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Abstract

Background and Purpose: Altered brain vasculature is a key phenomenon in several
neurologic disorders. This paper presents a quantitative assessment of vascular morphology in
healthy and diseased adults including changes during aging and the anatomical variations in the
Circle of Willis (CoW).

Methods: We used our novel automatic method to segment and extract geometric features

of the cerebral vasculature from MR angiography scans of 175 healthy subjects, which were

used to create a probabilistic atlas of cerebrovasculature and to study normal aging and inter-
subject variations in CoW anatomy. Subsequently, we quantified and analyzed vascular alterations
in 45 acute ischemic stroke (AIS) and 50 Alzheimer’s disease (AD) patients, two prominent
cerebrovascular and neurodegenerative disorders.

Results: In the sampled cohort, we determined that the CoW is fully formed in only 35% of
healthy adults and found significantly (p<0.05) increased tortuosity and fractality, with increasing
age and also with disease in both AIS and AD. We also found significantly lower vessel length,
volume and number of branches in AIS patients, as expected. The AD cerebral vessels exhibited
significantly smaller diameter and more complex branching patterns, compared to age-matched
healthy adults. These changes were significantly heightened (p<0.05) between healthy, early onset
mild AD and moderate/severe dementia groups.
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Conclusion: Although our study does not include longitudinal data due to paucity of such
datasets, the specific geometric features and quantitative comparisons demonstrate the potential for
using vascular morphology as a non-invasive imaging biomarker for neurologic disorders.
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Introduction

Alterations in cerebral vasculature are common in the pathophysiology of many neurologic
disorders. Acute ischemic stroke (AlS) and Alzheimer’s disease (AD), the two most
common cerebrovascular and neurodegenerative diseases, respectively, often coexist and

are among the leading causes of mortality and morbidity worldwide.! Both conditions are
hypothesized to possess significantly altered architecture of the brain vascular network.24
These changes can often precede clinical symptoms and may serve as early disease
markers.>6 Consequently, studying the quantitative and qualitative changes in the cerebral
vascular network due to aging and disease is pertinent to understanding brain health and may
impact diagnosis, and treatment of neurologic disorders.”:8

The reduced blood flow after AIS is coupled with a series of changes associated with
structural remodeling of the cerebral vasculature that results in the vessel geometry
quantitatively varying from the healthy vasculature.®19 Some of these changes may precede
the clinical onset of the ischemic event in patients with atherosclerotic vessels.1! Therefore,
analysis of the brain vessel geometry can improve prognostication, facilitate studying
therapeutic options and guide reperfusion therapies for AlS patients when feasible.12
However, quantitative studies of structural changes in the cerebral vasculature before and
immediately after stroke and their effects on clinical outcomes are lacking despite their
importance as stated in epidemiological studies.

Despite our expanding knowledge of the significance of cerebrovascular alterations in AD
at the cellular and microvascular level,2 which is due to plaque and amyloid deposition

as well as pathological structural alterations in the endothelium, our understanding of
morphological changes in the major vessels in AD is still in early phases and has mainly
been limited to animal studies.>13 Reduced cerebral blood flow (CBF) and perfusion,
observed in neurodegenerative diseases, exacerbates neuronal degeneration and amyloid
deposition, reduces elastin production, causes distensibility and autoregulation loss, and
increases wall shear stress.214 These developments could lead to significant morphological
changes throughout the brain vasculature, including increased vascular stiffness, decreased
diameters, and possibly higher tortuosity and fractality in AD brain vessels.2:1%:16 Therefore,
stroke, atherosclerotic lesions, hypertension, and other cerebrovascular diseases are common
comorbid factors for neurodegenerative disorders, in particular AD.17 Consequently,
research and diagnosis of these diseases can benefit greatly from a quantitative and
qualitative analysis of the changes in the cerebral vascular network and structure in the
corresponding populations.818
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Analysis of the pathological alterations in the cerebral vascular network requires a deep
understanding of healthy vascular morphology and the normal distribution of cerebral
vessels. A vascular atlas with geometric features can be used to study and quantify the
variations in vascular geometry within the healthy population. As shown by our previous
study, vascular morphology can be characterized using geometric properties of the vessel
network, such as tortuosity, fractality (quantified using fractal dimensions), branching
pattern, average diameter, total length, and volume.1® These properties have been shown

to be corroborated indicators of vascular health and potential pathology.8-1%-21 Most brain
atlases typically do not include detailed morphology of the brain vascular network due to
inadequate vascular imaging data from a large sample of healthy subjects?? and a lack of
validated algorithms to segment, extract, and analyze cerebral vasculature. Instead, current
cerebrovascular atlases are confined to only the CoW region and often exclude the more
distal network, and also lack quantification of inter-subject variations.22-23 Developing a
comprehensive atlas of the cerebral vasculature containing quantitative geometric features,
including distal branches of the intracranial vessel network and normal variations at different
ages in the healthy population, is essential in understanding the brain’s anatomy and
physiology. It also enables assessment of compensatory collateral flow in the CoW and

the collateral circulation during acute and chronic ischemic conditions, given their vital role
in the distribution of CBF, to assist with early diagnosis, optimal reperfusion approach, and
patient outcomes prediction.11:12

Here we present a probabilistic atlas of the healthy human cerebral vasculature, labeled
based on major cerebrovascular territories, to define the pattern of vessel distribution

and quantify vascular geometric features. We utilized this atlas to study alterations

in cerebrovascular geometry and inter-subject variations as well as vessel network
modifications during natural aging. Additionally, we used the extracted 3D vessel networks
and their morphometric features as measures to quantify “symmetry” between the left and
right hemispheres within the brains of healthy adults as this hemispheric symmetry (or the
lack of it) has been associated with various alterations in blood flow dynamics and can
have significant implications in pathological conditions or even indicate a predilection of
ischemic events in one hemisphere over the other.2425 We then applied the knowledge of
healthy vascular morphology to study morphological alterations in AIS and AD, compared
quantitatively to the age-matched healthy adult population to find potential hallmarks of
these neurological disorders.

Retrospective datasets

This retrospective study uses previously collected and anonymized data from IRB approved
studies, made publicly available or obtained upon acquiring consent.

We used magnetic resonance angiography (MRA) scans from 175 healthy subjects, 45 AlS,
and 50 AD patients for this study (Table 1). Out of the 175 healthy subjects scans, 109
were obtained from the MIDAS public database, made available by the CASILab at the
University of North Carolina at Chapel Hill and distributed by Kitware, Inc.26 An Allegra
3T MR scanner (Siemens Medical Systems Inc., Germany) was used for data acquisition
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with 3.56ms echo time, 35ms repetition time and 22 degree flip angle. The healthy atlas
excludes subjects with a past medical history of hypertension, diabetes, or head trauma.

The MRA scans of the remaining 66 healthy subjects and 50 AD patients were obtained
from the OASIS-3 study, conducted by the Knight Alzheimer Research Imaging Program

at Washington University.2” The scans included in the OASIS-3 database were acquired

on 3 different Siemens scanner models - a 1.5T scanner with a 16-channel head coil and
two 3T scanners with a 20-channel head coil. The AD scans correspond to patients with
varying dementia levels based on the Clinical Dementia Rating (CDR), including early-mild
(CDR 0.5 or 1) and moderate-severe (CDR 2 or 3) dementia. To be graded on the CDR,
participants completed clinical assessment protocols in accordance with National Alzheimer
Coordinating Center Uniform Data Set and included family history of AD, medical history,
physical examination, and neurological evaluation.?8 Finally, the MRA scans of the 46

AIS patients were obtained from the Centre Hospitalier Universitaire Vaudois in Lausanne,
Switzerland, acquired on a 1.5T Siemen’s scanner.

Segmentation and Registration

We used our recently developed and validated methodology to characterize vascular
morphology from the imaging data.1® Using automatic cerebral vascular segmentation, we
extracted vessels as fine as the imaging resolution to determine the geometric properties of
the segmented vascular network. Our segmentation method was previously validated using

a realistic 3D model of the CoW anatomy with varying levels of added noise as well as
imaging artifacts.19 This method tracks connected tubular structures in 3D volumes and thus
performs better under technical issues such as motion artifacts and inflow effects which can
cause intensity inhomogeneities in imaging data than other freely available segmentation
algorithms. The segmentation involves a multi-step process, resulting in a 3D binary volume
of the vessel network, which is then skeletonized to obtain the centerlines of the vessels

and the diameter at every point on the centerline. We then define a ‘branching node’ of the
vascular tree as a point connected to 3 other points (i.e., a bifurcation). Using this definition,
we calculated the global geometric features of the vessel tree as follows:

1. Total length: Total length of the vessel network calculated by summing the length
of all the skeletal segments between 2 nodes.

2. Total number of branches: A “‘branch’ was defined as a sequence of points
along the vessel beginning at a bifurcation point and ending either at the next
bifurcation or at the last point on the vessel (in this case, it is a terminating
branch).

3. Average and maximum branch length: The mean of the lengths (geodesic
distance/length) of all branches in the network as well as the length of the longest
branch found.

4, Average diameter: The mean of the diameter values at all points on the centerline

5. Total volume: Volume of the vessel network is calculated by considering the
vessels as cylinders with a varying diameter along the total length.
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6. Fractal dimension: The fractality of the vessels was determined using the box
counting method. This feature can be used as a measure of morphological
complexity in the cerebral vasculature.

7. Vessel tortuosity: Vessel tortuosity was defined using the sum of angles
measurement (SOAM) between sets of 3 points on the centerline divided by
the total length.

To provide a common standard space for comparison of all the scans in the study and
account for the varying reference coordinates between different scanners and patient
positions, each time-of-flight (ToF) MRA sequence and the corresponding segmentation
were spatially normalized to the Montreal Neurological Institute (MNI) standard anatomical
brain atlas reference space?® with 0.5 mm3 isotropic image resolution in three steps: first,
each patient’s ToF MRA sequences were registered to the corresponding T1-weighted
imaging (T1) dataset via a rigid transformation. The T1 datasets were then registered to the
T1 MNI brain atlas through an affine transformation. Finally, the two transformations were
concatenated and multiplied to transform the segmented network directly into the reference
space of the MNI brain atlas. The MNI atlas, adopted by the International Consortium of
Brain Mapping, uses a series of 152 normal control MRI scans to define standard anatomy
and consists of ‘templates’ for MRI sequences routinely used in both clinical and research
settings to register MR data to common space.

Scans from the OASIS-3 database spanned a larger region of interest (ROI) from the top
of the subject’s head to approximately the middle of the neck region, whereas scans from
the MIDAS database only consisted of the head region. To ensure our analysis spanned a
uniform ROI within the brain, we selected a fixed volume from the OASIS-3 dataset by
automatically selecting the first 140 slices starting from the top of the head.

Healthy cerebrovascular atlas and geometric feature analysis

We averaged the registered segmentations from the 175 healthy ToF scans to create the

atlas of regional artery probability, with every pixel containing the probability of belonging
to a vessel. We then extracted the average geometric features of the healthy brain vessel
networks including vessel tortuosity, fractal dimension, number of branches, average and
total branch length, and diameter.1® The anatomical regions in the atlas were labeled based
on major vascular territories, namely the left and right middle cerebral artery (MCA),

the anterior cerebral artery (ACA) and the posterior cerebral artery (PCA). This labeled
cerebrovascular atlas of the healthy population, including the averaged geometric features of
the vessel network, was then used to study the variations in CoW in healthy subjects and
vessel geometry due to aging, including a fully formed CoW and an absent or hypoplastic
left and right anterior and posterior communicating arteries (ACoA and PCoA, respectively)
and the first segment of the PCA (P1). Given its key role in maintaining CBF distribution
and providing collateral blood flow, CoW variations can affect the clinical outcomes after

a cerebrovascular event. To quantify aging-related changes in the vasculature, the healthy
cohort was divided into six age groups: group 1 (< 29 years old, n=22), group 2 (30-39
years old, n=20), group 3 (40-49 years old, n=21), group 4 (50-59 years old, n=19), and
group 5 (60-70 years old, n=29), and group 6 (>70 years old, n=19). To assess the required
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sample size for a high-powered analysis, power analysis was performed for a desired power
of 90. This was calculated based on the estimated effect size (>1 for all of the features which
were significantly different) and the chosen p-value of 0.050.

We further studied intra-subject inter-hemispheric symmetry in vascular structure and
quantified it as a percent difference using the extracted morphological features by dividing
the registered segmentations into left and right sides along the sagittal midline. Additionally,
the 3D Dice Similarity Coefficient was calculated as a symmetry metric to evaluate the
similarity/overlap between each slice of the left vs. right hemispheric vessel volume.

To be included in the atlas, the scans of healthy subjects from the OASIS-3 database

were resampled to 0.5 mm isotropic image resolution to match the scans from the MIDAS
database. This avoids any discrepancy in the range of detected vessels in the averaged
probabilistic atlas that could arise due to varying resolutions.

Quantifying alterations in vascular geometry in AIS patients

Emergent large vessel occlusion (LVVO) strokes occur upon the occlusion of a major
intracranial artery (ICA, M1, M2 segments of the MCA and Basilar) and significantly
decrease CBF to large areas of the brain. Patients with LVO stroke are expected to show
major deviations from the healthy atlas with a significant decrease in the number of
branches, total length, and volume of the cerebral vasculature. Nevertheless, other geometric
variations such as vessel tortuosity and fractality have not been studied yet. The stroke data
consisted of 45 AIS patients with confirmed clinical and radiographic diagnosis of occlusion
of the first (M1) and second (M2) segments of the MCA (n=24 and n=9, respectively)

and the internal carotid artery (ICA, n=12), corresponding to the most commaon stroke
syndromes in the average population.3! We additionally defined a “vaso-deviation score” by
determining how different each voxel of a patient’s specific vasculature is from its healthy
counterpart in the atlas and normalizing this difference by the variance within the atlas. This
has the potential of being used to automatically detect the presence and location of a large
vessel occlusion in stroke patients since regions with a higher vaso-deviation score would
correspond to the LVO location.3:32

Quantifying alterations in vascular geometry in AD patients

We hypothesized that the vasculature of AD patients possesses abnormally high branching
and complexity with a higher tortuosity, fractal dimensions and number of branches, and

a decreased average vessel diameter. We applied our validated segmentation and feature
extraction method to MRA scans of 50 AD patients with varying levels of dementia, defined
using the CDR scale?’ and extracted the cerebral vascular networks and their corresponding
geometric properties. The quantitative extracted geometric features were compared to the
healthy average morphometric features The data was then further divided into two — early-
mild (CDR 0.5 and 1) and moderate-severe (CDR 2 and 3) dementia levels.2” We tested for
significant quantitative differences in the vasculature between AD patients versus healthy
subjects as well as between patients with early-mild versus moderate-severe dementia.
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Statistical analysis

Results

When applicable, we conducted one-way ANOVA, followed by Tukey’s post hoc test to
assess changes in the vascular architecture across the age groups within healthy subjects.
The comparison of stroke and healthy vasculature was performed for 45stroke patients,
which were quantitatively compared against the healthy subjects from the atlas using the
ANOVA test, after adjusting for age as a factor. Furthermore, the vascular networks of
age-matched healthy controls and AD subjects were compared using the multi-way ANOVA
between groups (healthy, early-mild AD, moderate-severe AD). The p-values were corrected
by the Benjamini-Hochberg method to control for the false detection rate.33

Although we down-sampled the data of the 66 healthy subjects from the OASIS-3 dataset
(from 0.3x%0.3x0.3 mm3 to 0.5x0.5x0.5 mm3) to be included in the averaged probabilistic
atlas and the normal aging study to increase the number of subjects, for comparison between
healthy and diseased brains, we used the original resolution of each database since the finer
resolution of the OASIS-3 dataset provides more granular information regarding the vascular
network and the corresponding pathological changes due to AD. The morphometric features
obtained from the stroke scans (imaged at 0.5 x 0.5 x 0.5 mm?3) were only compared to those
of healthy subjects from the MIDAS data (also imaged at 0.5 x 0.5 x 0.5 mm?3), and the
features of AD subjects (from the OASIS-3 database, imaged at 0.3 x 0.3 x 0.3 mm3) were
compared only to the healthy subjects within the OASIS-3 dataset (also imaged at 0.3 x 0.3
x 0.3 mm3). Thus, no comparisons were made between imaging data of different resolutions.

Healthy cerebrovascular atlas

The generated probabilistic cerebrovascular atlas displayed the major cerebral arteries based
on occurrence in specific anatomical locations. The results were visually and quantitatively
in accordance with the expected occurrence probabilities of regular cerebrovascular
anatomy. The largest probabilities of occurrence were seen at the base of the ICA
(immediately after bifurcation from common carotid artery), followed by the ICA
bifurcations into bilateral MCAs and ACAs, and then the basilar artery (BA). Compared

to the anterior circulation, the higher variation in the BA diameter in healthy adults resulted
in scattered probability values. Figure 1 shows three axial slices of arterial probabilities
overlaid on the corresponding axial T1 slices. The slices have been chosen from different
axial locations as shown in the corresponding panel (purple inserts) ranging from the base
of the CoW to superior regions of the brain. The color bar contains the raw values from

the atlas map and represents voxels with varying probability of being on a vessel. With

an expected reduction in vessel diameters and increased variation among individuals, the
arterial occurrence probability decreased upon moving distally from the CoW.

Through power analysis, the minimum required sample size ‘N’ was determined to be

120 (with number of subjects per group, n, being ~20), leading to The Dice Similarity
Coefficient metric to quantify the overlap/similarity between the vessel networks was found
to be 0.23 = 0.10 which demonstrates varying inter-subject similarity and low intra-subject
overlap between the hemispheres.
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Table 2 summarizes the geometric features extracted from 175 healthy subjects included

in the statistical atlas (all at 0.5mm isotropic resolution). In the assessment of vascular
symmetry between hemispheres, we found that the vascular geometry diverges between the
2 hemispheres at varying degrees with length, volume and branching having a higher percent
difference than average diameter, fractal dimension and tortuosity (Table 2).

We found that the majority of the healthy subjects had a hypoplastic CoW - only 35% of

the subjects had a fully formed CoW. Of our subject population, 40.5% missed at least one
PCoA, 21% missed the ACoA, and 11% and 8% missed the Al and P1 segments of the
ACA and PCA, respectively. A smaller number of healthy adults missed one ACA (1%), P1
segment of the PCA (2%) or the PCoA (5%). We include the six most common presentations
of the CoW anatomy within our dataset in Figure 2. The variations are found to be generated
due to under-developed or missing segments in most cases.

Figure 3 includes the major findings of the changes in healthy vascular morphology with
respect to increasing age. There was a significant increase across most age groups in the
tortuosity (p<0.001), total length (p<0.001), number of branches (p<0.001), and fractal
dimension (p<0.001) in a multi-group ANOVA.. Post hoc analysis showed a significant
increase in tortuosity and fractality with age which is consistent with our expectations. There
was a significant increase in total vessel length with age which would be expected since
there was also an increase in the number of branches. No significant overall change was
observed in average diameter, average branch length or maximum branch length across the 6
age groups, spanning ages 19 to 84 years.

Vascular geometry in stroke patients

The geometric features of the cerebral vascular tree of 45 stroke patients compared to the
healthy atlas of subjects and the average values for each geometric feature are presented

in Table 3. As supported by our previously published preliminary findings,1® cerebral
vasculature is significantly altered in stroke patients compared to the healthy average,
beyond the expected shorter total length (2.10+0.71 m vs. 3.19+0.67 m) and smaller
volume (63.45+21.83 ml vs. 96.12+17.51 ml). Stroke brains were also found to possess
higher tortuosity (5.80+0.92 vs. 3.24+0.57) and fractal dimension (1.79+0.2 vs. 1.55+0.29),
alluding to atypical vessel remodeling, along with the expected findings of reduced number
of branches, length, and volume.

Vascular geometry in AD patients

As hypothesized, the AD patients’ vascular network is characterized by higher tortuosity and
fractality, greater number of branches and a smaller average diameter. The association of
these vascular structural alterations with disease were seen across the AD groups, when
adjusted for age. As dementia levels increase from early-mild to moderate-severe, we
observed significant differences in the vascular features between groups with varying levels
of dementia, specifically higher tortuosity, fractality, number of branches, and a smaller
average diameter. The quantitative information of the vascular geometric features for 50
patients with AD are reported in Table 4, including a comparison with healthy subjects. For
visual assessment, Figure 4 shows the cerebral vascular network from 2 healthy subjects
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and 2 AD patients and depicts the heightened tortuosity including looping and twisting in
the vascular network of an AD patient. Such twists and loops are not observed in healthy
subjects and is corroborated with studies which reported similar behavior of cerebral vessels
in mice (6). Figure 5 shows plots of the significantly different features between the healthy
and AD groups, namely the total length, fractal dimension, tortuosity, and average diameter.

Discussion

Both natural aging and disease alter the cerebrovascular network. These changes, from the
cellular level to vessel wall deterioration and ultimately modified vascular architecture,
contribute to the development and progression of neurologic disorders.13.14 Therefore,

a thorough understanding of cerebrovascular alterations such as increase in arterial
stiffness, tortuosity, endothelial dysfunction and hypoperfusion, offers insight into the
underlying pathophysiological pathways, natural course, and risk assessment of common
and burdensome cerebrovascular and neurodegenerative diseases. A quantitative analysis of
the cerebrovascular network may improve the timing and accuracy of diagnosis and provide
an opportunity for preventive and early therapeutic interventions for individuals at risk for
ischemic and hemorrhagic strokes, atherosclerosis, and dementia. The analysis of modified
vascular structure with the natural aging process offers insight into the various pathways
leading to these cerebrovascular alterations and possibly causing or exacerbating disease in
older adults.1® The comprehensive atlas of healthy cerebral vasculature enables quantitative
characterization of the average “normal” population based on vascular geometry features.
The healthy template for vessel distribution and geometrical patterns can enable clinicians
and researchers to compare and analyze changes in the cerebrovascular network during
aging and various pathological states. Additionally, studying the inter-hemispheric symmetry
can help further our understanding of healthy vascular morphology and provide insight

into varying cerebral hemodynamic response to ischemic events and also pathogenesis

of cerebrovascular diseases and predisposition to such pathological occurrences in one
hemisphere over the other.24:34

We found a significant age-related increase in vessel tortuosity and fractality that could

be hypothesized to be attributed to the increased endothelial resistance, and in turn, an
increased incidence of hypertension in older adults. An unexpected finding was the lack of
significant group differences in average diameter, contrary to a previous report of increased
vessel diameter by aging.3° Although our study does not include longitudinal data, the
analysis of modified vascular structure with the natural aging process offers insight into

the various pathways leading to these cerebrovascular alterations and possibly causing or
exacerbating disease in older adults. Additional studies including a larger sample size across
all age groups or longitudinal data are warranted to elucidate this finding with implications
in risk-stratification for cerebrovascular disorders.

The CoW plays a pivotal role in CBF distribution in both healthy and pathological
conditions. For instance, the CoW anatomy, by governing collateral blood flow during
AIS, can alter the natural course of ischemic core growth, salvageable penumbra, response
to acute reperfusion therapies, and ultimately clinical outcomes.36:37 However, the Cow
anatomy varies considerably among individuals.12:38 Therefore, we found it imperative to
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quantify various anatomic presentations of the CoW in healthy adults. Using a database

of 175 healthy subjects, we found that only 35% of individuals have a completely

formed CoW, consistent with earlier reports, while the rest of the population present some
anatomical variation in CoW anatomy.12:38 This finding is primarily due to hypoplastic
(underdeveloped) or aplastic (absent) rather than fused or additional vessel segments. This
is of significance as CoW morphometry can provide insight into the patient’s collateral
circulation and risk of stroke, since missing segments of the CoW are associated with higher
risk of stroke and an incomplete CoW has also been used as a predictor of Stroke.3940

Though it is hypothesized that pathological vascular morphology is tied to AlS and there is
structural remodeling of the vasculature before and after an ischemic event, little has been
reported quantitatively. Most studies in literature have focused on cellular and molecular
mechanisms of cerebrovascular remodeling, looking at endothelial dysfunction which can
lead to vascular changes.#1:39 However, quantification of such effects is still lacking. Using
the labeled healthy cerebrovascular atlas and the extracted cerebrovascular morphometry
using the geometric features, we quantified the deviation in the vascular networks of stroke
patients from the healthy population. Similar to our previous preliminary report,19 we
found significant differences in cerebrovascular geometry of stroke patients consisting of
an expected decrease in total vessel length, volume, and number of branches along with

an increased vessel tortuosity and fractality. These findings can be attributed to atypical
vessel morphology in stroke patients. The deviations from healthy cerebrovascular geometry
can serve as a diagnostic tool for automated stroke detection to complement the existing
clinical and imaging capabilities, since significantly decreased vascular density, in the form
of lower length, volume and branching, can indicate a large vessel occlusion.*2 Such a

tool has several implications in both bedside and bench assessment and treatment of stroke
patients. Analysis of vascular geometric features and comparing patient specific vascular
maps to the atlas can enhance timing, sensitivity, and specificity of occlusion detection

not only for proximal large vessels but also for distal medium vessels that may also

be amenable to acute reperfusion treatments. These advantages are particularly important
when there is a clinical equipoise or lack of access to subspecialized neuroradiologists

to interpret multimodal advanced neuroimaging studies. Moreover, assessment of vascular
morphology can improve the prediction of stroke patients’ response to reperfusion therapies®
and long-term clinical outcomes?3 since recent technological advances have expanded

the application of endovascular thrombectomy as an increasingly effective treatment for
AlS.* Interestingly, the altered vessel morphology may precede the ischemic event in
stroke patients,10:21.3445 g luding to its possible application as an early marker for stroke
occurrence and prevention, but this needs to be studied extensively in longitudinal studies
with a larger dataset.

Neurodegenerative diseases, including AD, are characterized by irreversible and progressive
neuronal loss. AD is increasingly recognized as a multifactorial disease with well-
established vascular risk factors#® and a key role for vascular dysfunction.7:47:48 Neuritic
plaques and vascular amyloid depositions, the early hallmarks of AD are associated with
altered cerebral vasculature. Documented hypoperfusion in AD can initiate a vicious

cycle of amyloid deposition, neurodegeneration, and cognitive decline.21449 Accordingly,
vascular morphological changes have been reported in AD patients, with some changes
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preceding clinical presentations. However, these changes have only been studied sparsely

in animal models® or post mortem human subjects!® and the literature is mostly limited to
alterations in the microvasculature.2 Using non-invasive MRA data, our quantitative analysis
of vascular geometric differences in AD patients vs. healthy is the first study of its kind that
quantifies abnormal macro-vasculature morphology in AD patients /7 vivo, using routine
imaging data. We found higher vessel tortuosity and fractality in AD patients, compared to
age-adjusted healthy subjects, associated with increasing levels of dementia. These findings
agree with the previously hypothesized correlation between vessel stiffness and resistance,
seen in AD patients, and structural vessel changes.#”>0 The observed higher number of
branches in AD patients can possibly be due to the known abnormal vessel branching

and angiogenesis induced by amyloid plaque deposition in vessel walls. The progressively
heightened vascular complexity correlated with disease progression suggests that vascular
geometry analysis of ToF MRA has potential to be used as an automated tool to study and
characterize disease progression in AD and possibly other neurodegenerative diseases.

Due to the inherent variability in the population, subject-specific vascular network
alignments can deviate from the atlas in terms of the location of bifurcations and branches
and averaging these anatomically variable networks in a Cartesian space can lead to errors.
A larger dataset might mitigate this by including a larger number of outliers.

The extracted geometric properties are inherently affected by the source imaging resolution
and region of interest (ROI) of the volume being imaged. The algorithm identifies vessels
with a diameter as small as the imaging resolution; therefore, a higher resolution and larger
imaging ROI increase the number of vessels detected, affecting the geometric properties
such as total length and number of branches. The difference in spatial resolution of the
MIDAS (0.5%0.5x0.5 mm3) and OASIS-3 (0.3x0.3x0.3 mm3) datasets may explain the
lower average values for total length, volume, and the number of branches for healthy adults
derived from MIDAS. To increase the number of scans comprising the atlas and in turn
increasing the robustness of the atlas, we downsampled the 66 healthy MRA scans from the
OASIS-3 database (from 0.3x0.3x0.3 mm3 to 0.5x0.5x0.5 mm3) to include in the averaged
probabilistic atlas. However, to avoid any discrepancy in the data and maintain the cogency
of our quantitative analysis’, we restricted the comparison to data with the same imaging
resolution. The features obtained from the stroke dataset (imaged at 0.5x0.5x0.5 mm3) were
only compared to those of healthy subjects from the MIDAS data (imaged at 0.5x0.5x0.5
mm?3), and the features of AD subjects were compared only to the healthy subjects within
the OASIS-3 dataset (both imaged at 0.3x0.3x0.3 mm3).

Another inherent limitation of using multi-center clinical imaging data is that the volume
or region of interest being scanned can vary between different studies and centers. The
OASIS-3 dataset consisted of a larger scan volume and included a significant portion of
the neck, leading to additional vasculature being detected. By limiting the ROl within the
scanned volume of the OASIS-3 database we omitted the vascular segments corresponding
to the neck region. This was done for consistency while creating the averaged probabilistic
atlas and to only compare the vascular features specifically pertaining to the brain region.
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Furthermore, we used MRA data of 45 patients with MCA and ICA occlusions to analyze
cerebrovascular morphological changes in stroke patients. Although this sample represents
the most common large vessel occlusion sites in AlS,?L a larger sample size, including other
proximal large and distal medium vessel occlusion sites, can improve our understanding of
vascular architecture changes in stroke.

In conclusion, we developed a comprehensive atlas of healthy cerebrovascular morphology.
Compared to healthy individuals, stroke and AD patients showed a significantly altered
vascular morphology. The probabilistic atlas and extracted vascular morphometric features
have the potential to be used as a non-invasive automated tool to study healthy aging

and various pathological states, including prediction, diagnosis, surveillance, and treating
cerebrovascular and neurodegenerative diseases. Further studies, including a larger sample
size of various neurologic diseases and corresponding clinical data, are warranted to
establish future clinical applications of the algorithm and atlas.
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Figure 1.
The probabilistic atlas — selected axial slices showing the varying probability of arterial

occurrence. The left panel shows the maximum intensity projection of the 3D probabilistic
atlas with brighter regions corresponding to higher probability values based on vessel
occurrence in the healthy cohort studied. The purple inserts (a), (b) and (c) represent the
corresponding anatomical position of the axial slice shown.
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Figure 2.
The 6 most commonly occurring variations in the CoW anatomy of our healthy dataset.

(@) Fully connected and formed CoW, (b) ACoA missing, (c) one of the PCoA missing,

(d) A1 segment of ACA missing, (e) both of the PCoA missing, (f) P1 segment of PCA
from Basilar missing. The arrows depict the missing segments (dashed arrows imply the
possibility of the other equivalent segment being missing as well as the one shown by the
solid arrow) and (g) a labeled schematic representation of the fully formed CoW, showing
all the major vessel segments. The percentage values in the top right corner of each panel
corresponds to the frequency of occurrence of that model within the healthy population used
to study the variations.

ACoA: Anterior communicating artery; PCoA: Posterior communicating artery; L: Left; R:
Right; ACA: Anterior cerebral artery; MCA: Middle cerebral artery.
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(18-29)  (30-39) (40-49) (50-59) (60-69)  (70+)
Decade of Life
Fractal Dimension vs Decade of Life
‘ L | | | ’
| |
(18-29)  (30-39)  (40-49) (50-59) (60-69)  (70+)
Decade of Life

Major findings of the effect of aging conducted on the healthy subjects from the atlas,
demonstrating a significant change in vascular patterns with increasing age (in years) in
certain vascular features. The ANOVA test results between age groups for the significantly
different groups are represented by * for p<0.05, ** for p<0.01 and *** for p<0.001. The
multi-group ANOVA had p<0.001 for tortuosity, number of branches and fractal dimension.

rad: radians
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Figure 4.
Cerebral vascular network from 2 healthy subjects (a) and (b) and 2 AD patients (c) and

(d) for visual comparison. We can see increased branching and vessel complexity in the AD
patients, as compared to the healthy subjects. In panel (e), we can see the elevated tortuosity
including looping and twisting in the highlighted region of the vascular network of an AD
patient.
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Figure 5.

The scatter plots of vascular geometrical features of the healthy subjects, early-mild, and
moderate-severe Alzheimer’s disease (AD). The red horizontal lines and shaded regions
represent the mean and one standard deviation, respectively. The ANOVA test results
between age groups for the significantly different groups are represented by * for p<0.05, **
for p<0.01 and *** for p<0.001.
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The imaging material for the study.

N (Female)  Age in years (Mean + Standard Deviation) Modality Resolution
- 109 (57) 30+9.3 0.5 % 0.5 x 0.5 mm?
Healthy Subjects 66 (29) 77497 ToF, T1 0.3 % 0.3 x 0.3 mm?
Ischemic Stroke 45 (20) 53 +16.1 ToF 0.5 % 0.5 x 0.5 mm?
Alzheimer’s Disease 50 (28) 7573 ToF 0.3 x0.3x0.3mm?

N= Number of subjects; ToF: Time-of-Flight
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Table 2.

The average features of the vascular tree of 175 healthy adults and the average percentage difference between
the left and right hemispheric vascular geometric features within the healthy subject databases

Average global features  Left vs. right hemisphere average difference %

Total length (m) 3.30+£0.65 30.57 +13

Number of branches 178.6 + 30.62 18.06 + 4.09
Average branch length (mm) 18.79 +5.67 31.15+£6.75
Maximum branch length (mm) 121.50 + 21.02 23.36 + 4.56
Average diameter (mm) 2.36 £0.34 3.21+£0.56
Total volume (ml) 89.92 +17.78 26.04 +9.44
Fractal dimension 1.64 £0.37 11.09 £ 0.97
Tortuosity (rad/cm) 417 £1.03 16.16 + 2.76

All the data represent meanzstandard deviation unless otherwise indicated. rad: radians
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Table 3.

A comparison of geometric features of the cerebral vascular tree of healthy subjects and Stroke patients

Healthy subjects ~ Stroke patients p - value
Total length (m) 3.30 £ 0.65 210+0.71 0.021%
Number of branches 178.6 + 30.62 166 + 75.69 0.019”
Average branch length (mm) 18.79 + 5.67 12.58 +2.07 0.059
Maximum branch length (mm) 121.50 +21.02 59.38 £ 6.10 0.07
Average diameter (mm) 2.36 £0.34 2.18+£0.38 0.039%
Total volume (ml) 89.92 +17.78 63.45 + 21.83 0.009¥
Fractal dimension 1.64 +0.37 1.79£0.20 0.027%
Tortuosity (rad/cm) 417 +1.03 5.80 £0.92 0.041%

Page 23

All the data represent meantstandard deviation unless otherwise indicated. The significantly different features (p<0.05) are highlighted with a *.

The p-values were corrected by the Benjamini-Hochberg method to control for the false detection rate. rad: radians
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A comparison of geometric features of the cerebral vascular tree of healthy subjects and AD patients.

Table 4.

Healthy subjects ~AD patients (CDR =0.5,1) AD patients (CDR=2) p-value
Total length (m) 3.92£0.90 441+141 521+186 00117
Number of branches 238 +118 283 +126 369 + 145 0.079
Average diameter (mm) 223+0.34 1.98+£0.31 1.74+0.29 0.022%
Fractal dimension 1.78+0.24 1.86+0.19 1.91+0.25 0.016~
Tortuosity (rad/cm) 6.74 +£2.96 8.03+3.11 10.27 +3.48 0.027%

All the data represent meantstandard deviation with varying clinical dementia rating (CDR) unless otherwise indicated. The p-values were

Page 24

corrected by the Benjamini-Hochberg method to control for the false detection rate. The significantly different features (p<0.05) are highlighted

with a *. rad: radians
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