2000), or using constrained constructive
optimization techniques (Karch et al, 1999, Bui et al., 2010, Schreiner et al., 2000). These
models require for example specification of the bifurcation law exponent, length to radius
ratios, etc. These models have been constructed, for example, with the objective of
estimating impedances of the distal vascular beds and imposing outflow boundary
conditions in computational fluid dynamics models of the brain circulation. The data
presented in this paper is not only useful to prescribe the values of required parameters
but also to impose constraints to the geometric, bifurcation and geographic characteristics
produced by these algorithms, as well as evaluating the anatomical and physiologic
realism of the generated trees.

The current study has several limitations that could affect the values of
morphometric characteristics calculated and should be taken into consideration when
interpreting the results presented in this paper. The limited resolution of the MRA images
used to build the digital reconstructions of the brain vascular network can affect the
estimations of geometric and bifurcation characteristics of the arterial trees, especially in

the smallest arteries. This can be observed as larger variability of the morphometric
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parameters with increasing branch generation, especially beyond generation 10. The
reconstruction method approximates vessel cross sections as circular. This assumption
can have an important effect if the reconstructions are used for instance to calculate
hemodynamic parameters along the trees. The digital reconstructions were created from
3T time-of-flight MRA images. These images suffer from artifacts related to signal loss
in regions of low flow or disturbed flow patterns, which can affect the estimations of the
diameter of the arteries in these regions. The vascular territories were estimated by
partitioning a generic brain volume instead of each subject’s brain volume, and they were
identified by computing the distance to the closest blood vessel instead of estimating flow
distributions. These assumptions can affect the estimations of the relative volumes of the
vascular territories of each cerebral artery. It is worth noting that some parameters are
likely less affected by these sources of errors. For example, estimations of the length of
arterial branches, or bifurcation angles, are likely less affected by limited resolution or
flow related imaging artifacts than estimations of the arterial diameters. Despite these
limitations and potential sources of inaccuracy, this study provides quantitative values of
a number of important morphometric parameters based on measurements performed on

3D images acquired in vivo in human subjects.

Conclusions
Geometric characteristics, bifurcation patterns, and shape and geographical

distributions of brain arterial structures were quantified from MRA data of normal
subjects. Population averaged quantities are independent of the brain hemisphere,

subject’s gender or age, and therefore can be considered a normative set of generic values
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valid for all subjects in these groups. The parameters that characterize the brain
vascularization are useful to guide and/or constraint methods for building realistic arterial
tree models and to evaluate whether such models are capable of reproducing the
morphometric characteristics extracted from in vivo human data presented here.
Additionally, these vascular and territorial characteristics can be useful for comparing
normal to pathological conditions, and help understand the effects of different diseases

and their treatments.
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APPENDIX TWO: BRAVA: THE DESIGN AND ORGANIZATION OF A
NEUROSCIENCE DIGITAL ARCHIVE

Introduction
Structured databases have proven useful in biomedical research, and are starting

to gain popularity in the field of neuroscience. The creation of BraVa aims to promote
and enable sharing of the digital reconstructions of the human brain vasculature described
in this dissertation. The MRA acquisition for the data sets used to create these digital
reconstructions was expensive and time-consuming. The manual digital reconstruction
process was also very time-consuming, although the software tools used to create these
reconstructions were free. The sixty one digital reconstructions of the human brain
arterial trees used throughout the research in this dissertation have been archived in
BraVa so that other researches may benefit from the work that has already been done.
The intent is that by making these digital reconstructions publicly available, other
investigators may use these reconstructions as a baseline for healthy human brain
vasculature and can analyze these reconstructions further. These digital reconstructions
may also be used for future CFD models, which may help to improve diagnostics and

treatments for cerebrovascular diseases.

Database Design and Organization
All sixty-one of the reconstruction files used throughout the research described in

these studies were archived in the database BraVa and are available for download at
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cng.gmu.edu/brava. In addition to the digital reconstructions of healthy human brain

arterial trees, BraVa also contains the extracted morphological measurements that were
outlined in Chapter Two. This primary design of this database was carried out using
MySQL v. 5.0 (Tahaghoghi and Willliams, 2006, Zawodny and Balling, 2004). The
graphical user interface (GUI) was created using PHP v. 5.2.9 (Sklar, 2004) and HTML
(Shelly and Woods, 2004) programming languages. MySQL is a popular open source
relational database management system (RDBMS) and can be downloaded from

http://www.mysql.com. PHP is a general-purpose scripting language specifically

designed for use on the web that has extensive capabilities to interact with many different
RDBMSs and is freely available at http:://www.php.net/index.php. The GUI,
implemented using PHP and HTML, simplifies the user interaction with the database by
making it accessible via generally available web browsers. BraVa was designed to allow
the user to browse all subjects by their statistics and retrieve information with a search
engine.
Navigation of Database

The following screenshots and descriptions (Figures A2.1, A2.2, A2.3, A2.4,
A2.5, A2.6, A2.7, A2.8, and A2.9) give an overview of the content found in the database

as well as how to navigate the database.
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Tuesday, January 15 2013 Version 1.1

Home page
Browse all files
Search files

Related Links

Help

\\/,
L
S
s
&
rd
Y _plasnciry

9
7,

This database contains digital reconstructions of the human brain arterial arborizations from 61
healthy adult subjects along with extracted morphological measurements.

The arterial arborizations include the six major trees stemming from the circle of Willis, namely: the

left and right Anterior Cerebral Arteries (ACAs), Middle Cerebral Arteries (MCAs), and Posterior
Cerebral Arteries (PCAs).

BraVa - Copyright © 2012

Figure A2.1.Screen shot of the main page of BraVa. This is the starting point for
navigating through the database. The options ‘Browse All Files,” ‘Search Files,’
‘Related Links,” and ‘Help’ are on the left.
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Tuesday, January 15 2013 —_— Version 1.1

Home page 61 subjects are present in the database
Brovise all files

Search files o Complete e ACA e MCA ¢ PCA |Choose a metric -]

Related Links

CODE AGE SEX
Help BGOO1 24 F
BG0002 31 M
BG0003 20 M
BGO4 21 M
BGO5 35 F
BGO6 20 F
BGO7 41 F
BGO8 27 F
BGO09 23 F
BG10 21 F
BG11 44 F
BG12 36 F
BG13 38 M
BHO0015 25 F
BHO0016 28 M
BHO0017 24 F
BHO0018 21 F
BH0019 27 F
BH0020 21 M
BHO021 33 F
BH0022 47 F
BHO0023 19 F
BH0024 22 M
BHO0025 24 M
BH0026 37 F
BH0027 46 F
BH0029 46 M
BH0030 33 F
BHOO031 24 F
BHO0032 48 M
BHO0033 59 M
BHO0034 27 F
BHO0035 24 F
BHO0036 20 F
BHO0037 50 F
BHO0038 22 F
BHO0039 42 F
BH0040 30 F
BI0001 22 M
BH0002 25 F

Figure A2.2. Screen shot of the ‘Browse All Files’ page of BraVa. All 61 files are
archived here, with the option to download the swc files, and view statistics for the
metrics, either by complete tree or selected artery.
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Tuesday, January 15 2013 —_— Version 1.1

Search files

Home page

Browse all files
You can search the subjects by using the metrics:

Search files
.
Related Links \Total number of branches E| \- E| I:E EE l:l
Help - NN GO _ERRNCERNN ]
- NN GO _ERRNCERNN ]
- NN GO _ERRNCERNN ]
- GONR___ EON ERENCERNN ]
And the boolean operator: e AND © OR

AND

You can also search the subjects by only sex and age or filter the Metrics search by:

O - e

SEARCH

Figure A2.3. ‘Search Files’ page. The user can search the files by metric, artery,
hemisphere, or a combination of those metrics, and can also filter by sex and age.
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You can also search the subjects by only sex and age or filter the Metrics search by:

T - e

SEARCH

BraVa

Tuesday, January 15 2013 —_— Version 1.1

Home page 11 subjects that meet the search criteria app in the datab
SEX: Male
AGE between 25 and 35 years

Browse all files

Search files
Related Links o amere 3
Help

AGE SEX

BG0002 31 =

BG0003 29 M

BG15 27 M

BG17 31 M

Set 8 32 M

BG0019 34 M

BG0020 31 M

BG0021 33 M

BH0008 28 M

BH0013 28 M

BH0016 28 M

Figure A2.4. Example of a user searching for Male data between the ages of 25 —
35. 11 subjects that match this criteria exist within the database.
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BraVa

Tuesday, January 15 2013 —_— Version 1.1

Home page Related links

Browse all files

) NeuroMorpho.Org
Search files Archive of digital fons of neuronal i
Related Links CVAPP
Software for visualization of digital reconstructions.
Help

L-Measure

Tool for analysis and search of digital reconstructions.

ICBM angio sequence in edx format
t

ICBM angio sequence in pdf forma

Figure A2.5. The ‘Related Links’ page.
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BraVa

Tuesday, January 15 2013 Version 1.1

Home page elp

Browse all files

The 'Browse' tab displays all arterial reconstructions, linking each to its individual
record. Every record gives access to the digital reconstruction (swc) file and
includes a 3D animation and a web browser-based interactive display. The 'Search’
tab allows users to find records based on the subject, gender, or age, and by the
reconstruction morphometrics.

Search files
Related Links

Help
Please address questions or comments to ascoli@gmu.edu

Figure A2.6. The ‘Help’ page.
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Tuesday, January 15 2013

Home page
Browse all files
Search files
Related Links

Help

Complete Trees - Size

198.00
rotallength (mm) ___ EECKCED
15.00
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[Max euclidean distance (mm) 107.04
Width (mm) 124.62
peight (mm) R
Depth (mm) 124.00

Complete Trees - Branch

JMean local bifurcation amplitude (7)  ELEl]
[Mean bifurcation amplitude (°) 65.56
e o7
Partitionasymmetry  [EH
141
[Branch pathlength(mm)  ELRA
107.00
[Mean bifurcation torque (°) 91.87
e 14.30

1D CODE BG0O1
IAGE (V) 24
F

3D Neuron Viewer in different colors
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MIDDLE CEREBRAL ARTERY (MCA)

MCA - Size LEFT
40.00
1433.76
9.00
203.90
88.45
41.54
69.75
92.38
MCA - Branch LEFT
81.60
s0.36
0.72
0.40
i1
36.76
107.47
83.98
16.39

RIGHT
56.00
1775.72
8.00
213.21
90.68
45.88
77.50
112.22
RIGHT
88.79
51.82
0.73
0.50
1.12
32.29
100.22
94.96
14.61

Morphology File (Standardized
3D Neuron Viewer

Reconstruction animation

[ANTERIOR CEREBRAL ARTERY (ACA)
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otal number of branches
otal length (mm)
[Max branch order
Max path distance (mm)
Max euclidean distance (mm)
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ractal dimension

ranch path length (mm)
Mean bifurcation tilt (°)
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Mean local bifurcation amplitude (°)
Mean bifurcation amplitude (°
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Version 1.1

24.00
762.28
5.00
170.20
90.63
25.42
75.64
102.92

88.18
63.82
0.72
0.43
1.13
33.14
117.23
63.23
16.00

m
3

22.00
454.36
6.00
142.49
84.25
28.83
60.14
58.28

65.77
55.02
0.72
0.36
1.12
21.64
121.83
cocl
10.75

17.00
668.85
5.00
162.44
76.44
29.76
76.88
81.84

80.07
73.58
0.67
0.63
1.14
41.80
102.61
101.21
17.86

2
o)
3

24.00
458.43
7.00
125.34
80.32
34.72
48.36
62.00

102.84
74.44
0.75
0.52
1.09
Ll
108.54
74.99
10.14

Figure A2.7. Overview of metrics for an individual subject. The ID
Code, Age, & Sex for the subject, 2 views of the reconstructed data, and

options for more views of the reconstructed data. The metrics for the

complete tree, as well as the individual arteries are also shown.
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€ C' A 9 cng.gmu.edu/brava/files/file_swc/original/BGO01.CNG.swc Qe =

1 1 86.8 109.12 109.74 1.24 =il li\
2 3 86.8 106.64 109.12 1.24 1
3 3 86.8 105.09 107.88 1.2772 2
4 3 87.42 102.92 106.64 1.24 3
5 3 87.73 101.68 105.4 0.93 4
[ 3 87.11 100.44 104.78 0.93 5
7 3 86.8 97.34 103.54 1.24 [
8 3 86.8 87.42 102.3 1.24 7
9 3 86.49 87.42 101.68 0.93 8
10 3 87.11 87.42 101.06 1.55 9

Figure A2.8. The archived data can be viewed as an SWC file.
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A B

| DB: BGOOO1 494° | DB: BGOO1-ColorCoded. CNG 534°

Figure A2.9. Examples of the various options for viewing the archived data. A.
Animated rotation of data. B. Color-coded animated rotation of data.
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