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Abstract

In the last decade, detailed hemodynamic analysis of blood flow in pathological segments close to
aneurysm and stenosis has provided physicians with invaluable information about the local flow
patterns leading to vascular disease. However, these diseases have both local and global effects on
the circulation of the blood within the cerebral tree. The aim of this paper is to demonstrate the
importance of extending subject-specific hemodynamic simulations to the large-scale cerebral
arterial tree with hundreds of bifurcations and vessels, as well as evaluate hemodynamic risk
factors and waveform shape characteristics throughout the cerebral arterial trees.
Angioarchitecture and /n vivo blood flow measurement were acquired from healthy subjects and in
cases with symptomatic intracranial aneurysm and stenosis. A global map of cerebral arterial
blood flow distribution revealed regions of low to high hemodynamic risk that may significantly
contribute to the development of intracranial aneurysms or atherosclerosis. Comparison of pre-
and post-intervention of pathological cases further show large angular phase shift (~33.8°), and an
augmentation of the peak-diastolic velocity. Hemodynamic indexes of waveform analysis revealed
on average a 16.35% reduction in the pulsatility index after treatment from lesion site to
downstream distal vessels. The lesion regions not only affect blood flow streamlines of the
proximal sites, but also generate pulse wave shift and disturbed flow in downstream vessels. This
network effect necessitates the use of large-scale simulation to visualize both local and global
effects of pathological lesions.
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Introduction

Quantitative magnetic resonance angiography (QMRA) is a commonly used non-invasive
imaging modality to quantify blood flow in the cerebral arteries. However, it is limited to
large cerebral arteries [1] and cannot reliably measure slow flow in small arteries. Moreover,
gMRA does not provide enough spatial and, more importantly, temporal resolution to assess
near-wall hemodynamic factors that are critical in understanding of cerebrovascular disease
(CVD). Near-wall hemodynamic factors include wall shear stress (WSS), time-averaged
WSS (TAWSS), oscillatory shear index (OSI), relative residence time (RRT). The
importance of disturbed flow and WSS vector directional changes [2-4] in CVD have been
shown in the vascular tree. OSI has been correlated with plaque formation [5,6] and high
TAWSS initiates cerebral aneurysm formation [7]. The occurrence of atherosclerosis-prone
regions strongly correlates with low TAWSS and high OSI (i.e. high RRT) [8,9]. A clinical
study by Kawaguchi et al. [10] demonstrated that there were distinctive flow patterns in the
ruptured versus unruptured blebs and that the WSS was significantly lower in the ruptured
aneurysm. Animal and clinical studies have shown that sustainable secondary flow can
significantly reduce the likelihood of thrombosis formation inside vascular grafts [11,12].
Since none of these clinical parameters can be measured directly, we propose to complement
in vivo blood flow measurements by performing subject-specific CFD computations on a
large cerebral arterial tree to assess hemodynamic risks.

Accurate cerebral arterial tree modelling requires precise subject-specific reconstruction of
the cerebral vasculature, which exhibits significant geometrical variations between
individuals. Even small variations in vascular topology can potentially create large effects on
WSS and its derivatives [13]. For example, the circle of Willis (CoW) is an important
pathway in maintaining and distributing cerebral blood supply. Its ability to redistribute
blood depends highly on its morphology, as well as the presence and the shape of the
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communicating arteries. The effect of anatomical variation of the Cow on CVDs has been
thoroughly studied [14-16]. A close correlation between low distribution capacity of the
CoW and an increased risk of stroke has been reported [17,18]. Beyond the CoW, the pial
arterial networks which extend to the main vascular territories vary widely between
individuals. Small changes in resistance and configuration of these vascular territories give
rise to different levels of collateral blood supply, which is responsible for vascular reserve.
In order to address individual anatomical variations, we propose to automatically generate
subject-specific models of the large-scale vascular trees from medical images.

Numerous studies have been devoted to performing CFD hemodynamic analysis, where
detailed 3D simulations were performed mostly on a few branches or short segments. Here,
we propose the extension of excellent prior work [19-23] to the large portion of the 3D
cerebral arterial tree to enable near-wall hemodynamic analysis. The ability of multi-scale
algorithms to resolve important biophysical processes of cerebral circulation has been
addressed previously [24-30]. However, previous global simulations were mostly performed
on simplified flow network with 1D plug flow assumptions [31-34]. Our global approach
has the advantage of assessing near-wall hemodynamic analysis for a large portion of the
arterial tree with the inclusion of downstream vessels where undesired hemodynamics
changes could occur far away from the site of intervention. For example, delayed ipsilateral
parenchymal hemorrhage (DIPH) was reported in arteries far downstream of the site of flow
diversion deployment [35-38]. Assessment of changes in cerebral circulation for a large
cerebral arterial tree would shed light on the pathophysiology of the unexplained DIPH [39].
The possibility of remote and delayed hemorrhage caused by endovascular intervention
underscores the need for assessing hemodynamic changes not just on a local scale, but
throughout a large portion of the cerebrovascular tree.

Since high-risk hemodynamic parameters cannot be measured directly, we propose to
augment the value of /n vivo flow measurements with subject-specific CFD analysis to infer
hemodynamic risk factors. In this paper, we will assess risks regions throughout the large-
scale cerebral circulation for six healthy and two illustrative cases with cerebrovascular
before and after endovascular treatment.

Methods

Time-of-flight (TOF) and phase contrast magnetic resonance angiography (PC-MRA) were
used to measure blood flow and source imaging data were input for anatomical
reconstructions of six healthy volunteers and two pathological cases, one with intracranial
aneurysms and the other with a stenosis. A vesselness enhancement filter [40] was applied to
enhance the contrast of cerebral angioarchitecture [41] down to pial arteries (400 um). After
image filtering, information on the vessel centerline and radius of the vascular network were
extracted. We then applied an automatic parametric meshing technigue to generate flow-
aligned subject-specific hexahedral meshes of the arterial trees[42,43]. Regional /n vivo
volumetric cerebral blood flows were measured at major arteries in the Circle of Willis.
Three-dimensional dynamic CFD analysis was performed to calculate blood flow and
hemodynamic risk factors in the cerebral arterial tree for the healthy and illustrative
pathological cases.
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Image acquisition and enhancement

Six healthy human subjects with no known cerebrovascular diseases and two illustrative
pathological cases (intracranial stenosis and aneurysms) were recruited and underwent MR
imaging studies on a General Electric 3T MR750 scanner using a 32-channel phased array
coil. Magnetic resonance angiography (MRA) were acquired for healthy volunteers (five
men and one woman between 25 to 31 years old) with the following parameters: repetition
time = 26 ms, echo time = 3.4 ms, flip angle = 18°, matrix size = 512x512x408, voxel size =
0.39x0.39x0.3 mm?, acceleration factor = 2, number of slab = 4, magnetization transfer =
on, and scan time of 30 /m/n. In addition, three-dimensional digital subtraction angiography
(DSA) data set for the two illustrative pathological cases were collected to enhance the
image reconstruction.

The first illustrative pathological case was a 74-year-old female who had a large aneurysm
involving the right posterior inferior cerebellar artery (PICA), who was treated with
aneurysm clipping. The second illustrative pathological case was a 59-year-old male
diagnosed with a severe left middle cerebral artery stenosis, who was treated with
angioplasty.

Time-dependent blood flow data were obtained using TOF angiography and anatomical
information was acquired with PC-MRA.. For the illustrative cases with stenosis/aneurysm,
the same flow data was acquired twice: one pre-intervention (PRI), and second post-
intervention (PSI). Finally, raw TOF and Magnetic Resonance Angiography (MRA) images
were passed to a vessel enhancement filter to successfully identify and segment small pial
arteries. We used our in-house developed vesselness filterto enhance the contrast of the
arterial tree in MRA images [40,41,44]. The scan parameters of TOF and PC-MRA are
documented in Appendix 1, Table A1. MRA and DSA were acquired under Institute Review
Board approval at the University of Illinois at Chicago.

Large-scale parametric mesh generation

We used a parametric structured mesh generation method described previously [42,43]. In
brief, geometrical descriptors such as centerline and radii were extracted using the Vascular
Modelling Toolkit (VMTK) software [45]. A Bezier spline approximation was used to
delineate vascular centerlines. To complete the vascular network reconstruction, structured
hexahedral meshes were parameterized along the vascular segments in radial, cross-sectional
and longitudinal directions, as shown in Figure 1A. For each branch, the number of
longitudinal subdivisions was chosen based on the local curvature and vessel diameter.
Statistics of the reconstructed cerebral arterial trees with parametric meshing technique for
six volunteers are summarized in Table 1.

We also applied our parametric meshing method for two illustrative cases with vascular
diseases: an MCA stenosis lesion case and a large saccular aneurysm involving the right
posterior inferior cerebellar artery (PICA). The stenosed region was readily meshed using
parametric meshing. For aneurysm case, we used Aybrid meshing to combine the advantage
of highly dense mesh refinement in the aneurysm with economic reconstruction of the
disease-free portion of the cerebral circulation. We used an unstructured meshing approach
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specifically for the outpouching of the aneurysm, [1,2,24,46]. To create a seamless
connection between the aneurysm and the parametric arterial tree, an axial cross-section
containing surface and interior points were deployed as seed points for initiating
unstructured mesh generation of the aneurysm. This task was supported by ICEM CFD
mesh editing tools (e.g. merge-nodes, split-edges). The unstructured aneurysm mesh was
connected at the proximal and the distal end to the parametric mesh of the remaining
disease-free portion of the arterial tree. Hybrid meshing enabled use of a flexible mesh for
the irregular pathology, combined with economic reconstruction of the normal portion of the
patients’ cerebral circulation.

Subject-specific blood flow measurement

Two imaging protocols, TOF and PC-MRA were used for acquiring anatomical and dynamic
information to quantify volumetric pulsatile blood flow. These images were processed using
a commercial flow analysis software, NOVA (Vassol Inc, River Forest, IL) [47]. Blood flow
was measured from incoming flow to CoW including the left and right internal carotid
arteries (LICA and RICA) and basilar artery (BA); in addition, arteries leaving the CoW
include the anterior cerebral arteries (LACA and RACA), middle cerebral arteries (LMCA
and RMCA\) and the left and the right posterior cerebral arteries (LPCA and RPCA). Total
scan time for each subject was 50-60 minutes. Acquired volumetric blood flow
measurements for three healthy volunteers are depicted in Figure 2 and summarized in Table
2.

Hemodynamic simulation and anatomical labeling

Transient hemodynamic simulations were carried out using ANSYS Fluent 18.0 (ANSYS
Inc., Canonsburg, PA) with a second-order upwind scheme using the parallel 14-core
processor on dual 2.4 GHz Xenon CPUs. Blood rheology is modelled as a viscous,
incompressible, single phase Newtonian fluid with a density of 1055 kg//7° and dynamic
viscosity of 4.265 x 1073 Pa.s. The vessel walls were assumed rigid with no-slip boundary
condition. Convergence criterion of the simulation was set to 1076 for residual error of
continuity within each time step of 0.1 /msec. The required CPU time for each cardiac cycle
for each subject is listed in Table 1. The simulation results were reported after multiple
cardiac cycles to eliminate initial transients. Streamlines and hemodynamic variables were
computed using CFD-Post 18.0and MATLAB R2016b.

We first classified the vessels based on their anatomical territories. The inflow arteries
include left and right internal carotid arteries (LICA and RICA) as well as either basilar
artery (BA) or both right and left vertebral arteries (RVA and LVA). Outflow vessels were
categorized based on their feeding anatomical regions in six groups of the left and right
middle cerebral arteries (LMCA, RMCA), posterior cerebral arteries (LPCA, RPCA) and
anterior cerebral arteries (LACA, RACA).

Blood flow measurements obtained from the NOVA scans at the RICA, LICA, as well as BA
(or RVA, LVA) served to set pulsatile inlet boundary conditions for our simulations. For all
outlets, outflow pressure boundary conditions were assigned so as to match the volumetric
flow rates from /n vivo measurements at LMCA, RMCA, LPCA, RPCA, LACA, RACA
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vessels [40] as shown in Figure 2. Dynamic pressure boundary conditions were set for the
six outflow territories including (LACA. RACA. LMCA, RMCA, LPCA, RPCA outlets)
were inferred by an optimization problem described in Appendix 2. A similar optimization-
based technique was described here [48].

We used a Fourier series approximation to set velocity boundary conditions at the inlet of the
basilar and carotid arteries, which were implemented in ANSYS Fluent with user-defined
functions (UDF).

The same procedure was used for each of the healthy and illustrative pathological cases with
stenosis and aneurysm, each with their specific anatomical vascular trees, and intracranial
flow measurements as an input and output for the CFD analysis. The Fourier series
approximation to set velocity boundary conditions at the inlet of the basilar (or vertebral
arteries) and carotid arteries is given in Eq. (1).

N
v () =ay+ Z (a, cos nwt + b, sin nwt), o= (1)

n=1

Here kstands for the different inlet vessels, including RICA, LICA as well as BA (or RVA
and LVA ). ag,a, and by, are the coefficients of the trigonometric Fourier series. N is the total
number of the harmonics in the Fourier series. w, 7and tare the fundamental frequency,
period and time domain of the flow profile, respectively.

Near-wall hemodynamic risk factors

In this section, we will first introduce a suitable set of near-wall hemodynamic factors
chosen for this study. Based on these parameters, we will quantify hemodynamic risks and
classify the regions into normal, low-risk and high-risk regions. Our choice is justified
because changes in static or dynamic WSS have been implicated in cerebrovascular
pathologies [49]. The temporal distribution of WSS and associated biomechanical stresses in
the vessel walls were quantified by TAWSS and OSI. TAWSS was calculated by integration
of the WSS magnitude at each node over one cardiac cycle, Eq. (2). OSI is a nondimensional
parameter quantifying the direction of WSS fluctuations during one cardiac cycle, Eq. (3)
[5,50]. The residence time of particles near the wall is proportional to a combination of
TAWSS and OSI Eq. (4) [51].

1 T
TAWSS:—/
TJo

—_—
WSS|dt @)
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—
1 If(T)WSSdrl
OSI = 5 1l - ———
/6 WSS |dz
1
RRT = (4)

TAWSS(1 —20SI)

|Wss| is the magnitude of instantaneous WSS vectors (N/m?2) and ¢ (sec) is the duration of a

cardiac cycle. Regions with high OSI are predisposed to endothelial dysfunction, showing
the high risk of local thrombosis and plaque formation [5,52,53]. WSS ranging between 1.0
to 7.0 Pa in the arterial network is considered normal in human arteries [54-56]. The
physiological level of OSI to maintain normal endothelial function has been reported to be
under 0.2 [57,58]. On the other hand, low TAWSS values (less than 0.4 Pa), [56] and high
RRT (higher than 10 m2/N) [59,60] are known to promote atherosclerosis. OSI greater than
0.3 have been also shown to promote atherogenesis [50]. Considerably, we summarized the
literature results into three regions of normal, low-risk and high-risk regions in Table 3.
These classifications were used to categorize the level of hemodynamic risk in healthy and
pathological cases.

Results

Mesh generation for cerebrovascular tree

We first report on the anatomical consistency of the reconstructed vascular trees. For each of
the six healthy subjects, the large cerebral arterial tree was reconstructed with an average of
22768 vessel segments and 95+17 bifurcations. Statistical information about reconstructed
arterial trees, computational meshes, CPU time for mesh generation and simulation for all
volunteers are listed in Table 1. The CoW topologies show substantial subject-specific
anatomical variations are depicted in Figure 3A. For example, Subject / and /// are missing
left posterior communicating artery (PCOM). In Subject /1, Al segment of the right anterior
cerebral artery and right PCOM are absent. Subject /V/'has an absent left PCOM and the
ACA has an azygos origin that forms a common trunk and splits distally into two segments.
Subject Vhas both right and left PCOM absent. Subject VI possesses a complete CoW. The
CPU time for vascular network segmentation and parametric mesh generation of the
cerebrovascular tree takes less than 17 minutes on single-core processor of 2.4 GHz Xenon
CPUs. The total number of required mesh cells after mesh-independence tests are listed in
Table 1 and shown in Figure 1B-C.

Subject-specific blood flow simulation

PC-MRA blood flow measurements in the main arterial territories (RMCA, LMCA, RACA,
LACA, RPCA and LPCA) for six healthy and two illustrative stenosis/aneurysm cases (pre-
and post-intervention) were acquired. /n-vivo PC-MRA flow results were compared with
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CFD predictions. Figure 2 illustrates color-coded slice planes perpendicular to the main flow
direction, and plots dynamically measured and computed volumetric flow rates in the main
cerebral arteries for the first three subjects with average volumetric flow error of
2.27+0.64%. The deviations between measurements and simulations for territories are
summarized in Table 2. The blood flow analysis also includes average volumetric blood
flow, frequency, and amplitude.

Hemodynamic analysis of low- to high-risk regions

Here we illustrate quantification of near wall hemodynamic risks as outlined in the method
section and classify the regions into normal, low-risk and high-risk sites in Table 3. The
large-scale analysis enables detection of lesion-prone sites through the wide portion of the
cerebral arterial tree.

Low-risk regions—We first visualize the low-risk hemodynamic sites in healthy and
stenosis/aneurysm cases. Only relative high RRT regions were illustrated in Figure 4.
However, these locations had a low-risk range of OSI and TAWSS (data not shown). Figures
4A and 4B exhibit the location of relative higher RRT in the outer and inner walls of the
carotid siphon of subject 1/, and subject 1V, respectively. Low-risk sites were also found on a
curved vessel following the aneurysm lesion in PRI as shown in Figure 4C. Figures 4D and
4F show the relatively high level of RRT mostly at the side of the daughter branches at the
bifurcations of subject 1/ and subject VI, respectively. In subject 1 and subject 11/ (data not
shown), nearly perpendicular bifurcations such as the junction of PCOM and PCA or basilar
tip were also found to have relatively high RRT as shown in Figure 4G. Distal vessels of
MCA in the stenosis cases were detected as risky regions while after angioplasty, no sign of
low-risk was visualized in regions downstream of the MCA as shown in Figures 4H-1.

High-risk regions—Figure 5 exhibits the reconstructed arterial tree and high-risk
disturbed flow locations before and after aneurysm clipping. Figure 5B illustrates the inflow
jet stream into the aneurysm sac on different planes oriented perpendicularly and
horizontally to the aneurysm ostium before treatment. High-risk prolonged RRT sites were
located on a bleb close to the separation of the inflow streamline in the aneurysm sac (Figure
5C). The WSS vector plots captured during the different cycled phase of peak-systole, mid-
diastole and end-diastole (Figure 5D).

Figure 6 visualizes the high-risk sites with disturbed flow locations in a stenotic patient in
PRI and PSI. Before the intervention, flow separation and recirculation occurred in the post-
stenotic region leading to elevated RRT sites (Figure 6A). High-risk regions were mostly
present in the post-stenotic zones but also further downstream in distal vessels as shown in
Figure 6B. These regions were monitored and compared in the post-treatment model, which
can be considered as high risk for developing atherosclerosis. After angioplasty,
hemodynamic analysis for blood circulation after angiography showed the normalization of
the high RRT segments both proximal and distal to the stenosis as shown in Figure 6C. Post-
treatment, there was a 36% drop in blood flow within the anterior cerebral artery (ACA); and
a 76% increase in flow within the MCA stenosis. Similarly, there was a 53% reduction in the
mean velocity within the angioplasty segment. The flow decrease within the ACA post
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angioplasty may be an indicator of a reduced demand from collateral pial vessels following
the restoration of MCA flow after the successful intervention. Normalized WSS vectors are
depicted at the different phases of the cardiac cycle as shown in Figure 6D. Most WSS
vector changes occurred between mid- to end-diastolic phase of the cardiac cycle.

Hemodynamic indices for waveform analysis

We observed pressure and flow rate attenuation of the blood flow pulsatility along the paths
from the ICA to distal pial arteries in the MCA and PCA and ACA territories as shown in
Figure Al, Appendix 3. The waveform shapes are depicted from lesion site to downstream
distal vessels in Figure 7 for pathological cases. We also calculated the hemodynamic
indexes for waveform analysis using pulsatility index (P1), resistance index (RI), systole to
diastole ratio (S/D) of the velocity profile, and phase shift degree at post-lesion regions using

Egs. (7-10).
Vo=V
pi=-3_"2 (7
Vora
Vs=Vp
RI = v (8)
Vs
A¢ = 360° x % (10)

Where, Vs and Vp are peak-systolic and end-diastolic velocity, respectively. V1p is the
time-averaged velocity over one cardiac cycle. Ag is the phase shift in degrees; Azis the time
difference between pre- and post-intervention velocity wave peaks; T is the wave period in
seconds. Note that the wave periods were the same between the PRI and PSI stage.

Hemodynamic indexes for waveform analysis are summarized in Table 4 for post-lesion
regions. PI, Rl and S/D increased in the post-lesion downstream flows and were normalized
after the intervention.

In the post-aneurysm region, there was a phase lag and an augmentation of peak-diastolic
velocity (also known as secondary peak or notching) in the pre-intervention model as shown
in Figure 7A. The angular phase shift between PRI and PSI were 38.82° and 10.58° at points
#3 and #4, respectively.
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In Figure 7B, phase shifts of 106.05° and 78.14° were calculated in the elevated RRT region
at the proximal post-stenotic region. An angular phase difference of 11.16° was found in
distal MCA vessels. Consequently, the lesion region not only affects the proximal sites (ex.
post-stenotic region), but also potentially generate pulse wave delay in downstream vessels.

Discussion

We deployed an image-based workflow specifically tailored for large-scale blood flow
computations in subject-specific cerebral arterial trees. Predicted CFD flows were compared
to /n vivo gMRA measurements. Overall agreement between measured flow and 3D
dynamic CFD simulations was favorable with total average percentage flow difference of
2.27+0.64%. Flow measurements in combination with the computational analysis allow us
to visualize the near-wall hemodynamic map throughout the cerebral arterial tree to better
detect potential low- to high-risk sites. Global maps of hemodynamic risk parameters
derived from /n vivo measurements in combination with tree-wide CFD simulations provide
unigue observations about the hemodynamic status that no current imaging technique is
capable of measuring directly.

Global maps of low- to high-risk hemodynamic analysis

Two illustrative cases of intracranial stenosis and aneurysm were chosen because the
mechanism for the development of aneurysms or stenosis is affected by the /oca/
hemodynamic factors. In addition, once aneurysms or stenoses have formed, the pathology
may cause further changes to local and more significantly to the global blood flow
distribution pattens. Adverse distal effects such as remote ipsilateral hemorrhage [61] may
be detected and pinpointed with the proposed global hemodynamic analysis. The proposed
parametric structured meshing technique extends rigorous CFD analysis from a single site to
large portions of the cerebrovascular network.

Low-risk regions were found to be located at bifurcations with perpendicular branches (T-
shape) such as at the junction of PCOM and PCA and the basilar tip. At these bifurcations,
the high-velocity blood flow impinges at the apex causing perpendicular forces on the
arterial wall. Additionally, regions with relatively low WSS and high OSI were observed at
bifurcations with daughter branches of largely different diameter ratios. The smaller side-
wall branches are consequently more prone to atherosclerosis as indicated by the
hemodynamic parameters. Moreover, internal carotid arteries with high tortuosity exhibit an
area of locally elevated residence time, mostly on the inner curve of the carotid siphon due
to the predominant helical flow in curved vessels rather than the parabolic velocity profiles
that occur in straight vascular segments [62]. In the stenosis/aneurysm, disturbed laminar
blood flow after stenosis and aneurysm generate low-risk sites in distal disease-free vessels
as potential future problem areas.

The simulation of the large-scale cerebral arterial tree helped identify and localize high-risk
regions of disturbed flow in the pathological cases. The area of prolonged RRT was found
on a bleb of the aneurysm close to the stagnation of the inflow jet. There were slow-velocity
streamlines at 0.62 mm beneath the wall with elevated RRT.
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Our hemodynamic analysis was able to pinpoint potential problem spots in pathological
cases. In the stenosis case, elevated levels of pre-operative RRT and TAWSS both upstream
and downstream from the MCA stenosis were detected. Without the intervention
(angioplasty), this MCA stenosis could eventually initiate stenoses in other sites. After
angioplasty, normalization occurred in high RRT segments both proximal and distal to the
stenosis. The visualization of normalized WSS vectors showed that the directional changes
were mainly between mid- to end-diastole.

Blood flow waveform

We predicted velocity fields from inlets down to the small distal vessels in both normal as
well as malformed vascular segments. Post-intervention, flow pulsatility was attenuated far
downstream of the lesion sites, as is desirable. Waveform indexes such as PI, Rl and S/D
ratio reduced by 16.3%, 11.52%, and 18.86%, respectively. Large angular phase difference
was found between pre- and post-intervention flow profiles in downstream flow field
following vascular lesions. The angular shift ranged from 106.87° in proximal to 7.06° in
distal vessels from the malformed vessels. We also visualized the augmentation of peak-
diastolic flow waveform downstream of the diseased vessels. Since /in vivo MRA blood flow
acquisition is not simultaneous, such phase shift differences cannot be studied with current
in vivoblood flow measurements. Large-scale CFD analysis is capable of supplying critical
temporal and spatial hemodynamic information throughout a large portion of the cerebral
arterial tree that cannot be measured by imaging technologies.

Many researchers showed that hemodynamic parameter changes are highly associated with
geometric features rather than physiological variations of the flow rate, blood pressure, and
wave shapes [62]. Additionally, it has been reported that the augmented diastolic-peak of
velocity correlates with age and is significantly higher in the blood flow waveforms of old
adults [63,64] leading to microvascular damage and impaired function [65]. However, it is
unclear if lesion-induced phase lag and waveform dynamic changes encourage endovascular
lesions in distal vessels. For example, specific shear stress frequencies may correlate with
inflammatory response in the endothelium [66]. We believe that the blood flow waveform is
significant; because near-wall hemodynamic analysis and WSS components are directly
affected by blood flow patterns of each cardiac cycle. A future study should evaluate the
effect of post-lesion waveform changes on downstream distal vessels and quantify the
physiological relevance of the waveform to endovascular diseases.

Same day clinical screening modality

The CPU time for mesh generation is on average 17.6+1.24 min, simulation of one cardiac
cycle requires 85+9.7 min for each subject. Anatomic reconstruction with parametric
meshing cuts processing cut the processing time for both mesh generation and simulation,
thus eliminating current bottlenecks so that large-scale hemodynamic analysis can be
realized on the same day. In the future, availability of automated (same day) simulations
code will provide surgeons with indicators for potential benefits and risks associated with
endovascular procedures for individual patients. Tighter integration of imaging,
endovascular interventions, and rigorous hemodynamic analysis will also eliminate barriers
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between surgeons and biomedical device designers aiming at better outcomes for
cerebrovascular diseases.

The significance of large-scale versus truncated simulations

Multiple assumptions are commonly introduced to approximate physiological outflow
boundary conditions [24,67-69] when /n vivo flow measurements in small and very
numerous branches of arterial trees are unavailable. However, boundary conditions can
greatly affect the wave profile in the downstream arteries [70]. A comparative study of large-
scale simulation of the arterial tree with a shorter truncated version showed that the
predicted hemodynamic risk factors changed significantly between the full and the truncated
version. Specifically, Appendix 4 shows the difference between RRT distribution map
between large-scale and a truncated vascular model with the same velocity inlet boundary
condition. Although the qualitative features are relatively unchanged, detailed analysis
showed substantial differences in RRT values. Therefore, hemodynamic risk analysis should
be performed on larger portions of the arterial tree to reduce the effect of uncertain boundary
conditions.

Limitation and future work

In the current model, we employed a rigid wall assumption for all simulation. Even though
the deformations are small [71], wall deformations may significantly impact pressure
attenuation, blood flow waveform and stress distribution in vessel walls. An extension to
deformable vessels is a logical next step, which will benefit from the parametric structured
meshes, because the wall geometry can easily be generated by extending the radial surface
mesh to the desired wall thickness. However, reliable mechanical properties and vessel
thickness measurements of all arterial blood vessels are necessary before attempting more
rigorous 3D fluid-structure interaction (FSI) simulations for large sections of the cerebral
vasculature. In addition, near-wall hemodynamic risk analysis can be extended to more WSS
components such as Lagrangian processing of the WSS vector field [3,72].

Another future improvement concerns the use of non-Newtonian blood flow rheology [73].
This step would be critical for blood vessels less than 100 gm in diameter. In this study, we
did not use complex rheology models because all arterial branches had diameters of
D>4004m due to the limited MRA resolution.

Future work should address the multi-scale arterial to venous system simulation with
consideration of vein walls compliance. Another possible future step is to integrate rigorous
3D CFD arterial tree simulations with lower order microcirculatory closures [26,71,72].

Conclusion

Global maps of hemodynamic risk parameters derived from /n vivo measurements in
combination with tree-wide CFD simulations provide unique global observations about the
hemodynamic status that no current imaging technique is capable to visualize directly. The
large-scale subject-specific hemodynamic analysis is a promising next step for quantifying
the surgical outcomes. This proposed method can be used to highlight the potential
hemodynamic risks that might lead to aneurysm formation or increase the risk of aneurysm
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rupture, as well as understanding of the hemodynamic risks for atherosclerosis. Tree-wide
simulation is expected to serve as a basis to predict changes to the large-scale flow
redistribution after the endovascular intervention. To achieve this long-term goal, the global
flow distribution model presented here may serve as a starting point. Automation of image
segmentation, parametric meshing and efficient CFD segmentation with structured grid may
pave the way for same-day CFD hemodynamic risk analysis.
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Appendix 1

TABLE Al

Scan parameters of time-of-flight (TOF) and phase contrast MRA (PC-MRA) flow
measurement for investigated subjects.

Scan parameters TOF PC-MRA (NOVA protocol)
Number of excitations 1 2
Temporal resolution (ms) 26 10.9
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Scan parameters TOF PC-MRA (NOVA protocol)
Echo Time 34 4.2

Flip angle (deg) 18° 25°
Acceleration factor 2

Number of slabs 4

Magnetization transfer

on

Matrix size 512 x 512 x 408

Voxel size (mm) 0.39 x 0.39

Slice Thickness (mm) 0.6

Slice Spacing 0.3 5
Echo Train Length 1 1
Pixel Spacing 0.3906 0.625
Cardiac Number of Images - 12
Velocity Encoding (VENC) - 1000
Acquisition time (s) 18000

Appendix 2

Large-scale blood flow simulations required suitable boundary condition selections. Here we
describe a procedure to obtain optimal choices for terminal outflow pressures consistent with
given blood flow measurements. The desired pressures are calculated optimally by
minimizing the difference between measured flows ;(t) and simulated flow £{?) at six regions
of interest (LMCA, RMCA, LPCA, RPCA, LACA, RACA). Clearly, rigorous optimization
would imply full scale 3D dynamic fluid flow inversion, which is impractical. Instead, the
inversion problem was solved using a 1D network model composed of cylindrical tubes.
This surrogate network was used to determine simultaneously the set of “optimal” boundary
pressures that best fit the measured flows. Pressures are determined by solving the
optimization problem in system Eq. (Al).

«(p, £, = min If - fOl (A1)

s.t.
Af@O—-Zp()=0
Z,f(1)=0
p()—p®) =0

Here, ?(t) and {9 are the measured and the predicted flow, respectively. p(9 is the predicted
pressure. The symmetric matrix A contains the flow resistances, Z; is the network nodal
matrix and 25 is the flow incidence matrix of the vascular network.

Optimal pressure boundaries can be determined for averaged flow rates (steady-state flow)
or extended to time-dependent signals by repeatedly solving the optimization problem for
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each frequency of a suitable Fourier decomposed version of the measurement signal. The
proposed optimization problem implies an assumption about territorial blood flow
distribution in terminal nodes. Here we assumed that terminal branches discharge blood flow
volume in proportion to their cross-sectional area. Note that at least one inlet pressure needs
to be selected to calibrate the absolute pressure level (Here, we chose LICA/RICA). Hence,
absolute pressure levels cannot be inferred from flow measurements alone. These boundary
signals were used in the 3D CFD simulation. If desired, the initial boundary pressure choices
obtained by optimization of the 1D network can be finely adjusted in dynamic 3D CFD
simulations to sharpen the alignment between measured and simulated flows.
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FIGURE A.1.

Computed flow and pressure of cerebral arterial tree. (A) The map of dynamic flow rates
shows attenuation of the blood flow pulsatility from ICA to the arteries in MCA territory
down to distal pial arteries for Subject /. (B) Pressure profile plotted from left ICA down to
distal arteries in left MCA, PCA, and ACA, for Subject //1.

Appendix 4. A case study to compare large-scale with small-scale

simulations

To examine the effect of domain size on the hemodynamic risk factors, we created a small
section of Subject Il covering only a section of the RICA to RMCA. Both the full and the
trimmed simulations used exactly the same inlet velocity profile to eliminate the effect of
inlet boundary condition [75]. We imposed the boundary condition to the truncated locations
as computed by large-scale model. The truncated model is exactly obtained from large-scale
vascular tree to ensure the equality of surface and volumetric meshes with the full model.
The trimmed model was not geometrically extended to highlight the effect of full versus
trimmed models.
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Note that even though the “correct” average pressure dynamics was input, the cross-
sectional pressure distribution was not imposed exactly for every point, thus only the spatial
average determined the truncated simulation. As a result, RRT maps and the maxima for the
full large-scale and truncated vascular model depicted in Figure A2, show substantial
differences (specifically, elevated RRT in the MCA segment in the full model=0.86,
truncated model max=1.22). These differences illustrate that small-scale simulation leads to
risk factors prediction that can differ significantly from results determined by a large tree-
wide simulation.

B Large-scale Truncated

FIGURE A.2.
Hemodynamic risk-factor analysis of large-scale and truncated cerebrovascular tree. (A) A

small section of Subject 11’s cerebroarterial tree with five segments from the RICA to
RMCA was truncated. Dynamic pressure profile was extracted from the large-scale model at
three outlets and was used them as pressure boundary condition for the truncated model. (B)
Distribution of relative residual time (RRT) of the truncated and large-scale vascular tree
were different. The major different regions with the elevated RRT values are shown with
black arrows. Predicted RRT map varied widely between small and large-scale models
despite “correct” pressure outlet.
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FIGURE 1.

Mesh independence test for parametric structured meshes in two subject-specific cerebral
arterial trees. (A) Parametric mesh of two subjects. Longitudinal and cross-sectional mesh
density can be adjusted to control mesh resolution. Here, refinement was optimally
performed based on the local diameter and centerline curvature. (B) Mesh independence for
Subject I. A centerline from RICA to RMCA passing through six main bifurcations was
used to compare pressure values computed with different mesh element numbers. For each
mesh, time-dependent velocity profiles for a plane marked in orange was also plotted.
Meshes with fewer cross-sectional element (black) slowly approached stable results shown
for high-resolution models (green and blue) thus demonstrating mesh independence. (C)
Mesh independence for subject I1. Pressure trajectories for different resolution were plotted
along large sections of the centerline spanning the LICA to LMCA branches. In addition,
average velocity magnitude profiles are shown for a location at the entrance of the LMCA
for different mesh resolution. Pressure and velocity results for green and blue are virtually
identical with 2650K and 3600K elements. By varying cross-sectional density, mesh-
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independent results were achieved with a 2150K mesh. These results demonstrate the
achievement of mesh independence with parametric meshing technique.
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Subject III

!

Comparison of regional blood flow measurement and subject-specific simulation using PC-
MRA flow measurements. Three examples of /n vivo measurements are shown in the first
row. The color-coded slice plane is perpendicular to the longitudinal axis of a vessel segment
showing where the measurement was made in the main cerebral arteries. The solid color-
coded curves are measured blood flow and gray dotted profiles are the simulated blood flow

in the main arteries of the cerebral arterial tree.
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FIGURE 3.
Cerebrovascular tree reconstructions (A-B), labeling (C), and simulation (D-F) for six

healthy subjects. Each column represents different subject. (A) Schematic frontal views of
anatomical variation of Circle of Willis. Absence of Left PCOM in Subject I. Subject I11:
Absence of Al segment and right PCOM. In Subject 111: Absence of Left PCOM. Subject IV
Absence of left PCOM and presence of Azygos ACA present. Subject V: Absence ofboth
PCOMs. Finally, a complete CoW in Subject VI. (B) An anterior view of parametric mesh of
the subject-specific cerebral arterial trees. (C) Atlas of cerebral arterial tree. Cerebral arterial
trees were labeled in their corresponding anatomical regions of LMCA, RMCA, LPCA,
RPCA, LACA, RACA and BA. (D) Predicted pressure field at systole obtained by 3D CFD
simulation for the entire cerebrovascular tree. Higher blood pressure in ICAs and BA, which
gradually decreased towards the smaller outlet vessels. (E) Computed WSS on the arterial
wall at peak-systole. (F) Visualization of blood flow vorticity magnitude in arterial trees to
show the presence of secondary flow patterns at peak-systole.
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High tortuosity

Side-branch of
bifurcations

Near-perpendicular

vessels

bifurcations

FIGURE 4.
Assessment of hemodynamic /ow-risk regions in healthy and pathological cases. Black

arrows indicate Jow-risk regions with a high relative residence time (RRT). These locations
also exhibited low-risk range of OSI and TAWSS (data not shown). (A-B) Internal carotid
arteries with high tortuosity exhibit hemodynamic risky regions mostly in the inner curve of
the carotid siphon of subject /1, and subject 1V. (C) The downstream artery of the aneurysm
exhibits a low-risk area at the point of high curvature. (D-F) High RRT regions were
observed at bifurcations with daughter branches of different diameter ratios in subject 11/
and subject VI. (G) The walls of thinner side branches are more prone to atherosclerosis as
indicated by the hemodynamic parameters. In subject /, low-risk regions were found to be
located at near perpendicular-bifurcations such as the junction of PCOM and PCA and the
basilar tip. High-velocity blood flow impinges on the opposite arterial wall in near
perpendicular bifurcations. (H) High-velocity blood flow jets generate risky areas in the
downstream vessels in stenosis case (PRI). (1) Risky regions in the patient shown in panel H
were remedied after treatment (PSI).
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FIGURE 5.
Disturbed flow quantification and high-risk region detection for a patient with a large

saccular aneurysm on the PICA. Panel (A) visualizes the reconstructed model before and
after aneurysm clipping at peak-systole. (B) Several horizontal and vertical planes to the
aneurysm neck were used to visualize the pattern of inflow into the aneurysm sac. (C) The
area of prolonged RRT (arrow) was found on a bleb of the aneurysm close to the stagnation
of inflow jet. The WSS vector plots captured during different cycled time revealed that the
WSS vector arrangement highly changed in diastole phase.
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FIGURE 6.
Disturbed flow quantification and high-risk region detection for an illustrative case in a

patient with MCA stenosis. Panel (A) illustrates the reconstructed model with high-density
blood flow streamline in pre-intervention (PRI) and post-intervention (PSI) at peak-systole.
In PRI, the magnified view visualized the disturbed flow circulation at post stenosis region.
(B) Disturbed flow generated regions with relative high OSI and low TAWSS, i.e. high RRT.
Note that the scale is inverted for TAWSS to highlight the risky regions. Black arrows
indicates the high-risk locations at post-stenosis and distal down-stream vessel. (C) After
angioplasty, it showed the normalization of the high RRT segments both proximal and distal
to the stenosis (red RTT zones). Panel (D) visualize the normalized wall shear stress vectors
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on disturbed flow regions in systole, mid-diastole, and end-diastole. Most changes are
between mid to end-diastole.
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FIGURE 7.
Computed blood flow velocity for the MCA stenosis illustrative case in pre- and post-

intervention (PRI and PSI). Panel (A) visualizes dynamic velocity profiles at different
locations starting from the proximal to distal vessels. The transparent red area highlights the
largest phase lag. In aneurysm case, a very low velocity of stagnated flow was recorded
close to high RRT at point 2. In the post-aneurysm region, points 3 and 4, there was a phase
lag and an augmentation of the secondary peak compared to the PSI. The angular phase shift
between PRI and PSI are 38.82° and 10.58° at points 3 and 4, respectively. Panel (B)
visualized the dynamic velocity profile at pre-stenosis, 1, post-stenosis, 2—4, downstream
MCA vessel, 5 and downstream ACA territory, 6 of the stenosis patient in pre-intervention
(PRI) and post-intervention (PSI). Red solid and dotted line represent the maximum systolic
velocity at PRI and PSI, respectively. The phase shift between the PRI and PSI in
poststenotic region (points 3 and 4) are 106.05° and 78.14°, respectively. The global blood
flow analysis revealed a phase lag of 11.16° in distal MCA vessels (point 5).
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