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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 datasets, or
combinations of the above limitations. Neuroinformatics tools, developed for neuronal arbor
analysis, were used to quantify vascular morphology from 3 T time-of-flight MRA high-resolution
(620 pm 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 total length of the three major
arterial trees stemming from the circle of Willis (from smallest to largest: the posterior, anterior,
and middle cerebral arteries; or PCAs, ACAs, and MCAs, respectively) followed an approximate
1:2:4 proportion. Arterial size co-varied across individuals: subjects with one artery longer than
average tended to have all other arteries also longer than average. There was no net right-left
difference across the population in any of the individual arteries, but ACAs were more lateralized
than MCAs. 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).
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Introduction

Cerebrovascular disorders are the leading cause of death, devastating morbidity, and long-
term disabilities in humans, worldwide. Individual and group variations in the neurovascular
structure—function relationship have not yet been comprehensively investigated. Quantitative
characterization of cerebrovascular architecture from modern magnetic resonance
angiography (MRA) may lead to a better understanding of physiological function and
pathological dysfunction of the cerebrovascular system. MRA is a non-invasive technique
for three-dimensional visualization of cerebral arteries. It is 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 (El-Barhoun
et al., 2009), partial morphometric analyses (Bullitt et al., 2009; Chen et al., 2011), small
numbers of subjects (Canham and Finlay, 2004), and proprietary datasets (Nowinski et al.,
2009a). A more comprehensive structural characterization of the cerebral arterial tree can be
achieved by reconstructing the vascular arborization into an explicit 3D representation
(Bullitt et al., 2005; Passat et al., 2006). In addition to enabling extensive morphometric
analysis, these reconstructions can be used for subject-specific assessment of individual
risks of vascular malformation using fluid dynamics modeling (Cebral et al., 2003; Oshima
et al., 2001). These approaches require specification of appropriate boundary conditions and
constraints related to arterial branch geometry and bifurcation characteristics (Onate et al.,
2000; Olufsen, 1999). However, the difficulties of manually reconstructing extensive
vascular structure limited numerical simulations to synthetic arterial tree models (Bui et al.,
2010; Dokoumetzidis and Macheras, 2003; Karch et al., 1999; Olufsen et al., 2000).

Here, we show that 3D reconstruction of the cerebral arterial vasculature can be achieved
using existing methods originally developed for digital tracing and quantitative analysis of
neuronal trees (Brown et al., 2005; Halavi et al., 2012; Scorcioni et al., 2008). Further, we
demonstrate how the existing analysis methods can be used to study individual and
population differences in cerebral vasculature at the level of the entire vasculature, specific
arteries or single branches. Age-related changes, hemispheric lateralization, and gender-
related difference in cerebral circulation may all be important risk factors in cerebrovascular
disorders (Zanatta et al., 2012; Zurada et al., 2011). For instance, increase in tortuosity of
right arterial trees during normal aging may have clinical implications (Zurada et al., 2010,
2011), while higher rate of subarachnoid hemorrhages in women may be caused by
hormonal differences (Ghods et al., 2012).

This report provides the most extensive quantification to date of the global and local
anatomical features of arterial vasculature, including size, symmetry, branching
characteristics, bifurcation angles, and path meandering, for a representative sample of the
normal human population. We reconstructed the entire cerebral arterial trees visible in the
MRA images, including basilar and the internal carotid arteries that feed the circle of Willis
(CoW) and the six major arteries stemming from CoW, including the middle, anterior, and
posterior cerebral arteries (MCAs, ACAs, and PCAs, respectively). These six arteries were
followed and reconstructed for ~300 mm from the CoW, through ~15 bifurcation points
along the paths. 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 compared arterial geometry between hemispheres, genders, and branch types;
and among arteries, along the path, and across subject ages. Our analysis reproduced and
extended previous knowledge of the human cerebrovascular architecture. In addition to the
tools to reconstruct, visualize, and analyze the vascular arbors, the entire dataset is freely
shared with the greater research community (http://cng.gmu.edu/brava).
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Subjects and data acquisition

Imaging data were collected at the Research Imaging Institute, University of Texas Health
Science Center at San Antonio, using a Siemens TRIO, 3 T scanner and 12-channel head
coil. 61 healthy, right-handed participants (36/25 F/M, average age = 31.2 + 10.7, range =
19-64 years) recruited as part of the International Consortium for Brain Mapping (ICBM:
Mazziotta et al., 1995, 2001). Exclusion criteria included endocrinal, neurological (stroke,
TIA and history of aneurysms), and psychiatric illnesses, and MRI counter-indications as
detailed elsewhere (Kochunov et al., 2009a,b).

Magnetic resonance angiography

MRA data were collected using a 3D, spoiled, gradient echo time-of-flight (TOF) sequence
(Huettel et al., 2004) with 620 pum isotropic resolution and the following control parameters:
TE/TR/flip angle = 4.4 ms/24.0 ms/18°. 3D-TOF sequence collects spatially contiguous data
by performing 3D encoding of the entire imaging volume (Bernstein et al., 2004). To reduce
saturation of TOF effects, the data were collected as two overlapping 200 mm thick slabs
aligned with AC-PC and full brain coverage. Head motion was suppressed using expandable
foam and mechanical head-holder. Slab thickness and excitation angles were varied in two
healthy volunteers to optimize digital reconstruction reliability. A file with 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

Digital reconstructions of arterial trees from 3D, TOF MRA images were carried out by the
same person using the freeware Neuron_ Morpho plugin (personal.soton.ac.uk/dales/
morpho; Brown et al., 2005) for ImageJ (imagej.nih.gov; Collins, 2007). The
Neuron_Morpho functionality provides for tracing the spatial course of the six major
cerebral arteries starting at the circle of Willis. The arterial tree was quantified as a series of
interconnected tapering cylinders characterized by their 3D coordinates, diameter, and link
to the previous node. The results 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 numeric tag to label structures of interest.
The application of a neuronal tree reconstruction and analysis method to 3D TOF scans is
non-trivial, given the different nature and scale of data. However, such extension is not
entirely original. Another recent method developed for neuronal tracing was deemed to be
highly generalizable (Wang et al., 2011). That method was also successfully customized for
digital tracing of MRA image stacks (Wang, 2011). These previous reports discuss the
similarities and differences between neuronal and angio-graphic segmentation.

The arterial vasculature was reconstructed in each subject as a single arbor stemming from
the basilar artery (BA). The first visible point along the BA was chosen as the origin for the
vascular tree in every subject. The internal carotid arteries (ICAs) and all visible connecting
vessels of the CoW were also reconstructed, with the exclusion of the anterior
communicating arteries so as to unambiguously maintain a binary tree structure of the
resulting reconstructions in all subjects, greatly aiding consistent comparisons within and
across the population sample. All six major arteries stemming from the CoW (right and left
MCAs, ACAs, and PCAs) were completely reconstructed through each visible ending. The
vascular reconstructions were systematically validated by detecting defects such as
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intersecting branches, zero-diameter branches, spatially overlapping branches, disconnected
branches, etc. (Halavi et al., 2008) followed by thorough visual inspection. Reconstructions
for each subject were visually validated 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 to yield a comprehensive statistical characterization of angio-graphic anatomy at
both global and local levels, including measurements of size, distances, angles, and
branching structure. In order to explain the definitions of the 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 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 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 de-fined 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

Effects of gender and hemispheric lateralization were assessed by Student's t test (for
normally distributed variables) and Wilcoxon—Mann-Whitney nonparametric test

Neuroimage. Author manuscript; available in PMC 2014 November 15.


http://krasnow1.gmu.edu/cn3

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wright et al.

Page 5

(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 availability

Results

All reconstructions presented in this study along with extracted morphological
measurements and metadata are freely accessible (http://cng.gmu.edu/brava). The graphical
user interface was designed for browsing, searching, visualizing, organizing, and
downloading data, metadata, and morphometric statistics.

Visual aspect and inter-subject variation of reconstructed arterial vasculature

Brain arterial arbors for all subjects are shown in Fig. 1. Although vessels were always
reconstructed from individual sections (Fig. 1A), occasional toggling to maximum intensity
projections was useful to assess the full extent of the structure (Fig. 1B). Throughout the
tracing process, the (partial or complete) reconstructed structure was periodically embedded
in the data to verify its accuracy and facilitate correction of reconstruction errors using
perpendicular views (Fig. 1C) or pseudo-3D rotational volume rendering. The quality of all
reconstructions was independently verified by a second investigator.

The reconstruction pipeline yielded complete reconstructions (down to the image resolution)
for all subjects. Two reconstructions from the same subject, imaged on different scanners,
confirmed high reproducibility both by visual assessment and morphometric comparison.
The six major arteries stemming from the CoW (Fig. 1D) were present in every subject and
the same color scheme (Fig. 1E) was used consistently across the entire sample. High-
resolution rendering of complete individual reconstructions provided visual information
about the detailed vascular patterns within and across hemispheres, subjects, genders, and
ages (Fig. 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 (Fig. 3),
prompting further investigation by morphometric analysis.

Quantitative anatomy of cerebral 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
branch features (Table 1). The sensitivity of the apparent diameter on blood flow in TOF
MRA (Lell et al., 2007), especially at higher branch order, renders a purely structural
interpretation ambiguous. Thus, we focused our analysis on diameter-independent
parameters. 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).

The variability of overall size was similar to that reported for other measures of human body
size (e.g. ISO, 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
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function of age. None of the differences was 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 < 0.001), 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, 8704 mm (Nowinski et al., 2011b) fell approximately half a standard deviation from
our sample mean and within our sample range (Table 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. 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 <
1076). 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 (Liem et al., 1996; Moritani et al., 2001),
anemia (Vicari et al., 2011), and hypertension (Diedrich et al., 2011; Spangler et al., 1994).
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 1), we
found surprisingly large and highly signifi-cant differences in branch length, tortuosity, and
fractal dimension (p < 107 in all three cases). Specifically, terminating branches were on
average 73% longer, 28% more tortuous, and 6% more fractal than bifurcating branches.

Although these branch properties, similar to size and bifurcation features, did not change
between hemispheres and genders, we found significant changes with the age of the subjects
(Fig. 4). Tortuosity increased with age in both bifurcating and terminating branches (Fig.
4A). Fractal dimension increased with age in terminating, but not bifurcating branches (Fig.
4B). In contrast, branch length increased in bifurcating, but not terminating branches (Fig.
4C). Further investigation will be necessary to determine the source and functional
implication of these distinctions.

Size differences and proportional scaling among cerebral arteries

Next we examined the scalar morphometric characteristics of individual cerebral arteries
(Table 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% more branches and 50% greater total
length than PCAs (p < 1074 for each of these comparisons). While these trends tended to be
generally true across the sample, the size distribution of ACAs overlapped with those of
both the MCA and PCA, 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 orientations 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 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., 2009b), 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 population 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 (Fig. 5). There was a strong
linear correlation between right and left lengths across the sample (Fig. 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:

Z=|R~ L]/ (R+L)

where Rand 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 (Fig. 5B) or the complete hemispheric vasculatures of 61 individuals. ACAs
were significantly more lateralized than MCAs (Fig. 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 (Fig. 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 (Fig. 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 (Fig. 6B) provides uncontroversial support
for proportional scaling, falsifying the compensation hypothesis. The same analyses (Figs. 5
and 6) repeated with other size metrics (e.g. number of branches) supported the same
conclusions.
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Systematic variation of selected morphometric properties along the vascular path

Lastly, we tested whether vascular morphology varied systematically along the arterial path
or was uniform from the CoW to the distal branches (Fig. 7). The lengths of the major
cerebral arteries were normally distributed across path distance (Fig. 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 (Fig. 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 (Fig. 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. Fig. 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 (Fig. 7D), decreasing to
a constant mean angle after ~90 mm. This may be explained by the shorter branch lengths
near the CoW (cf. Fig. 7C), reducing the opportunity for branches to meander closer towards
each other. Indeed, remote amplitude is significantly different between branches shorter and
longer than 20 mm (66 + 4°, N = 3333 vs. 54 + 32°, N = 2965, respectively, p < 1074).
Additionally, remote amplitude is negatively correlated with branch length, but only in
shorter (<20 mm) branches, suggesting a length threshold to provide branches with enough
freedom to reach their optimal angular spread. All individual cerebral arteries had similar
trends when analyzed separately (not shown).

Public online availability of reconstructions

The normative dataset of 61 vascular reconstructions is freely downloadable at cng.gmu.edu/
brava (Fig. 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 diameter information, analysis of
which 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.

Discussion

We adapted existing neuronal morphology methods for quantification of arterial arborization
from high-resolution MRA data. We performed these analyses on a large sample of healthy
human subjects and tested effects of age, gender and hemispheric lateralization on the main
arterial tree. 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, 1993b; Karch et al., 2000; Zurada et al., 2010, 2011)
and branch tapering (MacLean et al., 1992; Roach and MacLean, 1993). However, these
studies were limited in the number of subjects, completeness of the reconstruction, or detail
of the quantitative analysis. This study replicated previous findings and expanded upon them
by performing the analysis of arterial morphology across the entire cerebrum. Our findings
include vascular quantification by size, bifurcation, and branch metrics. We found no
significant differences in overall size and structure by gender, age or hemispheres. The three
major arteries differ in size (PCA:ACA:MCA ~ 1:2:4), confirming on a larger population
previous small-sample findings (Nowinski et al., 2013), and co-vary within subjects. There
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is no hemispheric dominance across the population in any of the individual arteries, but
ACA:s are individually more lateralized than MCAs. ACAs, MCAs, and PCAs have similar
branch level properties, but throughout the arterial vasculature, bifurcating branches are
significantly shorter and straighter than terminating branches. Moreover, the length and
tortuosity of the bifurcating branches increased with age and path distance from the CoW.

Precise characterization of vascular anatomy is important for understanding cerebrovascular
diseases (O'Flynn et al., 2007) and formation of intracranial aneurysms in particular (Bor et
al., 2008; Canham and Finlay, 2004; Ingebrigtsen et al., 2004). 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 explains gender or hemispheric differences in aneurysm prevalence.
Nevertheless, several differences across age emerged when separately examining bifurcating
and terminating branches.

It should be noted, however, that of the 61 subjects used in this study only two females and
one male were over the age of 50. Therefore, more data from older individuals is needed to
study morphological characteristics that might predict 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 CoW. These findings
raise the intriguing possibility of a structural underpinning of the prevalence of aneurysms
near bifurcations (Norman and Powell, 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 branches.

Strong functional and structural hemispheric dominance is present in the human brain
(Chiron et al., 1997; Geschwind and Galaburda, 1985; Good et al., 2001; Hugdahl, 2005;
Lancaster et al., 2003; Serrien et al., 2006; Watkins et al., 2001). Inter-hemispheric
differences in arterial size were present in all individuals, but without a net right or left
prevalence. Laterality was most pronounced for ACA, with no gender or age effects. 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, 1993a), Murray's
law of dissipation (Liu and Kassab, 2007; Painter et al., 2006; Sherman, 1981), and fractal
scaling (Kassab, 2006; Zamir, 2001) similar to other biological systems (Kamiya and
Takahashi, 2007). In contrast, the lack of branch-level differences between hemispheres or
among MCAs, ACAs, and PCAs suggests surprising absence of vascular differentiation
among functional regions (e.g. visual vs. motor areas).

While 3 T TOF MRA remains the preferred routine technique for detailed morphological
analysis of brain arteries (Ahmed and Masaryk, 2004; Bammer et al., 2005; Insko and
Carpenter, 2004; 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). Thus, the spatial resolution of our data may not have been sufficient to
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resolve full arterial trees (Nowinski et al., 2011a,b). The number of missed branches can be
reduced by collecting data at finer scale with a 7 T scanner, which allows resolving smaller
arteries such as the medial, intermediate and lateral lenticulostriate branches of MCA
(Nowinski et al., 2013).

We did not fully report arterial diameter information because use of TOF MRA may lead to
its underestimation (VVaphiades and Horton, 2005) due to the signal dependence on flow
velocity. 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 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. Technological
developments in the field allow for high-resolution mapping of both arterial and venous
circulation by using ultra-high-resolution (isotropic-500 pm) MRI and CT angiography data
(Nowinski et al., 2013). The dataset presented here 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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Fig. 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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Fig. 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.

Neuroimage. Author manuscript; available in PMC 2014 November 15.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Wright et al.

Page 17

Fig. 3.

Visual variability of arterial structure across the population sample. All complete
reconstructions (except those displayed in Figs. 1 and 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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significantly increases with age in bifurcating, but not terminating, branches.
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Fig. 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-hemisphere 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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Individual artery length co-varies with total vasculature extent. A. Combined left/right
arterial composition of all individual subjects ranked by total length reveals similar
distributions across ages and genders. B. The observed population variance of the total
arterial length is nearly 8 standard deviations greater than the mean length obtained by
stochastically shuffling each of the corresponding 6 arteries within the sample. This
indicates that subjects with longer-than-average vasculature also tend to have longer-than-
average individual arteries.
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Fig. 7.

Vasculature extent, branching, and selected local metrics vary along the arterial path. A.
Avrterial 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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Fig. 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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Whole arterial metrics.

Table 1

Metric

Overall (N = 61) p + o (min-max)

Overall size

Bifurcation

Branch

Total # branches

Total length (mm)

Max branch order

Max path distance (mm)

Max Euclidean distance (mm)
Width (mm)

Height (mm)

Depth (mm)

Mean bifurcation tilt (°)

Mean bifurcation torque (°)

Mean bifurcation amplitude (°)
Mean local bifurcation amplitude (°)
Mean partition

Mean bifurcating tortuosity

Mean terminating tortuosity

Mean bifurcating fractal dimension
Mean terminating fractal dimension
Mean bifurcating branch length (mm)

Mean terminating branch length (mm)

208.6 + 39.6 (138-330)
7002.8 + 945.8 (4752-9171)
15.46 + 1.34 (13-19)
289.0 + 23.5 (250-362)
108.9 + 4.8 (98-123)
118.3 + 5.0 (109-129)
84.6 + 3.6 (76-93)
130.0 + 9.1 (102-146)
45.69 + 4.35 (37.13-56.60)
54.31 + 2.29 (48.61-60.28)
60.83 + 2.97 (53.49-69.21)
89.43 + 3.19 ( 83.21-98.62)
0.51 + 0.04 (0.41-0.59)
1.28 +0.05 (1.17-1.40)
1.64 +0.09 (1.47-1.84)
1.09 +0.01 (1.06-1.13)
1.15 +0.02 (1.11-1.19)
25.02 + 2.71 (19.35-30.14)
43.25 +5.35 (32.72-60.42)

Neuroimage. Author manuscript; available in PMC 2014 November 15.

Page 23



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Wright et al.

Table 2

Individual artery metrics.

Page 24

PCA (N =122) p + ¢ (min—-max)

Metric ACA (N=122) p £ o (min-max) MCA (N = 122) p + o (min-max)
Total number of branches 26.0 £ 8.5 (4-52) 52.7 £ 11.2 (30-94)

Total length (mm) 877.4 + 201.3 (234-1344) 1878.2 + 297.4 (967-2636)
Max branch order 6.15 + 1.53 (1-10) 8.80 + 1.40 (6-13)

Max path distance (mm) 187.1 + 18.7 (143-268) 224.7 + 22.1 (182-298)

Max Euclidean distance (mm) 96.3 £9.1 (66-113) 98.7 £ 6.2 (80-112)

Width (mm) 26.0 + 5.4 (10-48) 38.5 + 3.0 (33-48)

Height (mm) 72.5 + 7.5 (50-98) 69.4 + 5.6 (52-85)

Depth (mm) 109.1 + 14.3 (52-149) 105.6 + 10.0 (77-127)

18.9 +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)
52.4+10.2 (21-74)
66.3 + 6.7 (52-86)
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