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Alberto Aliseda

Mechanical Engineering

Computational fluid dynamics (CFD) simulations can be leveraged to understand
clinically relevant problems in cardiovascular flows. This dissertation explores two
applications of CFD modeling to physiological flows: intracranial flow in the Circle
of Willis (CoW) during vasospasm and intraventricular flow in the presence of a left
ventricular assist device (LVAD).

The CoW is a redundant network of blood vessels that perfuses the cerebral tis-
sue. Flow in the collateral pathways that form this ring-like vascular structure can
change in the presence of vessel constriction or occlusion. After a bleeding event in
the subarachnoid space, vessels in the CoW sometimes involuntarily constrict, in a
phenomenon known as vasospasm, which limits blood flow to the tissue, potentially
causing infarct. The role of collateral pathways in the response to vasospasm is not
well-understood. This dissertation investigates the relationship between changes in
flow rate and direction in the collateral pathways, the anatomical variant of the CoW,
and localization and severity of vasospasm across the network. Patient-specific CFD
simulations were created in a cohort of 25 vasospasm patients, leveraging computed
tomographic angiography (CTA) scans to generate models of the vasculature and

transcranial Doppler ultrasound (TCD) measurements to apply boundary conditions.



Bayesian analysis accounted for parameter uncertainty introduced by the medical
data and was used to optimize the model parameters applied in the final simulation.
Diameters, velocities, and flow rates were benchmarked against literature values, and
virtual angiography performed by tracking a passive scalar, advected by the fluid
velocity computed in the CFD simulations, was compared to clinical angiography,
showing good agreement. Two metrics for vasospasm severity — percent changes in
resistance and viscous dissipation — correlated closely with angiographic severity and
helped identify regions of localization of vasospasm within the CoW and quantify

overall severity.

The second application of CFD in this thesis is on intraventricular flows. LVADs
are centrifugal pumps implanted in the left ventricle (LV) of advanced heart failure pa-
tients. While pump designs have improved significantly over time, the risk of throm-
boembolic events remains high. Third generation pumps incorporate a pulsatility
mode that modulates the rotational speed of the device impeller to promote in-pump
washout. The role that this pulsatility mode plays in intraventricular washout is an
active area of research. This dissertation studied how the temporal synchronization of
the pulsatility mode with the native cardiac cycle affects the degree of intraventricular
washout, which can have important implications for platelet activation and aggrega-
tion that subsequently can lead to thrombus formation. Lagrangian particle tracking
was integrated into CFD simulations to model the hemodynamic environment expe-
rienced by platelets moving through the LV. Boundary conditions were defined using
the time-varying flow rate from an equivalent particle image velocimetry (PIV) exper-
iment. Regions of stasis were identified from examining velocity fields and calculating
the stagnation index, which is an Eulerian quantification of stasis. Eulerian metrics
from the CFD simulations agreed closely with PIV results. The optimal timing of the

pulsatility mode with the cardiac cycle that maximizes intraventricular washout was



identified.



TABLE OF CONTENTS

Page
List of Figures . . . . . . . . . iii
Chapter 1:  Introduction . . . . . .. ... ... ... ... .. ... .... 1
1.1 Contributions in this Thesis . . . . . . . .. ... .. ... ... ... 1
1.2 Characteristics of Cardiovascular Flows . . . . . . . ... .. ... .. 2
1.3 Computational Fluid Dynamics Modeling Approach . . . . . . . . .. 3
1.4 Computational Modeling of Cardiovascular Fluid Mechanics . . . . . 6
Chapter 2:  Activation of Collateral Pathways in the Circle of Willis during
Vasospasm . . . . ... 9
2.1 Introduction and Background . . . .. .. ... ... .00 9
2.2 Methodology . . . . . . . ... 28
23 Results. . . . . . 58
2.4 Discussion . . . . ... 103
2.5 Conclusions . . . . .. .. 109
2.6 Future Work . . . . . . . . ... 110
Chapter 3:  Platelet Activation in the Left Ventricle in the Presence of a Left
Ventricular Assist Device with Speed Modulation Synchronized
with the Cardiac Cycle . . . . . . . . . ... ... ... .. ... 112
3.1 Introduction and Background . . . .. .. .. ... ... ... ... 112
3.2 Methodology . . . . . . . .. 118
3.3 Results. . . . . . 125
3.4 Discussion . . . . ... e 135
3.5 Conclusions . . . . . . ... 142
3.6 Future Work . . . . . . . . .. 143
Chapter 4:  Conclusions of the Dissertation . . . . .. .. ... ... .... 144



Bibliography

i



LIST OF FIGURES

Figure Number

2.1
2.2
2.3
2.4

2.5

2.6

2.7
2.8

2.9

2.10
2.11

2.13

Anatomy of the Circle of Willis . . . . . ... ... .. ... .....
Structure of the arterial wall . . . . . . . ... ... ... ... ....
Subarachnoid space surrounding the artery . . . . . .. .. ... ...

Ruptured aneurysm introducing blood to the subarachnoid space lead-
Ing to vasosSpasIl . . . . .. ... L o

Transcranial Doppler ultrasound (TCD) transducer insonating a cere-
bral artery . . . . . . ...

Velocities returned by the TCD transducer for flow towards the trans-
ducer (top) and away from the transducer (bottom) . . . . . . .. ..

Computed tomographic angiography (CTA) of the brain . . . . . . .

Digital subtraction angiography (DSA) for an internal carotid artery
(ICA) injection in the anterior-posterior view (a) and lateral view (b)
and a vertebral artery injection in the anterior-posterior view (c) and
lateral view (d) . . . . . . ...

Direction of antegrade flow in the collateral pathways of the Circle of

WILLS . . .
Three-dimensional reconstruction of the Circle of Willis in Radiant

Transcranial Doppler ultrasound measurement of velocities in the left
middle cerebral artery (top) converted to a tile with higher contrast
between the measurement and the background used by the automated
tracing algorithm (bottom) . . . . . . ... ... 0L

A two-dimensional illustration of the prior, likelihood and posterior for
the Bayesian analysis . . . . . . . . . ... ... 0L

Case 1 prior norm versus secondary norm for the entire set of hyper-
parameters (top) and for a subset of hyperparameters on axes with
equal limits (bottom), with the red data point representing the final
hyperparameter selected for the study . . . . . . . .. ... ... ...

1ii

14

15

16
18

20

21
32

34

37



2.14

2.15

2.16

2.17

2.18

2.19

2.20

2.21

2.22

2.23

2.24

2.25

Case 1 secondary flow rate after the Bayesian analysis versus the hy-
perparameter, with the dashed line representing the target flow rate
and the red datapoint representing the final hyperparameter selected
for thisstudy . . . . . . . . ...

Case 2 prior norm versus secondary norm for the entire set of hyper-
parameters (top) and for a subset of hyperparameters on axes with
equal limits (bottom), with the red data point representing the final
hyperparameter selected for the study . . . . . . ... ... ... ...

Case 2 secondary flow rate after the Bayesian analysis versus the hy-
perparameter, with the dashed line representing the target flow rate
and the red datapoint representing the final hyperparameter selected
for thisstudy . . . . . . . ..

Centerline velocities over time in the bilateral anterior, middle, poste-
rior, and internal carotid arteries and basilar artery . . . . . . . . ..

Pressure slices through a right middle cerebral artery for calculating
resistance . . .. ..o

Vessel zones used for integrating viscous dissipation in the left-right
view (left) and anterior-posterior view (right) . . . ... ... .. ..

Least squares error between the quantized CFD metrics and angio-
graphic severity given a range of thresholds for resistance (left) and
dissipation (right) . . . . . . . . .. o

Summary of methodology for creating patient-specific CFD simulations
in the Circle of Willis during vasospasm . . . . . . .. .. ... ...

Patient A with a complete circle of Willis with labels of the major
cerebral blood vessels (left) and patient B with a missing right PCA
P1 segment with labels of the collateral pathways (right) . . . .. ..

Patient A collateral flow directions during the baseline (top) and va-
sospasm (bottom) conditions exhibited with arrows, the primary re-
cruited inlet artery exhibited with large double arrows, and the loca-
tions and severity of vasospasm exhibited with valve icons . . . . ..

Patient B collateral flow directions during the baseline (top) and va-
sospasm (bottom) conditions exhibited with arrows, the primary re-
cruited inlet artery exhibited with large double arrows, and the loca-
tions and severity of vasospasm exhibited with valve icons . . . . . .

Patient A vessel diameters, velocities, and flow rates at baseline (dotted
black line with black point) and vasospasm (solid black line with black
point) overlayed on literature values (shaded Gaussian distributions) .

v

41

43

44

45

50

o4

26

29

60

62

63



2.26

2.27

2.28

2.29

2.30

2.31

2.32

2.33

2.34

2.35

2.36

2.37

2.38

Patient B vessel diameters, velocities, and flow rates at baseline (dotted
black line with black point) and vasospasm (solid black line with black
point) overlayed on literature values (shaded Gaussian distributions) .

Patient A clinical (left) and virtual (right) angiograms for baseline
(top) and vasospasm (bottom) . . . . . ... ... oo

Patient B clinical (left) and virtual (right) angiograms for baseline (top)
and vasospasm (bottom) . . . . ...

Violin plot for the sensitivity analysis that solves a linear system of
equations for different parameter sets for patient A (top) and patient B
(bottom) during the baseline (light shade) and vasospasm (dark shade)
conditions . . . . . . ...

Boxplots of percent changes in resistance (top) and dissipation (bot-
tom) associated with each angiographic severity . . . . . . . ... ..

Bar charts of the percent of vessels in ranges of resistance (top) and
dissipation (bottom) metrics with an associated angiographic severity

Percent of vessels across the cohort that agree with the angiographic
severity based on the resistance (black) and dissipation (grey) metrics

Patients 1 and 2 with vasospasm localized in one zone of the CoW with
the angiographic severity (top), percent change in resistance (middle)
and percent change in dissipation (bottom) in each vessel . . . . . . .

Patients 3 and 4 with vasospasm localized in two zones of the CoW with
the angiographic severity (top), percent change in resistance (middle)
and percent change in dissipation (bottom) in each vessel . . . . . . .

Patients 5 and 6 with vasospasm balanced across zones in the CoW with
the angiographic severity (top), percent change in resistance (middle)
and percent change in dissipation (bottom) in each vessel . . . . . . .

Patients 7 and 8 with infarct caused by vasospasm (black circles) with
the angiographic severity (top), percent change in resistance (middle)
and percent change in dissipation (bottom) in each vessel . . . . . . .

Patients 9 and 10 with vasospasm localized in one zone of the CoW with
the angiographic severity (top), percent change in resistance (middle)
and percent change in dissipation (bottom) in each vessel . . . . . . .

Patients 11 and 12 with vasospasm localized in one zone of the CoW
with the angiographic severity (top), percent change in resistance (mid-
dle) and percent change in dissipation (bottom) in each vessel

66

69

70

72

74

5

76

80

82

84

86

89

91



2.39

2.40

241

2.42

2.43

2.44

2.45

2.46

3.1

3.2

3.3

3.4

Patient 13 with vasospasm localized in two zones of the CoW with the
angiographic severity (top), percent change in resistance (middle) and
percent change in dissipation (bottom) in each vessel . . . .. .. ..

Patients 14 and 15 with vasospasm localized in two zones of the CoW
with the angiographic severity (top), percent change in resistance (mid-
dle) and percent change in dissipation (bottom) in each vessel

Patients 16 and 17 with vasospasm localized in two zones of the CoW
with the angiographic severity (top), percent change in resistance (mid-
dle) and percent change in dissipation (bottom) in each vessel

Patients 18 and 19 with vasospasm balanced across zones in the CoW
with the angiographic severity (top), percent change in resistance (mid-
dle) and percent change in dissipation (bottom) in each vessel

Patient 20 with vasospasm balanced across zones in the CoW with the
angiographic severity (top), percent change in resistance (middle) and
percent change in dissipation (bottom) in each vessel . . . .. .. ..

Patients 21 and 22 with vasospasm balanced across zones in the CoW
with the angiographic severity (top), percent change in resistance (mid-
dle) and percent change in dissipation (bottom) in each vessel

Patient 23 with mild vasospasm in the CoW with the angiographic
severity (top), percent change in resistance (middle) and percent change
in dissipation (bottom) in each vessel . . . . . ... ... ... ...

Patients 24 and 25 with mild vasospasm in the CoW with the an-
giographic severity (top), percent change in resistance (middle) and
percent change in dissipation (bottom) in each vessel . . . . ... ..

Left ventricle with a left ventricular assist device (LVAD) implanted .

Head (mmHg) versus flow rate (L/min) curve for the HeartMate 3 at
different rotational speeds (RPM) . . . . .. .. ... ... ... ...

Computational domain for a patient-specific ventricle implanted with
an inflow cannula with the mitral valve as the inlet and inflow cannula
as the outlet in the left-right view (left) and posterior-anterior view

(right) . . . .

The HeartMate 3 pulsatility mode (a) modulates the pump speed every
2 seconds and is synchronized with the cardiac cycle at peak diastole,
peak systole, systole, or diastole (b) resulting in different flow rate
profiles over time . . . . . . .. ...

vi

92

94

95

97

98

100

101

102

114

115

119



3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

Velocity magnitude and in-plane direction for PIV experiments and
CFD model at two different times for the speed modulation synchro-
nized with systole. (a) Left-right view (b) Posterior-anterior view

Comparison of velocity magnitude for speed modulation synchronized
with systole within a rectangular subzone in the posterior-anterior view
(a) at peak diastole (b) at peak systole (c¢) at low RPM and (d) at high
RPM in the pulsatility mode . . . . . . . . . ... ... ... ...

Comparison of velocity magnitude for speed modulation synchronized
with systole within a rectangular subzone in the left-right view (a) at
peak diastole (b) at peak systole (c) at low RPM and (d) at high RPM
in the pulsatility mode . . . . . . . . .. ...

Bland-Altman plots of differences in CFD and PIV velocity magni-
tude for speed modulation synchronized with systole in the posterior-
anterior and left-right views (a) at peak diastole (b) at peak systole
(c) at low RPM and (d) at high RPM in the pulsatility mode with the
median (labeled in bold face) and 95% confidence intervals (labeled
with italics) identified with dashed lines . . . . . ... ... ... ..

Stagnation index for the PIV experiment and CFD model in the posterior-

anterior and left-right views for speed modulation synchronized with
systole . . . .

Virtual contrast injected in the CFD model for speed modulation syn-
chronized at systole for 8 seconds followed by a period of washout. (a)
0.6 sec (b) 7.9 sec (c) 10.6 sec (d) 16 sec (e) 21.1 sec. (f) Spherical
regions of interest (g) Virtual contrast over time in the LVOT, apex,
and near wall region . . . . . . ...

Virtual contrast integrated over the entire left ventricle versus time
(left) and the fraction of particles remaining in the left ventricle versus
time (right) for four temporal synchronizations with the corresponding
exponential decay time t; . . . . .. ...

Representative particle trajectories for platelets that exceed 35 seconds
of residence time in the (a) left-right view (b) posterior-anterior view.
(c) Distributions of particle shear stress history, (d) residence time, and
(e) time-averaged shear stress for speed modulation at peak systole and
at systole . . . ..

vii

126

127

129

130

131

133

134



ACKNOWLEDGMENTS

I would like to express my deepest appreciation for Dr. Alberto Aliseda, who has
been an incredibly supportive and patient advisor. Thank you for your mentorship
in the technical and social aspects of this journey as well as for creating a positive
culture in the lab. T will miss our annual lab camping trip and spirited conversations

at the Duchess.

Thank you to the incredible clinical collaborators that made this research possible
and enthusiastically answered all my questions: Drs. Michael R. Levitt, David Bass,
Guilherme Barros, Florence Sheehan, Deepak Sharma, Daniel Leotta, Claudius Mahr,
and Jennifer Beckman. I appreciate my committee members Drs. Jim Riley and Juan

Carlos del Alamo for their guidance throughout the PhD.

My family has been my biggest champion throughout this journey. To my Mom,
who loves me wholeheartedly, helped me develop the resilience to make it through
tough moments, and celebrated the successes on the other side. To my brother Joseph,
who always inspired me to be excited about science and gave his unwavering support.
To my brother Mark, who invited me on adventures and believed in me. To my
sisters-in-law Andrea and Monica, who encouraged me to pursue my career ambitions
and modeled what it looks like to be a female leader. To the Townes family, who
always welcomed me with open arms into their home and made me feel valued.

I could not have made it through this program without the amazing support from
my community. To Ian Good, for believing in me and showing me unconditional love.
To Fanette Chassagne, for reminding me that two steps forward and one step back

is still progress and for making me feel like being a successful woman engineering

viil



is possible. To Mike Barbour, for all of your support making it past the finish line
and for helping me keep the challenges in perspective. To Julia Romero Bhathal, for
being an incredible friend and fellow adventurer. To Laurel Miller Marsh, for always
bringing a fun and positive light to our lab. To Maria Yang, for our many coffee
dates and for your encouragement to keep going. To Amelie Ferran, for your cheeky
jokes and for starting goals group to help us stay connected through COVID. To Erin
Espeland, for always showing up and bringing brightness. To Sari Barzcay, for feeding
my soul with a late night charcuterie and chat. To Kee Onn Fong, for listening and for
showing me the world of Magnuson badminton. To Melody Mojib, for caring about
DEI and for making me feel less alone in the dark tunnel. To Ava Obenaus, for making
me laugh at many an entertaining story and for your commitment to watching the
Bachelor. To Elijah Kuska, Sam Hoang, Lynda Brady, and Marissa Miramontes, for
all the fun we had with the Mechanical Engineering Graduate Student Association.
To Abbie Shew, Abby Alridge, Alan Kaptanoglu, and Bridge Condron, for showing
me that all it takes to get through a PhD is chili and cinnamon rolls and a big hug.
To Anda Vladoiu, Ryan McGinty, and Abhi Dasari, for letting me vent over post-
climbing beers. To Farzanah Ausaluth, for always taking my call with a warm heart.
To Meghann Gerber, Wendy Lendrum, Anne Swenson, and Lisa Gray, for believing I
deserve to feel by best.

X



DEDICATION

To my family. You are everything.



Chapter 1
INTRODUCTION

1.1 Contributions in this Thesis

Computational fluid dynamics (CFD) simulations offer unique insights into three-
dimensional flow fields across a wide variety of engineering applications. While CFD
has been applied extensively to aerodynamics and other industrial applications, car-
diovascular flows can also be described by the fundamental equations of fluid dynam-
ics, and thus can benefit from the use of CFD. As the availability of computational
power rapidly increased in the last 50 years, CFD has become more accessible and
is reaching turn-around times that allow for clinical uses of this analysis methods to
support diagnosis and treatment planning.

Two distinct studies of CFD applied to cardiovascular applications are explored
in this thesis, with some computational methodologies shared across the applications.

Chapter 2 describes the study of flow in the Circle of Willis (CoW), the redundant
network of blood vessels that perfuses the brain, during vasospasm, an involuntary
constriction of blood vessels after a bleeding event in the brain. Flow in the col-
lateral pathways that form the ring-like structure of the CoW are known to change
in patients with vessel occlusion, but changes in the CoW during vasospasm are not
well-documented. A novel methodology that incorporates patient-specific data to cre-
ate a realistic CFD model was developed and applied to a cohort of 25 patients. The
study investigated the relationship between the anatomical variant of the CoW, the
locations and severities of vasospasm, and changes in flow in the collateral pathways.

Chapter 3 describes intraventricular flow in a patient with a left ventricular assist

device (LVAD), a centrifugal pump implanted in advanced heart failure patients.



LVADs are increasingly used as a bridge-to-transplantation or destination therapy,
but the risk of stroke remains high. Third generation pumps incorporate a pulsatility
mode to improve in-pump washout. The effects of synchronizing the pulsatility mode
of the pump with the native cardiac cycle remains an open question. This study
explored how the altered hemodynamics environment in the presence of an LVAD
influenced factors that lead to platelet activation, comparing four different timings of
the pulsatility mode with the cardiac cycle to determine an optimal timing. Results
from an equivalent particle image velocimetry (PIV) experiment were leveraged to

create boundary conditions and benchmark the CFD results.

1.2 Characteristics of Cardiovascular Flows

Due to the pumping of the heart, intraventricular and arterial flows are inherently
time-dependent. John Womersley developed an expression for the velocity in a
straight circular pipe as a function of time based on laminar, axisymmetric flow with
a periodic pressure gradient [169]. The Womersley number characterizes the pulsatil-
ity of the flow with the ratio of the transient inertial force and the viscous forces,

calculated with:

Wo = L\/g (1.1)

where L is the characteristic length scale, w is the angular frequency, and v is the
kinematic viscosity. The higher the Womersley number, the larger the role transient
forces play, resulting in a flatter velocity profile as compared to low numbers that
result in an almost parabolic profile. Typical values of the Womersley number are 15

in the left ventricle and 3 in the femoral artery [157].

The flow regime of the hemodynamics can be determined by calculating the

Reynolds number, which is the ratio of the inertial to viscous forces, calculated with:



_pVD

1
where p is the density, V' is the characteristic velocity, D is the characteristic

Re (1.2)

length scale, and p is the dynamic viscosity.

For internal steady flows, transition to turbulence begins at about 2300. The
Reynolds number is dependent on the location in the body, resulting in different flow
behavior. Transitional flows are typically observed in the heart and aorta, but flow
can become fully turbulent in the presence of a stenotic or artificial heart valve [157].

Blood is composed of plasma, red blood cells, white blood cells, and platelets, and
thus can be considered a suspension. At the macroscopic level in the heart and large
arteries, blood can be considered a homogeneous medium. Blood is a non-Newtonian
fluid, where higher shear rates decrease the viscosity of the blood. In many vessels,
the shear rates are consistently high, above the threshold for which blood functionally
behaves like a Newtonian fluid [157].

Due to changes in arterial pressure, blood vessel walls will expand and contract
passively. The distensibility of the aorta is much higher than that of the downstream
vasculature [157], resulting in larger displacements of the vessel wall in the aorta than

in smaller arteries like those supplying the cerebral tissue.

1.3 Computational Fluid Dynamics Modeling Approach

When approaching the building of a computational model, the first step is to identify
the purpose of the study. In the case of cardiovascular applications, close collabora-
tions with clinicians can help pinpoint the most clinically relevant questions. This
thesis benefitted significantly from collaborations with the University of Washington
Department of Neurological Surgery, and Divisions of Anesthesiology and Cardiol-
ogy (Department of Medicine) in the study of vasospasm in the cerebral vasculature
discussed in Chapter 2 and University of Washington Division of Cardiology in the
study of flow in the left ventricle in the presence of an LVAD discussed in Chapter 3.



The next step is to create the computational domain where the Navier-Stokes
equations will be solved with CFD. For cardiovascular applications, the gold stan-
dard is to derive the geometry from patient-specific medical imaging data. In the
study of vasospasm, computed tomographic angiography (CTA) scans were used to
create patient-specific models of the vasculature. In the LVAD study, the model of the
left ventricle was derived from magnetic resonance imaging (MRI). In order to solve
the fluid dynamics numerically, the flow computational domain must be discretized
via mesh generation. The mesh should accurately resolve areas with large gradients
in the flow like near the wall. The mesh should be fine enough to properly capture
the physical behavior while also balancing the computational expense. A mesh inde-
pendence study should be performed to ensure that the problem is properly resolved
while avoiding unnecessary expense. The mesh resolution is systematically varied and
CFD metrics of interest are computed for the different mesh resolutions and compared
among the different meshes. The final mesh is selected based on the agreement of the

CFD metrics with those of the finest mesh, within a certain tolerance.

The appropriate physics must be incorporated into the model. The physical mod-
els chosen for an application should balance complexity and accuracy with compu-
tational expense. While blood is technically a suspension of red blood cells, white
blood cells, and platelets in plasma, blood can be modeled as an incompressible,
homogeneous fluid at the scales of interest in the major cerebral blood vessels and
the left ventricle. Blood is modeled as a Newtonian fluid, the assumptions for which
are discussed in more detail in the ensuing chapters. The flow regime can be esti-
mated by calculating the Reynolds number, and the appropriate modeling techniques
should match the presence of laminar, transitional, or turbulent flow. In addition
to modeling fluid dynamics, incorporating a passive scalar in the model using an
advection-diffusion equation [29, 128, 131] can allow the CFD model to be bench-
marked against clinical angiography, as discussed in sections 2.2.11 and 2.3.3 in the

study of cerebral vasospasm, and to identify regions of stasis, as discussed in sections



3.2.6 and 3.3.3 in the study of intraventricular flows in the presence of an LVAD.
Lagrangian particle tracking can be leveraged to account for the hemodynamics mi-
croenvironment of platelets in a left ventricular flow, described in sections 3.2.8 and

3.3.5.

Boundary conditions must be prescribed at the inlets and outlets of the model,
which are often prescribed with values of pressure, velocity profile, or flow rate. In
studying cerebral vasospasm, sections 2.2.4 and 2.2.9 will discuss how patient-specific
measurements of flow velocities from transcranial Doppler ultrasound (TCD) can be
incorporated to define the boundary conditions of the model. In studying intraventric-
ular flow in the presence of an LVAD, section 3.2.3 will demonstrate how experimental
flow rates can be used to define the flow rate waveform boundary condition at the

outlet.

Solving the Navier-Stokes equations computationally results in spatial fields of
the pressure and the three components of velocity. Other metrics can be derived
from these variables, such as flow rate, hydraulic resistance, and viscous dissipation.
Modeling a passive scalar produces a concentration field, where higher concentrations
represent the presence of less diluted contrast. Lagrangian particle tracking provides
trajectories of platelets over time, and the residence time and shear stress history

along the trajectories can be computed.

Comparing clinical measurements and experimental results to the computational
model can validate the CFD results. The study of vasospasm benchmarks key model
parameters against clinical literature values demonstrated in sections 2.2.7 and 2.3.2
and compares virtual angiography performed in the CFD model to clinical angiogra-
phy as demonstrated in section 2.3.3. The LVAD study utilizes results from a PIV
experiment to benchmark the velocity profiles, illustrated in section 3.3.1, as well as
the stagnation index fields, which is an Eulerian metric for stagnation, illustrated in

section 3.3.2.



1.4 Computational Modeling of Cardiovascular Fluid Mechanics

Lumped parameter models reduce arterial networks into a zero-dimensional problem
by using a circuit analogy for components of the vascular network [165]. The current
is analogous to flow through the artery, and the voltage is analogous to pressure drop
across the artery. Resistors characterize the viscous losses in the artery, inductors
characterize the inertial effects of the flow, and capacitors model the storage of fluid
due to the elastic behavior of the vessel wall. Model parameters must be tuned to
match physiologically realistic conditions. Lumped parameter models offer a com-
putationally inexpensive way to model time-varying pressure and flow through the
entirety of the vasculature. However, they do not account for varying geometrical
properties of specific arteries, such as the change in diameter or the different angles in
the bifurcations, which result in different pressure wave transmission and reflection,

affecting flow-pressure values and timing.

One-dimensional models characterize the spatial and temporal changes in pres-
sure and flow, assuming that each component of the network can be described with
the approximation that the main changes in flow variables are determined by the
evolution along only one spatial direction along the artery centerline. This approach
assumes that the flow can be characterized with pressures and velocities averaged
across the cross-section but varying in the axial direction. The Navier-Stokes and
continuity equations that govern fluid flow are reduced to one dimension by assum-
ing incompressible axisymmetric flow [124]. The elasticity and geometric features
of the vessels must be defined [159]. One-dimensional models can be coupled with
lumped parameter models (0-D) to improve the behavior of the model by taking into
account the parts of the vasculature upstream and downstream of the section mod-
eled in 1D [7]. While 1D models do not inherently account for three-dimensional
flow behavior, attempts have been made to incorporate losses associated with curva-

ture, bifurcations [124], and stenosis [146]. However, one-dimensional models cannot



capture three-dimensional phenomena like mixing and mass transport.

Using CFD, the three-dimensional pressure and velocity profiles in cardiovascular
flows can be studied. The Navier-Stokes and continuity equations are discretized
in space and time, then solved numerically. Spatial discretization is achieved by
creating a mesh in which cells conform to the shape of the geometry and define where
the dependent variables of the simulation are computed. A time-stepping algorithm
is applied to advance each model degree of freedom to the next time step using a
numerical scheme that approximates the differential equations being solved. CFD
simulations can provide spatial fields of quantities like wall shear stress which have
been implicated in the development atherosclerosis [109] and rupture of intracranial
aneurysms [28]. Other applications of CFD in the vasculature include modeling of
the carotid bifurcation [100], coronary lesions [112], aortic aneurysms [55], aortic
dissections [33], and stenting [147]. Cardiac flows have been extensively studied using
multiphysics simulations [108]. Fluid-structure interaction can capture the ventricular
wall motion surrounding the fluid domain [32, 103]. Lagrangian particle tracking
models the transport of particles in a velocity field and can be used to evaluate the
degree of mixing and the residence time of blood in the heart [103].

Patient-specific modeling is essential for creating physiologically realistic compu-
tation simulations, as one of the key characteristics of cardiovascular fluid mechanics
is that the transitional Reynolds numbers and the pulsatility of the flow make the
flow features critically dependent on the specifics of the geometry of the vessels. To
capture the anatomy of a specific patient, the geometry can be derived from CTA
[69], MRI [29], 3D rotational angiography [73], or 3D ultrasound [104]. Time-varying
waveforms that describe the velocities or flow rates in vessels can be derived from
PC-MRI [17, 29, 177] or ultrasound measurements [104] and used to apply boundary
conditions to the model. However, clinical data is not always available to incorporate
into CFD simulations. Some authors use generic boundary conditions sourced from

literature values, typically extracted from measurements on a small cohort of healthy,



young volunteers [9, 73]. Other authors use unrealistic boundary conditions like zero
pressure on both branches of a bifurcation [9, 133, 177], which can affect the fidelity
of the model [61].

Validation of computational models with clinical data can increase confidence
in the results of the CFD simulation. Berg et al used 4D-MRI to set boundary
conditions of a cardiovascular model, then compared the CFD velocity profiles inside
the flow domain of the cerebral vasculature to the 4D-MRI collected at the same plane
inside the flow domain, different from the measurement plane used as a boundary
condition [17]. They found that the qualitative shape of the profile, as well as the
pointwise comparison of individual values, agreed closely between the CFD and 4D-
MRI. Bonfanti et al studied flow in an aortic dissection, which occurs when there
is a tear in the aorta that creates a false lumen [20]. They found that direction of
motion inside the dissection from 2D cine MRI corresponded to the direction of the
pressure gradient across the dissection. Holmgren et al studied stump pressures during
the clamping of the carotid artery, finding good agreement with clinically measured
stump pressures [68].

As the fidelity of computational models increases, patient-specific interventions
can be planned. HeartFlow has developed an FDA-approved computational tool
based on CTA in the coronary arteries to calculate the fractional flow reserve, which
can differentiate between nonobstructive and hemodynamically significant lesions [16],
and indicate the need and optimal location of cardiac interventions.

One of the main challenges in modeling cardiovascular flows arises from the un-
certainties in the input parameters to the simulation, including the geometry derived
from medical imaging, material properties, and boundary conditions. Steinman and
colleagues have investigated the effects of assuming Newtonian flow behavior and
fully developed inlet flow on CFD metrics by manually changing input conditions
to the simulation [86, 113]. More sophisticated methods can be used to propagate

uncertainties from model inputs into uncertainties in hemodynamic quantities [142].



Chapter 2

ACTIVATION OF COLLATERAL PATHWAYS IN THE
CIRCLE OF WILLIS DURING VASOSPASM

2.1 Introduction and Background

2.1.1 The Circle of Willis

The Circle of Willis (CoW) is a redundant network of blood vessels that supplies
oxygen to the brain. The CoW is supplied by three major arteries — the two internal
carotid arteries (ICAs) and basilar artery (BAS) — and perfuses cerebral tissue pri-
marily through six major arteries — two anterior cerebral arteries (ACA), two middle
cerebral arteries (MCA), and two posterior cerebral arteries (PCA). Primary collat-
eral pathways — the ACA Al segments, PCA P1 segments, posterior communicating
arteries (Pcom), and anterior communicating artery (Acom) connect these supply-
ing vessels forming the ring-like structure of the CoW. The anatomy of the CoW is
represented in Fig. 2.1.

The primary collateral pathways that connect the major blood vessels within the
CoW can be recruited to mitigate the negative effects of vessel occlusion by changing
the direction or magnitude of flow in the communicating segment. However, only 40%
of the population has a complete and balanced CoW, i.e., all vessels are present and

of typical sizes [15].

2.1.2  Activation of Collateral Pathways

In response to non-physiological conditions in the CoW, the vasculature will dy-
namically autoregulate in an effort to restore typical perfusion to the affected ar-

eas [34]. Extensive clinical research has been conducted on the response of primary



10

Anterior
communicating
artery Enrad
nterior
Middle rony of A, — cerebral
cerebral Heubner artery
artery /
Al Ophthalmic
artery

\|/

Anteromedial
central

arteries Anterior
choroidal
Intemnal Circle of artery
carotid Willis
artery
Posteromedial
Posterior central Posterior
cerebral — P1 arteries communicating
artery P2 /\ artery
: Superior
Pontine cerebellar
arteries artery
Anterior
inferior
cerebellar
artery
Labyrinthine
(or auditory or
internal audito .
ang& Posterior
inferior
cerebellar
artery
Vertebral
artery

Anterior
spinal
artery

Figure 2.1: Anatomy of the Circle of Willis
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collateral pathways in the CoW to stroke [13, 23, 40, 79, 173] and ICA occlusion
[19, 46, 65, 81, 91, 116, 132, 137, 140, 144, 163, 168] using transcranial Doppler ul-
trasound (TCD) [19, 46, 65, 91, 116, 132, 137, 140, 163, 168, 173|, transcranial color-
coded duplex sonography [81], digital subtraction angiography (DSA) [13, 19, 23, 40,
46, 65, 91, 79, 116, 168], and magnetic resonance angiography [19, 65, 140, 144, 163].
Specifically, researchers attempt to identify which collateral pathways are activated
under these conditions and what is their impact on clinical outcomes.

During ICA occlusion, significant changes in flow in the anterior circulation, i.e.,
the Acom and ACA A1l segment [19, 46, 65, 91, 116, 132, 137, 140, 144, 163, 168],
and the posterior circulation, i.e., the Pcoms [65, 81, 91, 116, 132, 137, 140, 144, 163],
have been observed. Some authors identify the Acom as the most important collateral
pathway for reducing the incidence of infarct [19, 137] and maintaining physiological
MCA velocities [46]. Other authors found that the Pcom is most important for reduc-
ing the incidence of infarct [144] or equally important for maintaining physiological
perfusion and metabolism [163]. In the event of MCA stroke, higher degrees of collat-
eralization have been related to reduced sizes of infarct [13, 23, 40, 79, 173]. In these
studies, the activation of collateral pathways was observed as caused by a unilateral
obstruction in the CoW. Additional complexity is introduced if multiple areas in the
CoW are subjected to unphysiological conditions, such as vasospasm described in the

following section.

2.1.3 Arterial Wall Structure

Blood vessels are comprised of three layers of tissue: the tunica externa, tunica media,
and tunica intima, as seen in Fig. 2.2. The tunica externa is a sheath of connective
tissue composed of collagenous fibers. The tunica media is comprised of smooth
muscle cells that relax — vasodilate — and contract — vasoconstrict — as a part of
autoregulation to promote healthy arterial pressures. The tunica intima is comprised

of a thin elastic layer that supports a mono-layer of endothelial cells that detect
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Figure 2.2: Structure of the arterial wall

changes in blood pressure in order to signal the smooth muscle cells in the media to

relax or contract.

The blood vessels that comprise the CoW are surrounded by cerebrospinal fluid

that occupies the subarachnoid space, as seen in Fig. 2.3. This separation between the

blood flowing within the vessel and the cerebrospinal fluid surrounding the cerebral

tissue, commonly referred to as the blood brain barrier, is essential to maintaining

healthy cerebral tissue.
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Figure 2.3: Subarachnoid space surrounding the artery

2.1.4 Intracranial Aneurysms and Subarachnoid Hemorrhage

Intracranial aneurysms are abnormal bulges that protrude from the typical vessel
wall, developing in about 0.5-6% of the population [18]. When an aneurysm ruptures,
it releases blood into the subarachnoid space causing a subarachnoid hemorrhage
(SAH). The rate of mortality or incapacitation for SAH is over 50% [80]. For patients
who survive the initial rupture, the primary clinical intervention is to manage the
aneurysmal bleeding. Clinicians can deploy endovascular treatment to the aneurysm,
filling the aneurysm with platinum coils [167]. Alternatively, a surgical clip can be

used to isolate the aneurysm from the parent vessel [167].

2.1.5 Vasospasm

The blood introduced to the subarachnoid space breaks down into reactive oxygen
species and oxidation blood products that interact with the outer vessel wall [50].
This interaction is thought to cause or contribute to vasospasm— an involuntary

constriction of the blood vessel due to the contraction of smooth muscle in the tunica
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media (Fig. 2.4).

Vasospasm can significantly decrease perfusion to the brain, causing neurological
deficits and infarct [71]. Blood is introduced into the subarachnoid space primarily
at the location of aneurysmal rupture. However, vasospasm can appear in any of
the blood vessels comprising the CoW. Vasospasm is detected in 50-90% of patients
within two weeks of aneurysmal rupture and peaks in incidence between 3 and 7 days

[50]. Clinicians monitor all major cerebral vessels daily for vasospasm.

2.1.6  Transcranial Doppler Ultrasound (TCD)

Transcranial Doppler ultrasound (TCD) is a non-invasive method of detecting changes
in blood flow velocities within vasculature [4]. When collecting data in the CoW, a
Doppler ultrasound probe is placed in an acoustic window of the skull, which is a
location where the cranial bone is thin enough to let the ultrasound transmit without

significant attenuation or distortion. The probe is angulated to align the Doppler
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Figure 2.5: Transcranial Doppler ultrasound (TCD) transducer insonating a cerebral
artery

beam with the centerline direction of different vessels in the CoW (Fig. 2.5). Once
the sample volume—the region of the intracranial cavity insonated by the ultrasound
beam—is placed inside the vessel of interest, the velocity signal acquired by the TCD

sensor is recorded.

The ultrasound return is catalogued at multiple depths for most of the insonated
vessels, where a lower depth indicates that the sample volume is closer to the trans-
ducer than to the midline of the brain. The direction of flow can help differentiate
between different segments of the CoW, with flow towards the transducer correspond-
ing to the depth set in the red zone and a positive velocity spectrum (Fig. 2.6, top)
and flow away from the transducer corresponds to the depth set in the blue zone and
a negative velocity spectrum (Fig. 2.6, bottom). TCD readings are recorded in the
MCAs, ACAs, PCAs, BAS, vertebral arteries, and in the extracranial, siphon, and

terminal locations of the ICAs.
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In SAH patients, TCD measurements are collected daily to monitor for the onset
of vasospasm. Elevated velocities in any of the segments are potential indicators for
vasospasm. The Lindegaard ratio is calculated as the ratio of the mean velocities in
the MCA and the ipsilateral extracranial ICA, with a ratio of 3-6 reflecting moderate
vasospasm and above 6 reflecting severe vasospasm in the MCA. In response to a
significantly abnormal TCD exam or a change in neurological condition, a computed
tomography scan is performed to verify the presence of vasospasm prior to intra-

arterial treatment.

2.1.7 Computed Tomographic Angiography (CTA)

Computed tomographic angiography (CTA) scans are performed on SAH patients
upon admission and during a period of suspected vasospasm. CTA collects X-ray
measurements from different angles and computes a volumetric reconstruction of the
signals that can be visualized as cross-sectional images of the vasculature, called
“slices”. The resolution of the scan is reflected in the pixel size in each slice, referring
to the spatial discretization of the image. The slices are stacked in a three-dimensional
representation of the brain vasculature (Fig. 2.7). The lumen of the blood vessels
can be identified by a difference in pixel intensity between the blood (higher intensity
due to the presence of contrast) and surrounding tissue (lower intensity).

Once the presence of vasospasm has been confirmed in the CTA, digital subtraction

angiography is performed.

2.1.8 Digital Subtraction Angiography (DSA)

Digital subtraction angiography (DSA) is collected upon admission and after the
confirmation of vasospasm in SAH patients. Radio-opaque contrast is injected into
the vessels supplying the CoW, i.e., the vertebral arteries and ICAs, and X-rays
images are collected at different snapshots in time. In the admission scan, clinicians

can measure the dimensions of the aneurysm to be treated and determine the variation
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Figure 2.7: Computed tomographic angiography (CTA) of the brain
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of the CoW. In the vasospasm scan, clinicians can diagnose the severity of vasospasm
by examining the caliber of the vessels in the CoW and by observing the time it takes
for contrast to fill the downstream vasculature.

In vasospasm patients, flow in the anterior circulation can be visualized during left
and right ICA injections in two views: anterior-posterior (AP) and lateral. Flow in
the posterior circulation is visualized with a vertebral injection in the AP and lateral
views.

Figure 2.8 provides examples of the ICA injections (Fig. 2.8a,b) and vertebral
injections (Fig. 2.8c,d) in the AP (Fig. 2.8a,c) and lateral views (Fig. 2.8b,d). In
the ICA injection in the AP view (Fig. 2.8a), the contrast is visualized in the MCA
and ACA. The direction of flow in the Acom can be determined by detecting contrast
in the contralateral side of the distal ACA circulation. Retrograde flow through the
contralateral ACA A1l segment can be determined. Reverse flow in the ipsilateral
PCA P1 segment can be visualized with contrast filling the contralateral posterior
circulation. The calibers of the TICA, MCA, and ACA are evaluated from this view.
In the ICA injection in the lateral view (Fig. 2.8b), the presence of a Pcom can be
determined by identifying a communicating vessel between the supraclinoid ICA and
the posterior circulation. This view enables the caliber of the TICA and Pcom to be
determined. The vertebral injection in the AP view (Fig. 2.8c) shows the filling of
the bilateral PCAs, and the caliber of the BAS and bilateral PCAs can be assessed.
The lateral view of the vertebral injection (Fig. 2.8d) can detect retrograde flow in
the Pcom, i.e., flow towards the anterior circulation.

Once the locations of vasospasm have been identified, neurosurgeons can employ
two types of intravascular interventions: the injection of intraarterial vasopressors
and balloon angioplasty [50]. Intraarterial vasopressors promote vasodilation in the
constricted vessels and can reach the smaller vessels of the downstream vasculature.
Balloon angioplasty increases the caliber of larger vessels comprising the CoW through

the inflation of an intraarterial balloon.
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Figure 2.8: Digital subtraction angiography (DSA) for an internal carotid artery
(ICA) injection in the anterior-posterior view (a) and lateral view (b) and a vertebral
artery injection in the anterior-posterior view (c) and lateral view (d)



21

LA2 RA2
Acom

LAl 2 5 RA1
LMCA / - \

LPcom", < ->/R
LTICA LP1 RP1

RMCA

Pcom™ p1icA

LP2 RP2
BA

Figure 2.9: Direction of antegrade flow in the collateral pathways of the Circle of
Willis

2.1.9 Changes in Flow in Collateral Pathways

Flow in the collateral pathways was considered antegrade if the flows in the ACA
A1l segments were towards the ACA A2 segments, flows in the PCA P1 segments
were towards the PCA P2 segments, and flows in the Pcom segments were from the
anterior circulation to the posterior circulation, as shown in Fig. 2.9. Retrograde flow
was defined as the direction opposite to antegrade flow, and biphasic flow was defined
as flow alternating between antegrade and retrograde over the cardiac cycle. Flow in

the Acom was identified as left to right, right to left, biphasic, or no net flow.

The collateral flow directions were compared between the baseline and vasospasm
conditions. This work studies changes in direction or magnitude of the flow in col-
lateral pathways, in relation to the changes in the dynamics of the CoW during

vasospasm. Increased flow magnitude was identified by increased robustness of filling



22

of the distal vasculature or a noticeable increase in the size of a collateral pathway.
Decreased flow magnitude was identified by weaker filling of the distal vasculature. In
the bilateral ACA A1l segments, PCA P1 segments, and Pcoms, a change in direction
was defined as antegrade to biphasic flow and vice versa, retrograde flow to biphasic
flow and vice versa, antegrade to retrograde flow and vice versa, or no net flow to
directional flow and vice versa. In the Acom, a change in direction was defined as
left-to-right transitioning to right-to-left and vice versa, or no net flow to directional
flow and vice versa.

This study examines changes in flow direction but does not label these changes
as “recruitment”. The changes in flow can be a result of recruitment of collateral
pathways to supply an area in vasospasm, but they can also appear due to vasospasm

in the segment, e.g., weakening flow due to severe vasospasm.

2.1.10 Clinical Studies of Collateralization in Vasospasm Patients

Studies of the activation of collateral pathways are well-represented in the literature
for ICA occlusion and MCA stroke, as described in section 2.1.2. In contrast, few
authors have systematically investigated the activation of collateral pathways during
vasospasm [6, 110, 134, 161].

Moftakhar et al. studied 17 pediatric patients presenting with vasospasm after
aneurysmal rupture SAH [110]. They used a 5-grade scoring system developed for
studying ischemic stroke for which the degree of collateralization is determined based
on the filling of the vasculature downstream of the narrowing [40]. Three patients were
symptomatic for vasospasm, all exhibiting poor collateralization. Of the 14 asymp-
tomatic patients, 10 showed some degree of collateralization. This study suggests that
the degree of collateralization influences the likelihood of presenting with symptoms
during vasospasm. However, the sample size was small, and pediatric vasospasm is
not representative of the broader population.

Al-Mufti et al. investigated 64 adults with vasospasm after aneurysmal SAH [6]
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The American Society of Interventional and Therapeutic Neuroradiology/Society of
Interventional Radiology (ASITN/SIR) Collateral Flow Grading System, which is a
5-grade score based on the speed and extent of flow to the ischemic site through
collaterals, was used to categorize patients’ degree of collateralization [149]. The
severity of vasospasm was assigned based on the percent luminal narrowing as mild
(< 30%), moderate, (30—50%), or severe (> 50%) in the DSA. Long-term neurological
functional status and the incidence of infarct were assigned as patient outcomes. They
found that patients with poor collateral grades were significantly more likely to have
mild vasospasm than those with good collateral grades. However, they did not find a
statistically significant relationship between the degree of collateralization and patient

outcomes.

Topcu et al. analyzed a cohort of 59 adult SAH patients with vasospasm [161],
using ASITN/SIR to grade the degree of collateralization [149]. The degree of va-
sospasm was assigned with a 5-grade angiographic scale for evaluating cerebral va-
sospasm across multiple vascular axes, e.g., [CA; MCA, etc. [121]. Patients with new
neurological deficit or impaired consciousness for more than 1 hour, or who showed
new cerebral infarcts on CT/MRI, were diagnosed as having delayed cerebral ischemia
(DCI). This study found that patients with DCI were more likely to have severe va-
sospasm or poor collateral status. No statistically significant difference in vasospasm

severity was found between patients with good and poor collateral status.

Richter et al. studied the activation of leptomeningeal and ophthalmic collaterals
in 43 adults with vasospasm [134]. The authors found no statistically significant
correlation between the angiographically visible leptomeningeal collaterals and mRS

or infarct caused by vasospasm.

The role of primary collateral pathways in the CoW during vasospasm, and its
impact on brain perfusion, the occurrence of stroke and patient outcomes, remains

an open question.
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2.1.11 Computational Fluid Dynamics Studies of the Circle of Willis

Previous CEFD studies of the CoW served as proof-of-concepts [29, 54, 61, 127] and in-
vestigated different pathologies: aneurysm formation and dynamics [17, 73, 177], the
transport of emboli to the CoW [115], cerebrovascular occlusive disease [143], pressure
changes due to intracranial stenosis [92], and changes in collateral flow rates [77, 111]
and pressure [68, 69] in response to carotid stenosis or occlusion. Methodologies across
the literature vary with respect to selecting realistic boundary conditions, incorporat-
ing autoregulation, deciding on constitutive relations for blood and the vessel walls,

and validating the model.

The physiologically most realistic way to prescribe inlet conditions is to apply
a patient-specific pulsatile waveform for the velocity or the flow rate. If the peak
velocity or flow rate is known, the waveform can be converted into a Womersley
profile — a pulsatile axisymmetric velocity profile created from Fourier coefficients of
the modes in the original waveform. Cebral et al. integrated phase-contrast magnetic
resonance imaging (PC-MRI) measurements of velocity across the voxels associated
with the ICAs and BAS to calculate the total flow rates, then converted them into
Womersley velocity profiles prescribed at the inlets [29]. Berg et al. applied the PC-
MR flow rates to a round inlet, with an entrance length of six diameters, to create
a fully developed velocity profile [17], while Zuleger et al. prescribed the measured
velocities from PC-MR data directly to the inlets [177]. In the absence of patient-
specific measurements, some authors used generic published waveforms [9, 73]. The
most simplified analyses prescribed a constant pressure at the inlets [93, 133], which
loses information about the significant pulsatility in the flow as well as asymmetries

that can occur between the left and right sides of the intracranial vasculature.

The best formulation for outlet conditions also relies on patient-specific data.
Cebral et al. applied the PC-MR derived Womersley profiles to some outlets - the

anterior and middle cerebral arteries - as well as the inlets, and used a no traction
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condition to the posterior cerebral arteries to avoid overconstraining the problem
[29]. This technique provided an innovative way to incorporate as much patient-
specific data as possible into the boundary conditions. Berg et al. used PC-MR
measurements to prescribe the appropriate flow splits between the major cerebral
arteries [17]. To address a lack of patient-specific data, some authors [73] will use
literature values for the appropriate flow splits [158]. As demonstrated by Grinberg
et al. [60], the flow splits can also be defined using resistance values, oftentimes
in conjunction with a capacitance to account for the compliance in the downstream
vasculature via RC or RCR conditions. The most unrealistic boundary condition is
the constant pressure outlet condition, which assumes that the downstream resistance
for all outlets is identical. As shown by Grinberg et al. in their work on outflow
boundary conditions, using constant pressure conditions instead of the more realistic
RC boundary conditions can create a 300% difference in the flow rates [61]. Despite
this inaccuracy, it is not uncommon to see a constant pressure boundary condition
being applied [9, 133, 177].

Autoregulation occurs when blood vessels vasodilate or vasoconstrict to regulate
the amount of flow through the branches of the CoW. While autoregulation is com-
monly included in reduced order models, only a handful of CFD studies have incorpo-
rated it. Moore et al. included porous blocks at each outlet to model the resistance of
the downstream vascular beds, using a feedback loop to change the permeability until
the expected flow rate was reached [111]. Kim modeled the downstream vascular bed
with a network of resistors and updated the flow resistance ratio until the reference
flow rate was attained [77]. Sutalo et al. coupled a 1D branching tree model to the
outlets and varied the diameters in the branching tree based on changes in wall shear
stress [156]. Incorporating an autoregulation model allowed the authors to capture
the dynamical response to changes in the upstream [77, 111] or downstream [156]

vasculature.

Blood is an inhomogeneous fluid, comprised of cells and plasma, that exhibits
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non-Newtonian behavior. On a macroscopic level, blood is usually modeled as a
homogeneous material with a constant density. Most of the reviewed studies con-
sidered blood as a Newtonian fluid [9, 54, 73, 93, 115, 133, 143, 177|, while some
of the studies applied the Carreau-Yasuda model to incorporate shear-thinning be-
havior [77, 111, 127]. Other authors compared the results between Newtonian and
non-Newtonian models and found that the wall shear stress and velocity profiles were
only slightly different between the two cases [17, 29]. A simulation of the carotid bi-
furcation suggested that the error introduced by assuming Newtonian behavior is well
below the error introduced by the inaccuracies in the segmentation [86], suggesting
that including a non-Newtonian model increases computational complexity with little

improvement in model accuracy.

Blood vessels are inherently compliant, passively expanding early in the cardiac
cycle and relaxing later in the cardiac cycle. These changes are especially pronounced
in the larger vessels, with smaller changes occurring in the downstream vasculature.
To fully model this behavior, fluid-structure interactions would need to be incorpo-
rated into the model. The vast majority of the existing CFD literature for the CoW
models the vessels as rigid, with one exception which incorporated a thin-walled,
linear elastic model for the vessel walls [78]. Fluid-structure interactions are com-
putationally expensive, and the lack of available data for the material properties of

tissues compounds this challenge [12].

CFD simulations can be validated or improved by using clinical data. Berg et al.
compared 4D PC-MRI velocity profiles to CFD, finding good qualitative agreement of
the velocity profiles at the ICA, BAS, and ACA, as well as pointwise agreement in the
magnitude and direction of velocities at hundreds of locations [17]. Similarly, Peri-
najova et al. performed a voxel-to-voxel comparison at 10 slices of the MRI velocity
magnitude against the CED velocity magnitude, finding good agreement [127]. Liu et
al. computed the fractional pressure ratio in patients with intravascular stenosis and

compared it clinical measurements from a pressure guidewire, finding good agreement
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between the CFD results and clinical measurements [92]. Holmgren et al. compared
clinically measured stump pressures in 28 patients during carotid endarterectomy to
CFD values, finding statistically significant agreement [68]. Gaidzik et al. explored a
novel technique for integrating PC-MR results with CFD using data assimilation, that
reduced uncertainty in flow rates and wall shear stress while improving agreement of
the CFD velocity magnitudes with the PC-MR measurements [54]. Schollengberger
et al. calibrated and validated their CFD models of two patients with cerebrovascular
occlusive disease and one healthy patient using arterial spin labeling MRI [143].
High fidelity CFD simulations can be created when patient-specific boundary con-
ditions are incorporated into the model. Benchmarking the CFD model against clin-

ical data improves the validity of the results.

2.1.12 Computational Flurd Dynamics Studies of Vasospasm

Reports of CFD simulations of intracranial vasospasm in the literature are rare. Chit-
tiboina et al. simulated flow through an idealized stenotic MCA M1 segment with
different amounts of hematocrit to understand the implications of hemodilution on
oxygen transport [35]. Robinson et al. created an idealized model containing the ICA,
MCA, and ACA to determine the role of hemodilution on flow through MCA stenosis
[138]. Shiba et al. created CFD simulations in patient-specific models of subsections

of the CoW, with no clear metrics extracted from the CFD [150].

2.1.13 Study Overview

This study investigates interactions between localization of vasospasm in the CoW, the
overall severity, and the anatomical variation on changes in flow in primary collateral
pathways. Patient-specific CFD simulations were created for 25 vasospasm patients.
CTA scans were segmented capturing the anatomical variation and vessel narrowing
due to vasospasm. TCD measurements were used to define boundary conditions. DSA

indicated the directions and magnitudes of flow in the collateral pathways, as well
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as vasospasm severity in each vessel. Bayesian analysis optimized model parameters
based on quantification of uncertainties in the clinical data and the principle of mass
conservation. Diameters, velocities, and flow rates at the inlets and outlets were
benchmarked against literature values. Virtual angiograms modeled using passive
scalar transport were compared to clinical angiography. A sensitivity analysis was
performed to quantify the changes in collateral flow rates with respect to changes in
the inlet and outlet flow rates. Percent changes in resistance and viscous dissipation
from before to during vasospasm quantified vasospasm severity and were compared
to angiographic determinations of severity. The degree of localization and overall
severity of vasospasm were defined based on percent changes in resistance and viscous
dissipation.

Section 2.2 outlines the methodology for creating the patient-specific simulations,
and the results from two representative patients from the cohort are presented in
detail to illustrate the methodology in sections 2.3.2-2.3.4. Section 2.3.5 compares
the CFD metrics based on changes in resistance and dissipation to the evaluation of
vasospasm severity from angiography. To explore the relationship between vasospasm,
localization and overall severity of vasospasm with changes in flow in the primary
collateral pathways, eight patients are discussed in detail in sections 2.3.7-2.3.9. CFD
results for the remainder of the cohort are provided in sections 2.3.11-2.3.14. Section

2.4 analyzes the results in further detail and present limitations to the study.

2.2 DMethodology

2.2.1 Patient Population and Data Collection

Patients presenting with SAH due to aneurysmal rupture were admitted to Har-
borview Medical Center in Seattle, WA for treatment. Clinical data was collected
retrospectively for the patient cohort following guidelines of the Institutional Review

Board. Upon admission for presentation of SAH, a CTA scan was collected to identify
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the source of the rupture. DSA was performed within 0-2 days of admission by inject-
ing radiopaque contrast into the supplying arteries and tracking the transport of the
contrast to the downstream vasculature. TCD measurements of the blood flow veloci-
ties in the major cerebral vessels were collected daily to monitor for vasospasm. When
elevated velocities on the TCD exam or a change in neurological condition is detected,
the patient received a second CTA scan to confirm the presence of vasospasm. After
confirmation of vasospasm, a second DSA was performed to guide interventions such
as intraarterial vasopressors and balloon angioplasty treat the vasospastic vessels.
This study aims to compare the hemodynamic changes that occur in the CoW
during vasospasm. To form this comparison, data were collected for the “baseline”
condition, which is defined as the data collected before the presence of vasospasm,
and for the “vasospasm” condition, which is defined as the data collected once the
presence of vasospasm was confirmed. Patients were included in the cohort if the

following conditions were met:

e Complete data sets of CTA images, TCD measurements, and DSA images were

available at both baseline and vasospasm

o Artifacts from surgical clips or coils in CTA scans did not significantly obscure

the patient’s CoW anatomy

e Baseline TCD measurements were collected no later than two days after the

baseline CTA scan

e Baseline DSA was performed no later than two days after the baseline CTA

scan

e Vasospasm TCD measurements were collected no earlier than one day before

and no later than one day after the vasospasm CTA scan



30

e Vasospasm DSA was performed no later than one day after the vasospasm CTA

scan

e No more than one vessel was missing in the CoW anatomy

DSA images were reviewed with collaborators from the University of Washington
Department of Neurological Surgery. For the baseline and vasospasm angiography,
the collateral flow directions and magnitudes were determined by observing which
territories were supplied by each injection into a supplying vessel, as described in
section 2.1.8. In the baseline scan, vessels were identified as present or absent, and
present vessels were denoted to be of a typical size, hypoplastic, or of a larger caliber.
In the vasospasm scan, vessel narrowing was identified in the MCAs, ACAs, PCAs,
BAS and terminal ICA. The clinician identified the severity as absent, mild, moderate,
or severe for each segment.

The final cohort consisted of 25 patients representing 5 major anatomical varia-
tions: complete (15 patients), missing PCA P1 segment (5 patients), missing ACA
A1 segment (3 patients), missing Pcom (1 patient), and missing Acom (1 patient).
Within each group of an anatomical variation, patients could additionally present
with collateral segments that are hypoplastic or of a larger caliber than typically
observed. Therefore, significant anatomical variability was represented across the 25
patients. Two patients had three ACA A2 segments. Because TCD measurements
are only available for the left and right ACAs, these patients were modeled with two

ACAs where the total perfusion would match that of three segments.

2.2.2  Determination of Infarct

Vasospasm can result in decreased perfusion to certain territories of the cerebral
tissue, which can lead to the development of infarct. Infarct can be detected via
MRI after presentation of vasospasm. MRI scans taken 7 days after the treatment of

vasospasm during angiography were available for two patients in the cohort. Three
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neurosurgeons reviewed the scans, agreeing on both the locations of infarct and the
origin of the infarct, i.e., due to vasospasm and not the original hemorrhage event or

surgical intervention. These two patients are discussed in section 2.3.9.

2.2.3  Patient-Specific Segmentation

CTA scans upon admission and for the detection of vasospasm were acquired as DI-
COM images. The pixel size within each slice was between 0.39-0.55 mm. To facilitate
better reconstruction of the CoW anatomy, the images were interpolated by a factor
of 4 using a B-spline method in the open-source tool 3D-Slicer (www.slicer.org). The
three-dimensional anatomy was visualized in Radiant (https://www.radiantviewer.com/)
to identify key anatomical features that could aid in the segmentation of the anatomy.
Figure 2.10 represents the anatomy of a patient with a complete variation.

The interpolated DICOMs were imported into the open-source tool SimVascular
(simvascular.github.io) in order to reconstruct the anatomy in a patient-specific seg-
mentation. The segmented vasculature included the ICAs, BAS, MCA M1 segments,
ACA A1l and A2 segments, PCA P1 and P2 segments, Acom, Pcoms, OAs, and SCAs.
The centerlines of each vessel were identified, and circular contours were applied to
represent the vessel wall. Vessel diameters were measured at the circular contours
closest to where the TCD measurements were recorded. The diameters identified by
clinicians as vasospastic on the vasospasm CTA scan were expected to decrease in size

compared with the baseline CTA scan.

2.2.4 TCD Waveform Processing

The TCD readings used in the study were collected at the bilateral MCAs, ACAs,
PCAs, extracranial ICAs, and BAS. The maximum velocity detected from the ultra-
sound return was determined to correspond most closely to the centerline velocity in

the vessel. During the TCD exam, measurements for some vessels were recorded at
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Figure 2.10: Three-dimensional reconstruction of the Circle of Willis in Radiant
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multiple depths, where a lower depth indicated that the sample volume was closer to

the transducer than to the midline of the brain.

For each segment, the appropriate waveform was selected based on the depth, the
magnitude of the mean velocity, and the quality of the measurement. For the ICAs
and PCA P2 segments, there was only one available measurement. For the ACA A2
segment, the deepest measurement was selected as closest to the A2 location. For the
BAS and MCAs, the highest quality waveforms with the highest mean velocity were
typically selected, corresponding to the most favorable angle of insonation. For vessels
with diffuse vasospasm, the velocities were higher than the baseline measurement
along the entire segment due to the consistently smaller diameter. In vessels with
focal vasospasm, the diameter was significantly smaller more proximal to the CoW
than the diameter at the outlet, resulting in lower velocities near the outlet. In this
case, the lower velocity measurements were selected for the model boundary conditions
since they corresponded more closely with the outlet location. The velocities at the
area of focal vasospasm were higher in the CFD due to the constriction and matched

the higher TCD velocities at this location.

TCD measurements were converted from PDF format to JPEG images, and each
vessel measurement was extracted into a single gray-scale tile. An in-house automated
boundary-detection algorithm in MATLAB based on pixel intensity thresholding con-
verted the tile into a time-dependent waveform for the centerline velocity (Fig. 2.11).
The resulting data were downsampled to smooth the waveform. Separate cardiac
cycles were averaged together, and the standard deviation between the cycles was
calculated to represent the intercycle variability. A Fourier transform with 15 modes
reconstructed the waveform to ensure periodicity of the cycle. The waveforms were
synchronized in time by matching the end diastolic velocities corresponding to the

minima between the waveforms.
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Figure 2.11: Transcranial Doppler ultrasound measurement of velocities in the left
middle cerebral artery (top) converted to a tile with higher contrast between the
measurement and the background used by the automated tracing algorithm (bottom)
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2.2.5 Bayesian Analysis

Due to the pixelation of the CTA scans and the intercycle variability in the TCD
waveforms, a degree of uncertainty was associated with the diameters and average
velocities that defined the boundary conditions in the model. In total, there were
18 model parameters: nine diameters measured from the CTA scan and nine average
velocities associated with TCD measurements of the BAS, ICAs, MCAs, ACAs, and
PCAs. Using Bayesian analysis, this study combined the knowledge of uncertainties
in the clinical measurements with the application of mass conservation to find an
optimized set of parameters for the CFD simulation. Performing the Bayesian analysis
involved three steps: defining the priors, determining the likelihood, and maximizing
the posterior.

Priors accounted for the uncertainty in the original set of parameters. The prior
for each parameter was defined with a Gaussian distribution of probability, where the
mean value was the initial parameter measurement and the standard deviation was
the uncertainty in the parameter. The uncertainties for the diameters and velocities
were defined as half of the CTA pixel size and the intercycle variability in the TCD
waveform, respectively. The priors for the nine diameters and nine average velocities
were multiplied together. The likelihood was the probability that a given parameter
set generated a realistic outcome. In this model, mass conservation must be satisfied
for a given set of diameters and velocities. The sum of the flow rates through the
inlets (the ICAs and BAS) should match exactly the sum of flow rates through the
outlets (the MCAs, ACAs, PCAs, OAs, and SCAs), as seen in Eqn. 2.1.

Z Qroas + Qpas — Qucas — Qacas — Qprcas = Qoas + Qscas (2.1)

Given the low Womersley number of about two for most boundaries, the velocity

profile was approximated with the parabolic Poiseuille solution. Assuming a circular

blood vessel, the flow rates through the ICAs, BAS, MCAs, ACAs, and PCAs were
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calculated from their diameters and average velocities with Eqn. 2.2, where @ is
the volumetric flow rate, A is the area of the blood vessel, V.. is the spatially and
temporally averaged velocity, d is the diameter of the blood vessel, and V, .pieriine 18

the temporally averaged centerline velocity.

d 2 ‘/;enterline
= AV = = | [ —eentertine 2.2
0= =o(5) (F5) 22
The flow rates of one OA and one SCA should be about 10 mL/ min [10] and 20

mL/min [119] respectively. Therefore, the right side of Eqn. 2.2 should evaluate to
about 60 mL/min. An additional requirement of the secondary flow rates is that they
remain positive over the cardiac cycle, representing antegrade flow. The likelihood
function was prescribed with a Gaussian distribution where the mean value was the
target flow rate, and the standard deviation was 10 mL/min; the selection of the
standard deviation is described in more detail in section 2.2.6.

The posterior was obtained by multiplying the priors and the likelihood together.
Figure 2.12 shows an example of a two-dimensional Bayesian analysis, which is a
simplified version of the 18-parameter model used in this study. Maximizing the
posterior identifies the parameter set that is both similar to the initial set and that
satisfies mass conservation.

An in-house script coded in MATLAB (Mathworks, Natick, MA) applied an it-
erative method that maximized the posterior. At the first iteration, each of the
parameters can either increase or decrease by 10% of the standard deviation (the
measurement uncertainty) from the initial measurement of the diameter or velocity.
Given two possibilities across 18 parameters, a subspace of 324 parameter combi-
nations can be explored. The corresponding values of each prior given the increase
or decrease in parameter value are calculated. The product of the priors and the
likelihood for each of these parameter combinations are calculated. The posterior is
calculated by multiplying the product of the priors and likelihood for the subspace.

The maximum value is obtained, and the associated parameter combination for this
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Figure 2.12: A two-dimensional illustration of the prior, likelihood and posterior for
the Bayesian analysis

maximum is identified.

At the second iteration, the parameter values increase or decrease by 10% of
the standard deviation from the optimal parameter combination identified in the
first iteration. This process of creating subspaces and maximizing the posterior is
continued until the percent change in the posterior between iterations is 5%. At this
point, to ensure convergence to a single parameter combination, the subspaces are
created using a 0.1% increase or decrease of the standard deviation from the previous
parameter combination. The method is considered converged when the percent change
in the posterior between sequential iterations is below 0.1%.

Once the optimal parameter combination was obtained, the centerline velocities
from the TCD waveforms were scaled to match the optimized average velocities, and

the optimized diameters were applied in the final segmentation.

2.2.6  Hyperparameter Study

The standard deviations to the priors and likelihood had to be defined to perform
Bayesian analysis to optimize the input parameters. The initial measurements of the

diameters and velocities at the three inlets and six primary outlets defined the mean
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values of the Gaussian distributions for the priors. The mean value of the likelihood
distribution was the target secondary flow rate. The standard deviations of the prior
distributions for diameters and velocities were clearly quantifiable as half of the pixel
size in the CTA, i.e., about 0.2 mm, and the intercycle variability in the TCD velocity
measurements, respectively. However, the choice of the standard deviation for the
likelihood distribution was less easily quantified based on the model parameters. The
standard deviation for the likelihood can be considered a hyperparameter in this study.
To justify the selection of 10 mL/min for the standard deviation of the likelihood, a
hyperparameter study was performed.

Defining the Gaussian distributions for the priors required defining the mean val-
ues and standard deviations. The mean values of the priors represent the initial
measurements of the nine diameters in the CTA and nine velocities from the TCD:
41, fo, ..., i1s- The Bayesian analysis identifies nine optimized diameters and nine
optimized velocities: p1,ps,...,p1s. To define the magnitude of the changes in the
diameters and velocities from their original values due to the Bayesian analysis, the

“prior norm” is defined with Eqn. 2.3.

18 2
prior norm = Z (pz M) (2.3)

i=1 Hi
The target value of the secondary flow rate represents the mean value of the
likelihood distribution: Qyarger. After the Bayesian analysis is performed, the final
secondary flow rate is identified: @Qfinq. To define the magnitude of the difference

between the target flow rate and the final secondary flow rate, the “likelihood norm”

is defined with Eqn.2.4:

innal - Qtarget
Qtarget

The hyperparameter — the standard deviation of the likelihood — was varied from 1

(2.4)

likelithood norm =

to 100 mL/min. With a low value for the hyperparameter, the Gaussian distribution
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for the likelihood is narrower, which favors matching the final secondary flow rate
more closely to the target flow rate (a smaller secondary flow norm) at the expense of
large changes in the diameters and velocities from their initial measurements (a larger
prior norm). With a high value for the hyperparameter, the Gaussian distribution
for the likelihood is wider, which favors smaller deviations of the optimized diameters
and velocities from their initial measurements (a smaller prior norm) at the expense
of larger deviations of the final secondary flow rate compared to the target secondary
flow rate (a larger secondary flow norm).

The hyperparameter study was performed for two cases:

e Case 1: The secondary flow rate before the Bayesian analysis is lower than the

target flow rate (large negative value).

e (Case 2: The secondary flow rate before the Bayesian analysis exceeds the target

flow rate (large positive value).

Figure 2.13 plots the prior norm versus the likelihood norm for all values of the
hyperparameter for case 1, with the red datapoint representing the final hyperpa-
rameter selected for the study. By increasing the hyperparameter, the prior norm
decreases and the likelihood norm increases (Fig. 2.13, top), which corresponds to
the diameters and velocities undergoing smaller changes from their original values and
the secondary flow rate deviating further from the target value. Plotting a subset of
the data with the same x- and y-limits (Fig. 2.13, bottom), it becomes apparent that
increasing the hyperparameter causes larger increases in the likelihood norm than
decreases in the prior norm, suggesting that using a large hyperparameter is not ben-
eficial for reducing changes imposed by the Bayesian analysis on the diameters and
velocities. The datapoint that does not fall on the curve represents a hyperparameter
that caused the iterative algorithm not to converge properly.

Figure 2.14 plots the secondary flow rate after the Bayesian analysis versus the

hyperparameter for case 1, with the dashed line representing the target flow rate
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Figure 2.13: Case 1 prior norm versus secondary norm for the entire set of hyperpa-
rameters (top) and for a subset of hyperparameters on axes with equal limits (bottom),
with the red data point representing the final hyperparameter selected for the study
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Figure 2.14: Case 1 secondary flow rate after the Bayesian analysis versus the hy-
perparameter, with the dashed line representing the target flow rate and the red
datapoint representing the final hyperparameter selected for this study

and the red datapoint representing the final hyperparameter selected for this study.
For very low values of the hyperparameter, the iterative algorithm fails and returns
errant values of the final secondary flow rate. As the hyperparameter increases, the
final secondary flow rate decreases, eventually approaching negative values. Negative
values of secondary flow rate represent reverse flow in the OAs and SCAs, which
is unphysiological. Therefore, the average secondary flow rate should be positive.
Additionally, the secondary flow rate changes over time, so the minimum flow rate
can be much lower than the average flow rate. The hyperparameter of 10 mL/min
ensures that the flow is antegrade at all times while avoiding divergence of the iterative

algorithm.

Figure 2.15 plots the prior norm versus the likelihood norm for all values of the
hyperparameter for case 2, with the red datapoint representing the final hyperparam-

eter selected for the study. The same trends seen in case 1 apply to case 2; increasing
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the hyperparameter increases the likelihood norm more significantly than decreasing
the prior norm (Fig. 2.15, bottom).

Figure 2.16 plots the secondary flow rate after the Bayesian analysis versus the
hyperparameter for case 2, with the dashed line representing the target flow rate
and the red datapoint representing the final hyperparameter selected for this study.
Similar to case 1, the lowest values of the hyperparameter result in errant values
of secondary flow rate due to the failure of the iterative algorithm. Increasing the
hyperparameter increases the final secondary flow rate. Large values of secondary flow
rate result in unphysiologically high velocities in the SCAs and OAs, so the chosen
hyperparameter of 10 mL/min ensures that the iterative algorithm is successful while

avoiding unrealistically high velocities.

2.2.7 Benchmarking Diameters, Velocities, and Flow Rates

The diameters [47, 53, 59, 74, 75, 83, 95, 117, 129, 155], velocities [3, 62, 67, 101],
and flow rates [11, 25, 51, 66, 96, 118, 136, 145, 158, 171, 174, 175] from studies of
healthy patients were compared with the simulation values. Literature measurements
of flow rate in the smaller vessels, such as the ACAs, are likely less accurate than
those in larger vessels, such as the ICAs, due to the relatively large voxel size in the
phase-contrast magnetic resonance imaging measurements compared with the small
vessel diameters [171]. For patients with a fetal PCA, the flow rates corresponding

to this variation for the ICA and BAS were plotted [66, 158, 174].

2.2.8 Finalized Geometry and Mesh

In SimVascular, the final optimized diameters from the Bayesian analysis were applied
at the inlets and outlets. A three-dimensional surface representation was created

by lofting circular contours along centerlines. Flow extensions were added to the

ICAs (8 mm), BAS (4 mm), MCAs (4 mm), ACAs (4 mm), PCAs (4 mm), OAs
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Figure 2.15: Case 2 prior norm versus secondary norm for the entire set of hyperpa-
rameters (top) and for a subset of hyperparameters on axes with equal limits (bottom),
with the red data point representing the final hyperparameter selected for the study
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Figure 2.16: Case 2 secondary flow rate after the Bayesian analysis versus the hy-
perparameter, with the dashed line representing the target flow rate and the red
datapoint representing the final hyperparameter selected for this study

(1 mm), SCAs (1 mm) and, if present, the duplicate PCA (1 mm) using the open-
source tool Vascular Modeling ToolKit (www.vmtk.org). The finalized surface mesh
was converted to a volumetric mesh in STARCCM+ version 12.06 (Siemens, Munich,
Germany) consisting of tetrahedral elements (base size = 0.55 mm, surface size = 0.44
mm) and four boundary layer elements. The final meshes consisted of about 4 million
elements. A grid resolution study was performed by comparing the average flow rates
and maximum velocities in the collateral vessels between the meshes. These metrics
for the final mesh exhibited less than a 5% error with the finest mesh comprising
about 22 million elements. The mesh study based on the hemodynamic metrics of

resistance and viscous dissipation is described in section 2.2.16.



45

© © o ©
O N ®© ©

o
»

Centerline velocity (m/s)
© o o
N W w

00 01 02 03 04 05 06 0.7

Time (s)
—— LMCA —— LA2 —— LP2 BAS RICA
RMCA —— RA2 —— RP2 —— LICA

Figure 2.17: Centerline velocities over time in the bilateral anterior, middle, posterior,
and internal carotid arteries and basilar artery

2.2.9 Patient-Specific, Image-Based Boundary Conditions for CFD

TCD measurements of the centerline velocity were scaled by the factors determined
in the Bayesian analysis. The time-varying centerline velocity profiles at the three
inlets (the ICAs and BAS) and six outlets (MCAs, ACAs, and PCAs), as seen in
Fig. 2.17, can be represented with a Fourier expansion in Eqn. 2.5, where A are the

Fourier modes and w is the frequency.

Ucenterline = A(W)eth (25)

A time-varying velocity profile in a straight tube can be represented analytically
using a Womersley profile [169], calculated with Eqn. 2.6, where A, are the scaled

Fourier coefficients, r is the radial location on the inlet or outlet surface, R is the
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vessel radius, and Jy is the Oth-order Bessel function of the first kind.

B r ~ JO(R -2 - Woy) iwnt
w(r,t) = Ag (1 - (E) ) + nEZI A, [1 — o) e (2.6)
The Womersley number for the n'* mode is calculated with Eqn. 2.7, where T is

the period of the cardiac cycle, R is the vessel radius, and v is the kinematic viscosity.

2mn
=R\ 2.
Wo, = R T (2.7)

The scaled Fourier coefficients A, are defined with Eqn. 2.8.

A, =24,/ [1 — m} (2.8)

The OAs were prescribed with a Womersley profile that generated a net flow rate
between 10 and 15 mL/ min. The SCAs were prescribed with resistance boundary
conditions. The flow should be evenly split between the left and right sides in the
SCAs (about 20-25 mL/min per side). A CFD simulation was computed with initial
estimates of resistance that result in the target flow rates. If the flow rate was higher
than the expected value in a vessel, the resistance was increased. The CFD simulations

were rerun until all resistances were tuned to generate the target flow rates.

2.2.10 Computational Fluid Dynamics Simulations

The incompressible Navier—Stokes and continuity equations were solved using ANSY'S
FLUENT 18.0 (Ansys, Canonsburg, PA), a finite volume pressure-based solver. With
a Reynolds number of about 600, the flow is the laminar regime.

Blood was modeled as a Newtonian fluid with a density of 1050 kg/m? and a
viscosity of 0.0035 Pa - s. The vessel walls were modeled as rigid.

The time-step selected was 0.001 seconds with cardiac cycles varying between 0.51-
1.1 seconds across the cohort. These periods were calculated by averaging the periods

of the nine TCD waveforms for each patient and clinical condition. The residuals were
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set to 12107* for mass conservation and 12107% for the three components of velocity.
The pressure-implicit with splitting of operators pressure—velocity coupling scheme,
with second-order pressure and momentum spatial discretization and second-order

implicit time discretization, was employed.

The CFD simulations were computed on four nodes of Hyak— the University
of Washington distributed memory massively parallel computing platform—with 28
processor dual Intel Xeon CPUs — for simulation times of about 10 h. The simula-
tions were run for two cardiac cycles to eliminate transient behavior associated with

initialization, and the results were analyzed for the third cardiac cycle.

The collateral flow rates were measured over time by creating cross-sectional planes

in the bilateral Als, P1s, Pcoms, and Acom.

2.2.11  Virtual Angiography

Cebral et al. demonstrated that a virtual angiogram can be performed by solving
the advection-diffusion equation [29], which allows the CFD model to be compared to
DSA. Virtual angiograms were performed by injecting a passive scalar into the BAS
and the ICAs. An advection—diffusion equation was solved to model the transport of

radiopaque contrast as seen in Eqn. 2.9.

% +1i-Ve= DV (2.9)

This equation was represented in Fluent with the temperature/chemical species
analogy in the energy equation. Typical values for the diffusivity of a high molecular
weight soluble species in a liquid are on the order of 1078 - 1071°. The Peclet number
represents the relative importance the advective vs diffusive terms and is calculated
with Eqn. 2.10 where U is the characteristic velocity, L is the characteristic length
scale, and D is the diffusivity.
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Pe = 2.1
o= (210)

Due to the low diffusivity and relatively high velocities, the Peclet number was 10°-
107, and the contrast agent transport was dominated by advection. The simulations
were run with an equivalent thermal diffusivity corresponding to a Peclet number
of 100, thus capturing the dominance of convection over diffusion in the transport,
without relying on inconsistent numerical discretizations for the very high Peclet
number flow. The inlet and outlet temperatures were defined by arbitrary values
(350 K and 300 K), corresponding to 100% and 0% concentration of radio-opaque
contrast agent, respectively. The boundary condition for the vessel walls was no flux
of contrast through them.

The intensity of the contrast indicated the magnitude of the flow through the

vessel, with lighter regions indicating limited flow.

2.2.12  Sensitivity Analysis

Some uncertainties in the measurements of the diameters and velocities in the pri-
mary inlets and outlets are easily quantified, such as the CTA pixel size and intercycle
variability in the TCD measurement. However, other uncertainties in the input pa-
rameters, such as a nonzero Doppler angle in the collection of the TCD velocities and
the determination of the correct measurement location of the vessel diameter during
segmentation, cannot be easily quantified. A sensitivity analysis can determine how
all types of uncertainty simultaneously propagate into uncertainties in the collateral
flow rates.

The collateral flow rates were estimated by solving a linear system of equations
representing mass conservation at each bifurcation in the CoW. For a complete CoW
anatomy, there are seven bifurcations and seven unknown collateral flow rates. How-

ever, the solution is not unique. Therefore, a Moore—Penrose pseudo-inverse was
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used to solve the system of equations. For patients missing a segment in the CoW,
the number of equations exceeded the number of unknowns, creating an overdefined
system solved with a least-squares approximation.

One thousand different combinations of initial diameters and mean velocities that
could vary up to 10% from their optimal values were introduced into the network.
Bayesian analysis was performed on each initial parameter set to generate a final
parameter set that satisfies mass conservation. The collateral flow rates associated
with the final parameter set were computed by solving the linear system of equations.
The resulting changes in the collateral flow rates were represented using violin plots.
The collateral flow rates corresponding to the optimized parameter set were associ-
ated with the maximum width of the violin. Positive values of collateral flow rate
corresponded to the following directions: left to right in the Acom, Al to A2 in the
ACA, anterior to posterior in the Pcom, and P1 to P2 in the PCA.

2.2.13 Hemodynamic Metrics of Vasospasm Severity

The determination of severity of vasospasm from angiography is relatively qualitative,
often with the degree of stenosis representing the severity. To understand mechanis-
tically and in a quantitative sense the degree of severity, two metrics are proposed:

resistance and viscous dissipation.

2.2.14 Resistance

The resistance of a vessel segment represents the pressure drop required to pump a

certain flow rate through the segment, calculated with:

:pl—p2
Q

R (2.11)

where R is the resistance, p; — po is the pressure difference between the beginning

and end of the vessel segment, and @ is the instantaneous flow rate (Fig. 2.18).
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Figure 2.18: Pressure slices through a right middle cerebral artery for calculating

resistance
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The pressure drop in a vessel is expected to increase with decreasing diameter.
Given similar flow rates in a vessel segment between baseline and vasospasm, higher
pressure drop in a vasospastic vessel is expected to result in higher resistance.

The resistance was calculated in the bilateral terminal ICA (TICA), MCA, ACA
Al, ACA A2, PCA P1, and PCA P2 segments. The terminal ICA was defined as the
segment between the intersection of the ICA with the OA and the bifurcation into
the MCA and ACA Al.

The centerlines of the vasculature were extracted from the final segmented vascula-
ture in SimVascular and exported in PolyData format. Centerlines for each individual
segment were isolated using an in-house Python code, with the beginning and end-
ing points avoiding bifurcations in the CoW and vessel tips. Using the PyTec link
between Python and Tecplot (Tecplot, Inc. Bellevue, WA), slices at the beginning
and end of the vessel were created, and the pressure was averaged across the slice.
The pressure drop was determined in each vessel segment from the fields computed
at different times during the cardiac cycle and divided by the instantaneous flow rate
to calculate the resistance. The time-averaged resistance was calculated by averaging
the instantaneous resistances over the entire cardiac cycle.

When the flow rate approaches zero, as in a vessel with biphasic flow, the instan-
taneous resistance can be arbitrarily large and skew the value of the mean resistance.
If the instantaneous resistance was five times the median instantaneous resistance,
this resistance was excluded in the calculation of the mean instantaneous resistance.

The percent change in resistance (Rychange) between baseline and vasospasm was

calculated with

Rbaseline

Ryasospasm — Roasetine
R%change = < b basel >100% (212)

where Rygsetine and Rygsospasm are the average resistances in a vessel segment dur-
ing baseline and vasospasm, respectively. An increase in resistance was expected in

vasospastic vessels.
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2.2.15 Viscous Dissipation

Viscous dissipation quantifies the energy to overcome viscous forces in a fluid in
motion. The amount of energy lost in a vasospastic vessel is expected to be higher
than in a normal vessel due to restriction of the vessel caliber and increased velocity
gradients.

Viscous dissipation quantifies the energy required to overcome viscous forces in a
fluid in motion. The amount of energy lost in a vasospastic vessel is expected to be
higher than in a normal vessel due to restriction of the vessel caliber and increased
velocity gradients.

The velocity gradient tensor Vi, which represents spatial gradients in velocity, is

defined using the three components of velocity (u, v, w) and three spatial dimensions

(x,y, z) with:
u v w
or Ox Ox
P— |ou o ow
Vii= | g o (2.13)
u v dw
0z 0z 0Oz

The viscous stress tensor 7 can be written in terms of the velocity gradient in a

fluid element as:

7= u(Vi + Vi) (2.14)

where p is the dynamic viscosity of blood.
The viscous dissipation at each point within a vessel segment ®,,., is evaluated

with:

cI)local =T7:1U (215)

Pointwise viscous dissipation was evaluated in Tecplot at each cell in the CoW and

exported in ASCII format. The CoW was divided into subdomains for each segment
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in Python (Fig. 2.19). The pointwise viscous dissipation was integrated within each

segment and normalized by the segment volume:

_ de (Dlocaldv
Jav @V

The time-averaged dissipation was calculated by averaging instantaneous viscous

o (2.16)

dissipation over the cardiac cycle.
The percent change in time-averaged viscous dissipation ®g.pqnge Was calculated

with:

(I)vasos asm @ aseline
(I)%chcmge = ( L basel )100 (217)

(I)baseline

where @pgserine and Pygsospasm are the viscous dissipation during baseline and va-
sospasm, respectively. The term “dissipation” is used henceforth to describe changes

in viscous dissipation.

2.2.16  Mesh Independence Study

The mesh independence study was performed by comparing the percent changes in
resistance and dissipation between the baseline and vasospasm conditions across four
mesh resolutions: a base size of 0.6 mm (3.5 million elements during baseline and 2.8
million elements during vasospasm), 0.35 mm (4.4 million elements during baseline
and vasospasm), 0.2 mm (13 million elements during baseline and 10.5 million ele-
ments during vasospasm), and 0.15 mm (33 million elements during baseline and 22
million elements during vasospasm). The percent changes in resistance and dissipa-
tion were compared between each of the meshes. The differences in percent change
in resistance between the coarsest and finest meshes were below 15 in vessels exhibit-
ing an absolute change below 1000%, below 100 in vessels with an absolute change
between 1000% and 1200%, and below 500 for one vessel with greater than 3000%

absolute change. The differences in percent change in dissipation between the coars-
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Figure 2.19: Vessel zones used for integrating viscous dissipation in the left-right view

(left) and anterior-posterior view (right)
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est and finest meshes were below 50 in vessels exhibiting an absolute change below
800%, below 100 in vessels with an absolute change between 800% and 2000%, and
below 100 for vessels with greater than 2000% absolute change. Given the relatively
small differences between the percent changes in resistance and dissipation compared
to their absolute values, the CFD results were considered to be insensitive to mesh
resolution in the range of base sizes between 0.6 mm and 0.15 mm.

The base size of 0.55 mm was selected because the previous mesh study described
in section 2.2.16 showed that the collateral flow rates were consistent between this

sizing and the finer meshes.

2.2.17  Discretizing CFD Metrics to Compare with Angiographic Severity

In order to compare the CFD results to the angiographic severity, the continuum of
values for percent changes in resistance and dissipation were discretized into four cat-
egories. A threshold value was selected to define the four categories, e.g., a threshold
value of 2000% change would result in the categories 0-500% associated with none,
500-1000% associated with mild, 1000-1500% associated with moderate, and over
1500% associated with severe. The threshold values were varied from 100 to 5000,
and the associated CFD severity was assigned as 0, 1, 2, or 3 given the categories
of none, mild, moderate, or severe vasospasm, respectively. The angiographic sever-
ity was also assigned with 0, 1, 2, and 3 for the respective severities. The error e
between the CFD categorizations and angiographic categorizations of vasospasm was
evaluated as the root-mean square of the differences between the angiography sever-
ity Sangiography and CFD severity, quantized from the percent changes in resistance or

dissipation Scrpmetric:

€= \/Z(sangiography - SCFDmetric)2 (218)

where the sum is performed on all vessels with angiographic severity assigned to
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Figure 2.20: Least squares error between the quantized CFD metrics and angiographic
severity given a range of thresholds for resistance (left) and dissipation (right)

them across the entire cohort of 25 patients.

In the following sections, all results are presented for a threshold of 1000% which
minimized error for both the resistance and dissipation metrics in comparison with the
angiographic severity (Fig. 2.20). This threshold results in four categories: 0-250%
change as “none”, 250-500% change as “mild”, 500-750% change as “moderate”, over

750% change as “severe”.

2.2.18 Identifying Localization and Overall Severity of Vasospasm

This study aimed to identify patients with vasospasm localized in a certain part of the
CoW to understand if changes in collateral flow directions or development of infarct

could relate to localization of vasospasm. Three zones within the CoW were defined:
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left anterior, right anterior, and posterior, which are associated with major arterial
inflows from the left ICA, right ICA, and BA, respectively. The percent changes in
resistance or dissipation were summed across the left MCA, left ACA Al segment,
and left ACA A2 segment for the left anterior zone, and the right MCA, right ACA
A1l segment, and right ACA A2 segment for the right anterior zone. The posterior
zone was defined by summing the percent changes in the left and right PCA P2
segments as well as the average of the left and right PCA P1 segments to create a
comparison equivalent to the anterior zones consisting of three vessels. The percent
changes across the three zones were summed, and each zone was divided by the sum
to identify the smallest and largest contributors of each zone to the overall severity
of the vasospasm across the CoW. Vessels with over 2500% change in resistance or
viscous dissipation were set to a value of 2500% to eliminate outlying values that
would distort summations.

If the vasospasm was localized in one of the three zones, its percent contribution
to the overall severity could be as high as 80%. If the vasospasm was balanced
across all zones, the maximum contribution of a single zone would be 33% of the
total severity. To identify vasospasm localized in two zones, the two zones with the
highest contributions to the total severity were summed. If there were a high degree
of localization in two zones, their percent contribution to the total severity could be
as high as 99%. For balanced vasospasm, the sum of the two highest contributors
would be 66%. The patients were sorted from high degree of localization to low degree
of localization based on both the percent changes in resistance and dissipation, and
representative patients were identified based on agreement in localization across both
CFD metrics.

The overall severity of the vasospasm in the CoW was evaluated by summing the
percent changes in resistance or dissipation across the TICAs, BAS, MCAs, ACA Al
and A2 segments, and PCA P1 and P2 segments.

Two patients with high degrees of localization in one zone and two patients with
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high degrees of localization in two zones are discussed in depth in section 2.3.7. Two
patients with balanced vasospasm across the three zones are discussed in depth in
section 2.3.8. The remainder of the cohort is briefly presented in sections 2.3.11-

2.3.14.

2.2.19  Summary of Computational Methodology

Figure 2.21 summarizes each stage of the workflow used to create the computational
model: taking initial measurements of vessel diameters and velocities, leveraging
Bayesian analysis and benchmarking to determine the final model parameters, ap-
plying the final parameters in the simulation, generating virtual angiograms, repre-
senting the sensitivity of collateral flow rates to uncertainties with violin plots, and

measuring the percent changes in resistance and viscous dissipation.

2.3 Results

2.3.1 Representative Patients to Illustrate the Methodology

In order to illustrate hemodynamic behavior captured by the computational fluid
dynamics simulations, two patients of interest will be represented in sections 2.3.2-
2.3.4. Patient A has a complete CoW with two patent Pcoms (Fig. 2.22, top), and
patient B is missing a right P1 segment and has a hypoplastic right A1 segment (Fig.
2.22, bottom). Patient B also has a redundant right PCA in which about 15 mL/min
of flow was directed.

For both patients, the locations and severity of vasospasm as well as the direction
and magnitude of the collateral flows were determined by reviewing clinical DSA with
experienced neurosurgeons. Change in flow direction was defined in section 2.1.9. A
supplying artery to the CoW — an ICA or BAS — was considered to be recruited if
the flow rate notably increased during vasospasm compared to baseline.

Figure 2.23 is a schematic of the clinically determined collateral flow directions and
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Figure 2.21: Summary of methodology for creating patient-specific CFD simulations
in the Circle of Willis during vasospasm
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Figure 2.22: Patient A with a complete circle of Willis with labels of the major
cerebral blood vessels (left) and patient B with a missing right PCA P1 segment with
labels of the collateral pathways (right)
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locations of vasospasm for patient A. In patient A, at baseline, the anterior circulation
strongly supplied the posterior territory via the bilateral Pcoms, and there was some
reverse flow in the left PCA P1 segment, i.e., flow from left to right (Fig. 2.23, top).
The locations of vasospasm were localized in the anterior circulation, as shown by the
valve icons (Fig. 2.23, bottom), where the lightest valve represents mild vasospasm
and the darkest valve represents severe vasospasm. During vasospasm, the BAS was
recruited to help supply the anterior circulation through reverse flow in both Pcoms,
as shown by the large double arrows (Fig. 2.23, bottom). Additionally, the reverse
flow was no longer present in the left P1 segment due to the strengthening of the flow
from the BAS.

Figure 2.24 is a schematic of the clinically determined collateral flow directions
and locations of vasospasm for patient B. Patient B had a fetal-type PCA on the
right side. At baseline, most of the collateral pathways exhibited typical directions of
flow with the exception of weak reverse flow in the left Pcom (Fig. 2.24, top). The
locations of vasospasm were centralized in the MCA and ACA territories with more
severe vasospasm in the right supraclinoid ICA than the left one (Fig. 2.24, bottom).
During vasospasm, the left ICA was recruited, as shown by the large double arrows,

to help supply the right side via bidirectional flow in the right ACA Al segment.

2.3.2  Diameter, Velocity, and Flow Rate Benchmarking

Figures 2.25 and 2.26 plot the diameters, velocities, and flow rates for patients A
and B, respectively, as described in section 2.2.7. The shaded Gaussian distributions
represent the literature values, the dashed black line and solid black line represent the
Bayesian priors for baseline and vasospasm, respectively, and the black point repre-
sents the optimal value used to define the CFD boundary conditions. The standard
deviations of the priors were half of the CTA pixel size for the diameter and the
intercycle variability for the velocity. The valve icons indicate which vessels were in

vasospasm, and the bold arrow represents the main inlet artery that was recruited
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Figure 2.23: Patient A collateral flow directions during the baseline (top) and va-
sospasm (bottom) conditions exhibited with arrows, the primary recruited inlet artery
exhibited with large double arrows, and the locations and severity of vasospasm ex-
hibited with valve icons
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Figure 2.24: Patient B collateral flow directions during the baseline (top) and va-
sospasm (bottom) conditions exhibited with arrows, the primary recruited inlet artery
exhibited with large double arrows, and the locations and severity of vasospasm ex-
hibited with valve icons
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Figure 2.25: Patient A vessel diameters, velocities, and flow rates at baseline (dotted
black line with black point) and vasospasm (solid black line with black point) overlayed
on literature values (shaded Gaussian distributions)

during vasospasm (Figs. 2.23 and 2.24). The standard deviation for the flow rate
reflects how high or low the flow rate could be given an increase or decrease in the
diameter by half of the CTA pixel size. The flow rates scaled linearly with the ve-
locity and with the square of the diameter (Eqn. 2.2), making them more sensitive
to changes in diameter than velocity. The Gaussian distributions for flow rates were
wider than the distributions for the diameter and velocity priors due to this square
relationship between changes in diameter and the resulting flow rate. The Gaus-
sian distributions for the vasospasm flow rates (solid black line) were wider than the
baseline distributions (dashed black line); changes in flow rate due to the change in
diameter were then multiplied by the higher vasospasm velocity, resulting in a wider

distribution.

For patient A at baseline, most of the diameters, velocities, and flow rates from the
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simulation (Fig. 2.25, dashed lines with a black point) fell within typical literature
ranges (Fig. 2.25, shaded Gaussian distributions). While the diameters of the PCAs
were larger than the typical literature values, their corresponding velocities were lower,
resulting in physiologically realistic flow rates. The velocity in the BAS was especially
low, resulting in a flow rate significantly below typical literature values. The Bayesian
analysis resulted in smaller outlet diameters and larger inlet diameters as well as
higher velocities in the ICAs (Fig. 2.25, black points on dashed lines). The remaining
velocities were relatively unchanged due to their low intercycle variabilities. During
vasospasm for patient A, the diameters decreased in the left MCA and in both ACAs
compared to the baseline condition (Fig. 2.25, distributions with valve icons). The
decrease in cross-sectional area of these vessels caused their velocities to increase. This
combination of the decreases in diameter and increases in velocity resulted in similar
flow rates to baseline. The Bayesian analysis increased the MCA and ACA diameters
and decreased the ICA diameters, with other parameters remaining unchanged. In the
left ICA, the velocity increased significantly but was accompanied by a decrease in the
diameter, resulting in a flow rate similar to baseline. In the BA, both the diameter and
velocity increased, resulting in a significantly higher flow rate than baseline (Fig. 2.25,
black arrow at bottom right). The basilar flow rate increased from supplying 8% of
the total perfusion before vasospasm to 22% during vasospasm due to the recruitment
of the posterior circulation to help supply the anterior circulation in vasospasm via

reverse flow in both Pcoms (Fig. 2.23).

In patient B at baseline, most of the diameters (Fig. 2.26, dashed lines with a black
point) were higher than the literature values, which was balanced by lower velocities,
resulting in similar flow rates to those reported in the literature. The availability of
literature values for the ICAs and basilar arteries for fetal PCA anatomy is limited, but
the simulation values agreed with at least one of the referenced studies [66, 158, 174].
The Bayesian analysis did not noticeably change the parameter values. Vasospasm

in both ACAs and MCAs in patient B (Fig. 2.26, distributions with valve icons) was
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Figure 2.26: Patient B vessel diameters, velocities, and flow rates at baseline (dotted

black line with black point) and vasospasm (solid black line with black point) overlayed
on literature values (shaded Gaussian distributions)
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characterized by smaller diameters and higher velocities. The velocity in the left PCA
was higher than literature values, which could be explained by vasospasm near the
P1-P2 bifurcation or by the change in flow direction in the left Pcom as a collateral
pathway. Both the diameter and velocity in the left ICA increased, resulting in a
significantly higher flow rate (Fig. 2.26, bottom right). The flow rate in the left ICA
increased from supplying 45% of the total perfusion before vasospasm to 55% during
vasospasm, helping supply the right side of the CoW through reverse flow in the right
ACA Al segment (Fig. 2.24).

2.3.8  Virtual Angiography

Figure 2.27 compares the clinical (left column) and virtual (right column) angiograms
for patient A at baseline (top row) and vasospasm (bottom row). At baseline, the left
ICA was injected with contrast with an angiographic view from front to back, i.e.,
the right side of the CoW appears on the left side of the figure. In both the clinical
and virtual angiograms, the presence of contrast in both ACA A2 segments indicated
that the flow in the Acom was from left to right (Fig. 2.27, top row). In the posterior
circulation, the reversal of flow in the left PCA P1 segment in the clinical angiogram
was inferred from the presence of contrast in the right PCA and right SCA (Fig. 2.27,
top left). The virtual angiogram exhibited the same result, with reverse flow in the
left PCA P1 filling the right PCA (Fig. 2.27, top right).

For the vasospasm condition in patient A, the BAS was injected with contrast with
an angiographic view from the side, i.e., the posterior circulation appears on the left
side of the figure (Fig. 2.27, bottom row). Due to the presence of vasospasm in the
anterior circulation, the BAS was recruited to help maintain physiological perfusion;
blood flowed from the posterior circulation to the anterior circulation via both Pcoms
for part of the cardiac cycle. Reverse flow in the right Pcom was stronger than in the
left, likely due to vasospasm present in the left Pcom. The strong reverse flow in the

right Pcom resulted in a small amount of contrast filling the right MCA, seen in both
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the clinical and virtual angiograms (Fig. 2.27, bottom row).

Figure 2.28 shows the left ICA injection in patient B during baseline (top) and
vasospasm (bottom), with an angiographic view of front to back, i.e., the right side
of the CoW appears on the left side of the figure. At baseline, contrast was present
in both ACA A2 segments, corresponding to flow in the Acom from left to right
(Fig. 2.28, top row). No reverse flow was present in the right ACA Al segment.
During vasospasm, blood continued to flow strongly from left to right in the Acom.
Unlike at baseline, the flow in the right ACA A1l reversed direction, as evidenced
by the presence of contrast in the vessel connected to the Acom (Fig. 2.28, bottom
left). Some flow from the right ICA injection (not presented here) was antegrade,
i.e., toward the ACA A2 segments, indicating bidirectional flow in the right ACA
Al segment. The left ICA was recruited to help supply the right side of the CoW
due to the severe vasospasm in the right supraclinoid ICA compared to the moderate
vasospasm in the left supraclinoid ICA. Due to the fetal PCA, the BAS and right-sided
anterior circulation were not connected, preventing the BAS from being recruited to

help supply the vasospastic right MCA (Fig. 2.24).

2.3.4  Sensitivity Analysis

Figure 2.29 shows the results of the sensitivity analysis quantifying the changes in
collateral flow rates caused by changes in both the vessel diameters and velocities,
as described in section 2.2.12. The widest part of the violin, seen at the centerline
with a white point, represents the median value in the distribution and corresponds
to the optimal parameter value used in the CFD simulation. The black bar at the
centerline of the violin shows the interquartile range. A violin with a wide range of
values indicates that the collateral flow rate is more sensitive to variations in diameter
and velocity than a violin with a smaller range.

In patient A at baseline (Fig. 2.29, top), the flow was weakly from left to right in
the Acom, strongly from A1l to A2 in both ACAs, strongly from anterior to posterior
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Figure 2.27: Patient A clinical (left) and virtual (right) angiograms for baseline (top)
and vasospasm (bottom)
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Figure 2.28: Patient B clinical (left) and virtual (right) angiograms for baseline (top)
and vasospasm (bottom)
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in both Pcoms, and strongly from P1 to P2 in the right PCA. In the left PCA P1
segment, the net flow rate was close to zero, resulting in bidirectional flow (Fig. 2.23).
During vasospasm, the flow rates in the Acom and ACA A2 segments were almost
identical to the baseline values. However, the net flow rates in both Pcoms were
close to zero, indicating bidirectional flow. The flows in both PCA P1 segments were
strongly from the P1 to P2 segments due to the recruitment of the BAS, eliminating
the reverse flow seen in the left PCA P1 segment at baseline (Fig. 2.23). Despite the
uncertainties in the input parameters, the same trends for the flow directions hold for
different parameter sets and match the clinically observed flow directions (Fig. 2.23).

In patient B at both baseline and vasospasm (Fig. 2.29, bottom), the flow rates
were from left to right in the Acom and antegrade in the left ACA A1, the right Pcom,
and the left PCA P1. At baseline, the flow was weakly bidirectional in the left Pcom
(Fig. 2.24), which resulted in a low net flow rate in this segment. During vasospasm,
the strength of the flow increased in the Acom and left ACA A1l segments, resulting in
bidirectional flow in the right ACA A1, and the median flow rate fell to zero. The flow
in the left Pcom increased, resulting in antegrade flow. For all collateral pathways,
the directions and magnitudes of flow were similar across different parameter sets,

agreeing with the clinical results (Fig. 2.24).

2.3.5 Comparison of Percent Changes in Resistance and Dissipation with Angio-

graphic Severity

Comparisons of the angiographic severity to the percent changes in resistance and
dissipation are shown in Fig. 2.30. Figure 2.30 plot the percent changes in resistance
and dissipation across the vessels in the CoW for the entire cohort associated with an
angiographic severity of “none”, “mild”, “moderate”, or “severe”.

Boxplots for the percent change in resistance (Fig. 2.30, top) and dissipation (Fig.
2.30, bottom) show that for increasing angiographic severity, the percent changes in

resistance and dissipation also increase. For an angiographic severity of “none”, the
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Figure 2.29: Violin plot for the sensitivity analysis that solves a linear system of
equations for different parameter sets for patient A (top) and patient B (bottom)
during the baseline (light shade) and vasospasm (dark shade) conditions
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first and third quartiles are 21% and 210% change in resistance and 60% and 300%
change in dissipation, respectively. For an angiographic severity of “severe”, the
first and third quartiles are 390% and 1250% change in resistance and 500% and
1420% change in dissipation, respectively. This shows higher variability in the CFD
metrics for angiographically severe vasospasm than for vessels with lower angiographic
severity. The degree of stenosis is the main factor used to qualitatively evaluate the
vasospasm severity during the angiographic review. While some vessels may have a
high degree of stenosis, this stenosis will not necessarily lead to higher percent changes
in resistance and dissipation. For instance, focal vasospasm may lead to a more severe
angiographic evaluation than the hemodynamics suggest. Recovery of static pressure
downstream of the constriction causes the resistance to be lower compared to vessels
with diffuse vasospasm. Viscous losses will be highest in the stenosed region, but the

total volume of that region compared to the entire vessel is relatively low.

The number of vessels across all patients that fall within the ranges 0-250%, 250-
500%, 500-750%, or above 750% change of one of the CFD metrics were counted, and
the percent of those vessels with a specific angiographic severity were determined.
These results are represented in the bar plots for resistance (Fig. 2.31, top) and
dissipation (Fig. 2.31, bottom). For example, out of 171 vessels with 0-250% change in
resistance, 86 of those vessels had an angiographic severity of “none”, represented with
50% of the total vessels in that category in the bar chart. For changes in resistance
above 750%, 90% of the vessels across all patients were assigned angiographically as
moderate or severe (Fig. 2.31, top). For changes in dissipation above 750%, 80% of
the vessels were assigned angiographically as moderate or severe (Fig. 2.31, bottom).
This trend demonstrates that the CFD metrics capture the change in hemodynamics
due to severe vasospasm with high fidelity. For the range of 0-250% in resistance or
dissipation, there is a wider variability in the angiographic assignment of vasospasm
severity. Similar to the trend identified by the boxplots, the angiographic severity

may overestimate the impact of the vessel stenosis, especially with focal vasospasm,
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Figure 2.31: Bar charts of the percent of vessels in ranges of resistance (top) and
dissipation (bottom) metrics with an associated angiographic severity

leading to a discrepancy between the CFD metrics and the angiographic assignment.

Figure 2.32 plots the percent of vessels across all patients where the CFD evalu-
ation of severity agrees with the angiographic severity. Agreement is defined as the
difference in CFD severity and angiographic assessment being within one level. For
instance, if the CFD metric indicates “moderate” severity, the angiographic catego-
rization could be “mild”, “moderate”, or “severe” and be considered good agreement.
This definition of agreement is applied because the angiographic evaluation of sever-

ity is qualitative, and the difference between categories like “mild” and “moderate”
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Figure 2.32: Percent of vessels across the cohort that agree with the angiographic
severity based on the resistance (black) and dissipation (grey) metrics

is subjective, i.e., at the discretion of the neurosurgeon.

In the MCAs, the degree of agreement with the angiographic severity is 82% for
resistance and 86% for dissipation. Because the MCA is one of the largest vessels
within the CoW, the degree of uncertainty introduced by the resolution of the CTA
scan is lower than in other vessels. While five patients had aneurysms in the MCA,
the surgical clips used to treat the aneurysm were in the M2 segment. The diameter

measurements were not obscured by artifacts in the CTA.

In the ACA A2 segments, the degree of agreement with the angiographic severity
is about 75% for both CFD metrics. Twelve patients had aneurysms in the Acom, and
one patient had an aneurysm in the ACA A2 segment. The aneurysms were treated
with coils or clips, which can affect the diameter measurements due to artifacts in
the CTA. Flow in the Acom can be relatively fast, so a jet originating from the Acom
can impinge at the bifurcation between the ACA A2 segment and the Acom. The

presence of this jet impingement can cause the pressure drop at the beginning of the
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vessel to be underestimated, even if the vessel diameter during vasospasm is smaller
than the baseline diameter. These jet dynamics affect the calculation of CFD metrics,
which could explain some differences between angiographic and CFD severities in the
ACA A2 segments. The ACA A2 segments are smaller than other vessels in the CoW,
which makes the diameters more sensitive to the resolution of the CTA.

In the PCA P2 segments, the degree of agreement between the CFD and angio-
graphic severity is 92%. The severity in the PCA P2 segments is more likely to be
assigned as “none” or “mild” compared to the vessels in the anterior circulation. As
seen in the boxplots in Fig. 2.30, there is lower variability in the CFD metrics in
the “none” and “mild” categories, with most vessels falling within the 0-250% range
associated with the CFD categorization of “none” and the 250-500% range associated
with the CFD categorization of “mild”. Therefore, close agreement between the CFD
and angiographic severity is expected in the PCA P2 segments.

The ACA Al segments show 69% agreement with the angiographic severity for
resistance and about 77% agreement for dissipation. Similar to the ACA A2 seg-
ments, the diameter measurements in the ACA A1l segments can be challenging due
to artifacts from coils or clips, and the evaluation of static pressure can be affected
by jet impingement near the Acom.

The level of agreement in the PCA P1 segments with the angiographic severity is
85% for percent change in resistance and 78% for percent change in resistance. As
is the case for the PCA P2 segments, the PCA P1 segments are more likely to be
assigned as “none” or “mild” in angiographic severity than the anterior circulation,
increasing the likelihood of agreement. However, the vessels are shorter in length than
other vessels in the CoW, which could introduce higher error in the CFD metrics than
for longer vessels.

Across the cohort, a left or right Pcom was assigned an angiographic severity in
20 instances. The CFD metrics agreed with the angiographic severity in 75% percent

of these Pcoms. Due to the smaller diameter of the Pcom compared to the rest of the
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CoW, it is more likely to be sensitive to CTA resolution.

In the TICAs, the resistance metric shows 68% agreement and dissipation shows
64% agreement with the angiographic severity. Focal vasospasm is common in the
TICAs, which results in pressure recovery downstream of the constriction. This phe-
nomenon causes the resistance in a vessel with focal vasospasm to be lower than a
vessel with consistent narrowing. Therefore, the CFD metrics are less likely to indi-
cate severe vasospasm in these vessels than the angiographic severity, which is based
on the degree of narrowing. Three patients had left Pcom aneurysms treated with
coils or clips, and CTA artifacts from aneurysm treatment may have affected the

measurements of the TICA diameter.

In the BAS, the level of agreement with the angiographic severity is 64% according
to the resistance and 76% according to the dissipation. This artery is often character-
ized by a high degree of curvature. In the presence of vasospasm, a jet can form that
impinges at the location of highest curvature, which causes the pressure drop, and
thus the resistance, to be underestimated. This phenomenon may explain why the

degree of agreement is closer for dissipation than resistance in this particular vessel.

2.3.6  Representative Patients to Illustrate Resistance and Dissipation Metrics

Sections 2.3.7, 2.3.8, and 2.3.9 discuss in detail eight representative patients that
show good agreement between the resistance and dissipation metrics. Four patients
demonstrate localization of vasospasm (section 2.3.7), and two patients demonstrate
balanced vasospasm (section 2.3.8). Two patients were identified to have infarct

(section 2.3.9).

For a brief overview of the patients in the remainder of the cohort, the interested

reader is directed to sections 2.3.11-2.3.14.
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2.3.7 Collateral Flow Changes in Patients with Localized Vasospasm

Figure 2.33 presents the angiographic evaluation and CFD results from two repre-
sentative patients with localized vasospasm in one zone as defined in section 2.2.18.
“L” represents the left side in the vessel labels, and “R” represents the right side.
The ACA A1l and A2 segments are labeled as A1 and A2, respectively, and the PCA
P1 and P2 segments are labeled as P1 and P2, respectively. Patient 1 is represented
on the left side of the figure, and Patient 2 is represented on the right side of the
figure. The diagrams at the top represent the angiographic severity, with absence of
a valve icon reflecting no vasospasm, and the increasing darkness of the valve icon
representing increasing severity. The width of the grey line represents the size of the
collateral pathways according to the angiographic review, with hypoplastic segments
represented by thinner lines. The diagrams at the center represent the percent change
in resistance, and the bottom diagrams represent the percent change in dissipation.
When the Pcom is represented with a dashed line in the resistance and dissipation
diagrams, this indicates that its severity of vasospasm could not be angiographically
determined. A black arrow represents a change in the direction of flow in a collateral

pathway as defined in section 2.1.9.

Patient 1 demonstrated a complete CoW, and the bilateral Pcoms and the right
ACA A1l segments were identified as hypoplastic. Severe vasospasm in the right
anterior circulation was identified by the angiographic evaluation as well as by changes
in resistance and dissipation. In the Acom, there was no net flow during baseline,
while flow was left to right during vasospasm; thus, the change in direction was
assigned as left to right. The left ACA A1 showed a significant strengthening in the
magnitude of the flow during vasospasm. Considering the changes in flow direction
in these two collateral pathways, it appears that the left anterior circulation was
directing flow to the right anterior circulation in severe vasospasm. The magnitude

of the flow in the hypoplastic right ACA A1l segment weakened, likely due to the
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Figure 2.33: Patients 1 and 2 with vasospasm localized in one zone of the CoW with
the angiographic severity (top), percent change in resistance (middle) and percent
change in dissipation (bottom) in each vessel
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presence of vasospasm identified as moderate by the percent change in resistance and
severe in the angiographic review. Because the bilateral Pcoms are hypoplastic, this
could have affected the ability of the posterior circulation to direct flow to the anterior
circulation.

Patient 2 was missing the right PCA P1 segment, resulting in a fetal right PCA.
All remaining collateral pathways were present and of typical sizes. While the an-
giographic review did not clearly identify localized vasospasm, the resistance and
dissipation metrics identified localization of severe vasospasm in the right anterior
circulation. Despite the patency of the left ACA A1l and Acom segments, there were
no significant changes in flow direction to compensate for localized right anterior
vasospasm. The flow weakened in the right ACA A1l segment, likely due to severe
vasospasm identified in the angiographic review and both CFD metrics. The absence
of the right PCA P1 segment isolated the posterior circulation from the right anterior
circulation, preventing recruitment of the posterior circulation to supply the anterior
circulation on the right side.

Figure 2.34 shows two patients with localized vasospasm in two zones of the CoW,
as defined in section 2.2.18, with the same diagrammatic organization as in Fig. 2.33.
Patient 3 is represented on the left side of the figure, which is the same as Patient A
that was used to illustrate the computational methodology. Patient 4 is represented
on the right side of the figure.

Patient 3 had a complete CoW with no hypoplastic segments. Vasospasm was
localized in the left and right anterior zones identified by the angiographic severity
and both CFD metrics. During baseline, the flow in the bilateral Pcoms was strongly
antegrade whereas during vasospasm, it changed to strongly biphasic (Fig. 2.23).
Therefore, the flow direction change was from posterior to anterior. Due to the
strong antegrade flow in the left Pcom during baseline, biphasic flow was present in
the left PCA P1, which changed to antegrade flow during vasospasm (Fig. 2.23). The

change in direction was towards the left Pcom and left PCA P2. These changes in
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Figure 2.34: Patients 3 and 4 with vasospasm localized in two zones of the CoW with
the angiographic severity (top), percent change in resistance (middle) and percent
change in dissipation (bottom) in each vessel
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direction in the bilateral Pcoms and left PCA P1 segment can be considered to be
caused by recruitment of the posterior circulation to supply the anterior circulation
in vasospasm in a patient with patent collateral pathways.

Patient 4 had a complete CoW with a hypoplastic right ACA A1l segment. The
angiographic severity, resistance, and dissipation all reflected vasospasm localized in
the left and right anterior zones. The CFD metrics indicated that vasospasm was more
severe in the right than the left anterior circulation. There were no major changes
in the flow direction in the collateral pathways. The flow weakened in magnitude
in the right ACA Al, likely due to the severe vasospasm identified by the changes
in resistance and dissipation. In the right Pcom, the percent change in dissipation
identified severe vasospasm due to focal vasospasm, which might have decreased the

likelihood of a change in direction.

2.3.8 Collateral Flow Changes in Patients with Balanced Vasospasm

Figure 2.35 shows two patients with balanced vasospasm, as defined in section 2.2.18,
with the same organization as Figures 2.33 and 2.34. Patient 5 is represented on the
left side of the figure, and Patient 6 is represented on the right side of the figure.

Patient 5 had a complete CoW with no hypoplastic segments. According to the
angiographic severity and CFD metrics, the overall degree of vasospasm was weak.
Vessels in mild to moderate vasospasm were distributed among the left anterior, right
anterior, and posterior zones. Both the overall low severity of vasospasm and the ab-
sence of localized vasospasm could explain why no significant changes in flow direction
were present.

Patient 6 also had a complete CoW with no hypoplastic segments. Both the an-
giographic severity and CFD metrics demonstrated that the vasospasm within the
CoW was balanced between the three zones. In the left Pcom, the flow direction
changed from biphasic during baseline to antegrade during vasospasm, resulting in a

change of direction from the anterior to posterior circulation. While the vasospasm
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Figure 2.35: Patients 5 and 6 with vasospasm balanced across zones in the CoW with
the angiographic severity (top), percent change in resistance (middle) and percent

change in dissipation (bottom) in each vessel
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was balanced within the CoW, both the angiography and dissipation metric identi-
fied the BAS as being in severe vasospasm compared to moderate vasospasm in the
bilateral TICAs. This imbalance in vasospasm severity in the supplying vessels could
explain why the left Pcom flow direction changes. The percent change in resistance in
the BAS underestimated the vasospasm severity because of the effects of high vessel

curvature discussed in section 2.3.5.

2.3.9 Collateral Flow Changes in Patients with Infarct Due to Vasospasm

Figure 2.36 represents the two patients who were diagnosed with infarct caused by
vasospasm, discussed in section 2.2.2, with the same organization as in Figures 2.33-
2.35. Patient 7 is represented on the left side of the figure, and Patient 8 is represented
on the right side of the figure. The black circles represent the territories supplied by
a vessel in the CoW where infarct was detected.

Patient 7 was missing the Acom and had a hypoplastic right ACA A1 segment and
a hypoplastic right Pcom. The angiographic evaluation as well as the CFD metrics
identified severe vasospasm across the entirety of the CoW. Vasospasm was balanced
between the left and right sides as well as the anterior and posterior circulations. No
major changes in the collateral flow directions were observed. The magnitude of the
flow in the bilateral PCA P1 segments weakened during vasospasm, which could be
a result of the severe BAS vasospasm detected by angiography and the CFD metrics.
The absence of large changes in collateral flow directions could be related to the
limited connectivity of the CoW between the left and right sides due to the missing
Acom as well as the anterior and posterior circulations due to the hypoplastic right
Pcom. The presence of balanced severe vasospasm could also affect the likelihood
of flow direction changes. Multiterritorial infarct could relate to the high severity of
vasospasm in all zones of the CoW along with an inability of collateral pathways to
mitigate the negative effects of severe vasospasm.

Patient 8 had a complete CoW with hypoplastic left ACA Al and left PCA P1
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Figure 2.36: Patients 7 and 8 with infarct caused by vasospasm (black circles) with
the angiographic severity (top), percent change in resistance (middle) and percent
change in dissipation (bottom) in each vessel
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segments. Vasospasm was localized in the left and right anterior zones, with the
right side exhibiting higher severity than the left side. The flow direction in the
left ACA Al segment changed from biphasic during baseline to weakly antegrade
during vasospasm, resulting in a net change of flow towards the ACA A2 segments.
In the Acom, the flow direction changed from right to left during baseline to no net
flow during vasospasm, resulting in a net change from left to right. This change in
direction could result from severe vasospasm in the right ACA A1 limiting the amount
of flow available to travel from the right side to the left side, or it could relate to flow
being conserved on the right side in order to supply the right ACA A2 segment instead
of being directed to the left anterior circulation. This patient had an infarct in the
territory supplied by the right ACA A2 segment associated with localized vasospasm
in the anterior circulation, and the hypoplastic left ACA Al and vasospastic right
ACA A1 segments limited the ability of collateral pathways to be recruited.

2.3.10 Patients from the Remainder of the Cohort

Sections 2.3.7-2.3.9 highlighted the hemodynamics in eight clear examples from the
cohort of 25 patients. The remaining 17 patients from the 25 patient cohort are briefly
summarized in the following sections, grouped by patients with vasospasm localized
in one zone (section 2.3.11), localized in two zones (section 2.3.12), balanced across

three zones (section 2.3.13), and with overall mild vasospasm (section 2.3.14).

2.3.11 Collateral Flow Changes in Patients with Localized Vasospasm in One Zone

Figure 2.37 shows two patients with vasospasm localized in one zone, as defined in
section 2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.36. Patient
9 is represented on the left side of the figure, and patient 10 is represented on the right
side, which is the same as patient B that was used to illustrate the computational

methodology.
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Patient 9 had a complete CoW with bilateral hypoplastic Pcoms. Vasospasm was
localized in the right anterior circulation, more clearly identified with the CFD met-
rics than the angiographic evaluation. Two pathways changed direction; the Acom
showed a net change from left to right, and the right A1l showed a net change to-
wards antegrade flow. The Acom may have been recruited to supply the right side
with localized vasospasm, while it is unclear why the flow direction changed in the
right A1l. Bilateral hypoplastic Pcoms isolated the posterior circulation from anterior
circulation. The resistance in the BAS was underestimated due to the effects of high
curvature described in section 2.3.5.

Patient 10 was missing a right P1 segment and had a hypoplastic right Al seg-
ment. Vasospasm was localized in the left anterior circulation. The flow in the right
A1 changed from antegrade during baseline to biphasic flow during vasospasm, result-
ing in a net change towards the right MCA. The angiography and resistance metric
identified severe spasm in the right TICA, which could result in the biphasic flow in
the right Al. However, the segment was not a major collateral due to its relatively
small size. The posterior circulation was isolated from the right anterior circulation
due to the fetal PCA, which could limit recruitment of the posterior circulation.

Figure 2.38 shows two patients with vasospasm localized in one zone, as defined
in section 2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.37.
Patient 11 is represented on the left side of the figure, and patient 12 is represented
on the right side.

Patient 11 had a complete CoW with a hypoplastic right Pcom. Vasospasm was
localized in the left anterior circulation. There is no clear explanation for why the
Acom was not recruited to supply the left side in vasospasm from the right side,
despite looking similar in anatomy and localization of vasospasm to Patient 1. The
posterior circulation is isolated from the right anterior circulation due to a hypoplastic
right Pcom, and the left Pcom is not a major collateral in this patient.

Patient 12 was missing a right A1l segment and had a hypoplastic right Pcom.



Angiographic

Patient 9

severity LAZXA ,,.XRAZ
co
LA% — VAl
severe LMCA > \ & RMCA
moderate trica? LPeom =1 RPcom™ grricA
=~ LP2 RP2
mild BAS
Resistance
1000% LA2 RA2
severe LAT om RAT
moderate Lmca \\— RMCA
mild LTICA LPcom __ RPcom RTICA
LP1 RP1
none
RP2
0% LP2 BAS
Dissipation
1000% LA2 I RA2
Acom
severe LA _’\RAl
LMCA RMCA
moderate
LPcom RPcom
. RTICA
mild LTICA LP1JRP1
none LP2 RP2
0% BAS

89

Patient 10 (B)

LAZXA RA2
com

LAép $A1

LMCA =>=g == RMCA
LPcom RPcom
LTICA ED? RTICA
LP2 X RP2
BAS
LA2 RA2
Acom
LAl \RAl
LMCA < RMCA
LTICA LPcom RPcom RTICA
LP1
LP2 RP2
BAS
LA2 RA2
Acom
LA1 \RAl
LMCA /— RMCA
LTICA LPcom RPcom RTICA
LP1 RP1
LP2 RP2
BAS

Figure 2.37: Patients 9 and 10 with vasospasm localized in one zone of the CoW with
the angiographic severity (top), percent change in resistance (middle) and percent
change in dissipation (bottom) in each vessel
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Vasospasm was localized in left anterior circulation. The missing right Al and hy-
poplastic right Pcom isolated the left side from the right side, limiting its ability to

be recruited to supply the left anterior circulation with localized vasospasm.

2.3.12 Collateral Flow Changes in Patients with Localized Vasospasm in Two Zones

Figure 2.39 shows one patient with vasospasm localized in two zones, as defined in
section 2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.38.

Patient 13 was missing a left P1 segment. CFD identified vasospasm localized
in the left and right anterior circulation, compared with angiographic severity only
identifying vasospasm localized in the left anterior circulation. Flow in the left Al
changed from antegrade to biphasic, resulting in a net change of flow towards the left
MCA. Flow in the right Pcom changed from antegrade to biphasic, resulting in a net
change of flow towards the right MCA. Both changes in flow direction corresponded
to flow in the direction of localized vasospasm. The missing left P1 segment isolated
the posterior circulation from the left anterior circulation, so the posterior circulation
cannot be recruited to the left side.

Figure 2.40 shows two patients with vasospasm localized in two zones, as defined
in section 2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.39.
Patient 14 is represented on the left side of the figure, and patient 15 is represented
on the right side.

Patient 14 had a complete CoW with a hypoplastic right A1 and right P1. Va-
sospasm was localized in the left and right anterior circulation. The flow in the left
Pcom changed from biphasic to weakly antegrade, resulting in a net change towards
the BAS. Severe spasm in the left Pcom, identified by both CFD metrics, could limit
its ability to act as a collateral from the posterior to the anterior circulation, and
the change in direction could be attributed more to a limitation in flow than to re-
cruitment. The right circulation was isolated from the left anterior and posterior

circulation due to hypoplastic right A1 and P1 segments.
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Figure 2.38: Patients 11 and 12 with vasospasm localized in one zone of the CoW with
the angiographic severity (top), percent change in resistance (middle) and percent
change in dissipation (bottom) in each vessel
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Figure 2.39: Patient 13 with vasospasm localized in two zones of the CoW with the
angiographic severity (top), percent change in resistance (middle) and percent change
in dissipation (bottom) in each vessel
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Patient 15 had a complete CoW with a hypoplastic right Pcom. Vasospasm was lo-
calized in the anterior circulation with the right side exhibiting more severe vasospasm
than the left side. The flow in the Acom changed from no net flow to left-to-right flow,
which could be due to vasospasm being more severe on the right side. The posterior
circulation was isolated from the right anterior circulation due to hypoplastic right

Pcom.

Figure 2.41 shows two patients with vasospasm localized in two zones, as defined
in section 2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.40.
Patient 16 is represented on the left side of the figure, and patient 17 is represented
on the right side.

Patient 16 was missing a right A1 and had hypoplastic left Pcom and right P1.
Vasospasm was localized to the left anterior and posterior circulations, though this
effect may be overestimated by the fact that the right A1 was not present to contribute
to the summation of vessel severities in the right anterior circulation. No changes in
collateral flow directions were observed. The three zones were isolated from each
other due to the missing or hypoplastic segments, which could limit the ability of
any vessel from being recruited to supply any other zone via the collateral pathways.
The resistance in the BAS was underestimated due to the effects of high curvature

described in section 2.3.5, as well as due to focal stenosis.

Patient 17 had a complete CoW with a hypoplastic left P1 and right Pcom. Va-
sospasm was localized to the anterior circulation, more severe on the right side than
on the left side. The collateral flow directions did not change. The posterior circula-
tion was isolated from the anterior circulation via the hypoplastic left P1 and right
Pcom, which might limit the ability of the posterior circulation to direct flow towards

the anterior circulation in vasospasm, as already seen in patient 3.
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Figure 2.40: Patients 14 and 15 with vasospasm localized in two zones of the CoW with
the angiographic severity (top), percent change in resistance (middle) and percent
change in dissipation (bottom) in each vessel
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Figure 2.41: Patients 16 and 17 with vasospasm localized in two zones of the CoW with
the angiographic severity (top), percent change in resistance (middle) and percent
change in dissipation (bottom) in each vessel
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2.3.13 Collateral Flow Changes in Patients with Balanced Vasospasm

Figure 2.42 shows two patients with vasospasm balanced across all zones, as defined
in section 2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.41.
Patient 18 is represented on the left side of the figure, and patient 19 is represented
on the right side.

Patient 18 had a complete CoW with no hypoplastic segments. Severe vasospasm
was balanced between the three zones of the CoW. However, vasospasm in the BAS
was more severe than the bilateral TICA, and the angiographic severity and resis-
tance metric showed severe vasospasm in the bilateral P1 segments. The flow in the
bilateral Pcoms changed from biphasic to antegrade, directing more flow to the pos-
terior circulation potentially due to this severe basilar and bilateral P1 vasospasm.
The Acom changed from strongly biphasic to weak right to left flow, with no clear

mechanism to explain the change.

Patient 19 was missing a left Pcom. The CFD metrics showed moderate to severe
vasospasm across all zones, but the angiography showed severe vasospasm localized in
the right anterior circulation. Flow in the right A1 changed from antegrade to bipha-
sic, and flow in the right Pcom changed from antegrade to largely retrograde. These
flow direction changes are consistent with flow being directed to the right circulation
in severe vasospasm, but the CFD metrics did not capture this phenomenon.

Figure 2.43 shows one patient with vasospasm balanced across all zones, as defined
in section 2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.42.

Patient 20 had a hypoplastic left Pcom, and severe vasospasm was balanced across
the three zones and between the BAS and bilateral TICAs. Antegrade flow in the
right Pcom noticeably strengthened during vasospasm, likely due to the flow limiting
vasospasm observed in the DSA. However, the CFD did not replicate the significant

change in the flow rate supplying the BAS.

Figure 2.44 shows two patients with vasospasm balanced across all zones, as de-
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Figure 2.42: Patients 18 and 19 with vasospasm balanced across zones in the CoW
with the angiographic severity (top), percent change in resistance (middle) and per-

cent change in dissipation (bottom) in each vessel
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Figure 2.43: Patient 20 with vasospasm balanced across zones in the CoW with the
angiographic severity (top), percent change in resistance (middle) and percent change

in dissipation (bottom) in each vessel
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fined in section 2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.43.
Patient 21 is represented on the left side of the figure, and patient 22 is represented
on the right side.

Patient 21 was missing a left P1 segment, and severe vasospasm was balanced
across the CoW. No changes in collateral flow direction were observed.

Patient 22 was missing a left P1 segment, and moderate to severe vasospasm was

balanced across the CoW. No changes in collateral direction were observed.

2.3.14 Collateral Flow Changes in Patients with Mild Vasospasm

Figure 2.45 shows one patient with overall mild vasospasm, as defined in section
2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.44.

Patient 23 was missing a right Al segment and showed overall mild vasospasm
across all vessels of the CoW. The flow in the left Pcom changed from retrograde to
biphasic, but it was not a major collateral.

Figure 2.46 shows two patients with overall mild vasospasm, as defined in section
2.2.18, with the same diagrammatic organization as in Figs. 2.33-2.45. Patient 24 is
represented on the left side of the figure, and patient 25 is represented on the right
side.

Patient 24 had a complete CoW with a hypoplastic left Pcom and right A1, and
presented with overall mild vasospasm. No changes in collateral flow direction were
observed. Mild to moderate spasm was present in the left anterior circulation, but this
zone was isolated from the posterior and right anterior circulation via the hypoplastic
left Pcom and right A1l segments.

Patient 25 had a complete anatomical variation. No changes in collateral direction
were observed. The angiographic severity was assigned as moderate in most vessels,
but the CFD metrics did not show vasospasm, even moderate. However, angiography
can overestimate vasospasm severity since it is assigned based on the degree of stenosis,

and the DSA did not show any flow limiting vasospasm in the vessels.
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Figure 2.44: Patients 21 and 22 with vasospasm balanced across zones in the CoW
with the angiographic severity (top), percent change in resistance (middle) and per-
cent change in dissipation (bottom) in each vessel
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Figure 2.45: Patient 23 with mild vasospasm in the CoW with the angiographic
severity (top), percent change in resistance (middle) and percent change in dissipation
(bottom) in each vessel
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Figure 2.46: Patients 24 and 25 with mild vasospasm in the CoW with the angio-
graphic severity (top), percent change in resistance (middle) and percent change in
dissipation (bottom) in each vessel
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2.4 Discussion

2.4.1 Comparison Between CFD Metrics and Angiographic Severity

Percent changes in resistance and dissipation were compared to the angiographic
severity across all vessels in the cohort of 25 patients. Increasing percent changes in
resistance and dissipation correlated strongly with increasing angiographic severity,
as seen in Figures 2.30 and 2.31. There was much less variability in the CFD metrics
for an angiographic severity of “none” than for an angiographic severity of “severe”
(Fig. 2.30). Angiographic severity is determined qualitatively based on the degree
of stenosis, but this stenosis may not result in significant hemodynamic changes in
the CFD metrics, especially in the case of focal vasospasm. For percent changes in
resistance or dissipation above 750%, 90% and 80% of vessels across all patients,
respectively, had an angiographic severity of moderate or severe (Fig. 2.31); this
demonstrates that the CFD simulations accurately captured severe vasospasm in those
vessels.

The CFD metrics showed good agreement with the angiographic severity in each
of the vessel segments analyzed (Fig. 2.32). Deviations from the angiographic as-
sessment could be related to fundamental differences in the way that the severity is
determined clinically versus computationally; angiographic severity is qualitatively
based on degree of stenosis, while CFD measures changes in hemodynamics which
are related to but not identical to the degree of stenosis. CFD metrics may differ
from angiographic evaluations in vessels with high curvature, like the BAS, or due to
impingement of jets at bifurcations, like near the Acom.

Disagreements can also originate from challenges associated with leveraging patient-
specific clinical data. Smaller vessels can be more sensitive to CTA resolution. Coils
or surgical clips used to treat aneurysms can result in artifacts in the CTA which
can obscure some measurements of vessel diameter. The CTA, TCD, and DSA are

not always collected on the same date. Early presentation of vasospasm can affect
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baseline clinical data, though patients with vasospasm noted on the baseline DSA
were excluded.

Fundamental challenges affect the assessment of the angiographic vasospasm sever-
ity in the DSA. The diameter of a vessel could be smaller during the baseline scan
due to the anatomy of the patient’s CoW. In this case, the clinician may note se-
vere vasospasm in a segment when narrowing is observed in the vasospasm scan, but
the CFD metrics will not detect large hemodynamic differences due to the similar
diameters between the baseline and vasospasm anatomies. In the planar views of the
DSA, vessels may overlap with each other, making it more challenging to identify the

angiographic severity.

2.4.2  Clinical Studies of Collateralization in Vasospasm Patients

Previous clinical studies [6, 110, 161] have investigated the relationship between the
degree of collateralization, the severity of vasospasm, and patient outcomes, as de-
scribed in section 2.1.10.

The conclusions drawn from these studies are conflicting. Moftakar et al. and
Topcu et al. suggest that the degree of collateralization could play a role in symp-
tomatic vasospasm and the development of DCI, respectively, while Al-Mufti et al.
did not find a relationship between degree of collateralization and patient outcome.
These studies used scoring systems for the degree of collateralization that relied on
observing the degree of perfusion in the downstream vasculature. Unlike many of
the studies on the activation of collateral pathways during ICA occlusion and MCA
stroke, these studies did not specifically examine the activation of the primary collat-
erals that compose the CoW.

My study complements existing clinical work by focusing on changes in the pri-
mary collateral pathways and how these changes might relate to the localization of
vasospasm, overall severity, and the anatomical variation of the patient. The local-

ization of vasospasm within the CoW has not previously been considered in these
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clinical studies as a potential factor affecting patient outcomes.

2.4.3 Localization of Vasospasm

Localization of vasospasm in the left anterior, right anterior, or posterior zones was
defined identifying imbalances in the contributions of each zone to the overall severity
in the CoW. In patient 1 (Fig. 2.33) where vasospasm was localized in the right
anterior zone, changes in flow direction in the left ACA A1l segment and in the Acom
were observed. In patient 3 (Fig. 2.34), localization in both the left and right ante-
rior zones could be related to changes in flow direction in the bilateral Pcoms and the
left P1 segment. However, localization is not always associated with changes in flow
direction, as shown by patient 2 (Fig. 2.33) and patient 4 (Fig. 2.34). Missing or
hypoplastic segments in the CoW as well as vasospasm in collateral pathways might
limit the ability of pathways to be recruited. Otite et al. found that cerebral autoreg-
ulation may be impaired after SAH [126], which may also affect the recruitment of
collateral pathways.

In patient 5 (Fig. 2.35), vasospasm was balanced across the CoW and did not
exhibit a change in collateral flow direction. Vasospasm was mild across the vessels in
the CoW, which likely also played a role in the lack of changes in flow direction. While
vasospasm was balanced within the CoW in patient 6 (Fig. 2.35), flow was directed
in the left Pcom towards the BAS in severe vasospasm, while the bilateral TICAs
were in moderate vasospasm. Imbalances in the supplying arteries severity may affect
collateral flow direction changes in addition to localization within the CoW.

Patient 7 (Fig. 2.36) exhibited severe vasospasm balanced across the CoW. There
were no significant changes in flow direction, which is likely due to the interplay of
the vasospasm being balanced as well as the anatomical variation with the missing
Acom and hypoplastic right Pcom.

Patient 8 (Fig. 2.36) showed localization of vasospasm in the left and right anterior

zones, with the right anterior zone showing more severe vasospasm than the left
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anterior zone. Despite changes in collateral flow direction in the left ACA Al and
Acom, infarct developed in a territory supplied by the left ACA A2 segment. This
suggests that there could be a relationship between localization of vasospasm and

infarct.

2.4.4 Severity of Vasospasm

Overall severity was determined by summing the severities determined by the CFD
metrics across the major vessels of the CoW. In patient 5 (Fig. 2.35), the overall
mild vasospasm could be a contributing factor to the lack of changes in collateral flow
direction. In patient 7 (Fig. 2.36), most of the vessels exhibited moderate to severe
vasospasm, and the patient developed multiterritorial infarct. This suggests that there
could be a relationship between overall severity of vasospasm and the development of
infarct. Topcu et al. found that patients with severe vasospasm were more likely to

exhibit DCI [161], so this factor warrants further investigation.

2.4.5 Implications of Uncertainty of Clinical Data on CFD Results

Due to the retrospective nature of this study, the acquisition of clinical data did
not always guarantee perfect agreement of the date of collection between the TCD
measurements, CTA scan, and DSA. In future prospective studies, the data collection
protocol should specify that all data be collected within a 24 hour period to eliminate
some of the uncertainties introduced by this discrepancy.

Clinical data were acquired for the baseline condition upon admission for a sub-
arachnoid hemorrhage and before the development of vasospasm, whereas the data
used to benchmark the diameters, velocities, and flow rates were acquired in healthy
patients. In the absence of stroke or vasospasm at the time of admission, the vessel
calibers and brain perfusion are estimated to represent a baseline for the purpose
of comparing against changes during vasospasm, compatible with measurements in a

healthy patient.
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Patients with aneurysms are often treated with surgical clips or coils. In the
vasospasm CTA scan, these metal devices create artifacts that can obscure mea-
surements of diameter in nearby vessels. The patients included in this cohort had
identifiable patient anatomies despite these artifacts, though it remains a significant
limitation of the model.

TCD measurements are collected by insonating a blood vessel with an ultrasound
beam aligned as closely as possible with the centerline of the vessel. For measure-
ments collected at high Doppler angles, the TCD reading could underestimate the
velocity by a factor of 1/cos(f), where 6 is the Doppler angle. The literature is not
in agreement on whether velocity measurements from TCD and angle-corrected color
duplex sonography are significantly different from each other [84, 101, 145]. In this
study, the velocities were not angle-corrected because the uncertainty in the Doppler
angle was too large, and the vessel flow rates fell within physiological ranges using
the uncorrected TCD velocities, as seen in Figs. 2.25 and 2.26.

This study assumed that the maximum velocity from the TCD measurement cor-
responds to the centerline velocity of a symmetric Womersley profile. The velocity
profiles in the major arteries could be asymmetric due to the tortuosity of the blood
vessels. Therefore, some error could be introduced into the model by assuming a sym-
metric velocity profile. The sensitivity analysis accounts for all types of uncertainties,
including the error of assuming a symmetric velocity profile. Flow extensions were
added at the end of each artery where the symmetric Womersley profiles were applied
as boundary conditions. These extensions ensured that the symmetric boundary con-
ditions did not inhibit the development of asymmetric velocity profiles in the proximal
locations of the CoW.

While this study does not include smaller vessels that branch from the CoW, like
the anterior choroidal arteries and anterior inferior cerebellar arteries, these arteries
are typically too weakly perfused to be segmented in the CTA scan. In addition, the

literature indicates that these arteries are negligible in size and flow rate compared
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to the SCAs and OAs [107, 119, 135] and thus have limited effect on intracranial
hemodynamics [105].

During ICA occlusion or MCA stroke, retrograde flow in the OAs can help supply
the CoW [44, 132]. The ophthalmic arteries are not insonated during vasospasim, i.e.,
the direction of flow during vasospasm is unknown. Additionally, flow reversal has
not been documented in the literature in patients exhibiting vasospasm. Antegrade
flow in the OAs was assumed.

Additional collateral pathways in the distal circulation such as the pial arteries
can be recruited to maintain typical perfusion during ICA occlusion [19, 132] and
stroke [40]. CTA scans and TCD velocity measurements, which could quantify the
extent to which these collaterals are recruited during vasospasm, were not available.
Therefore, the primary collateral arteries within the CoW were modeled exclusively.

This study was first-in-its-kind in assembling a cohort of 25 patients to perform
CFD analysis for understanding vasospasm. However, due to the significant vari-
ability of anatomical variation and locations and severities of vasospasm, this work
would benefit from a larger cohort of patients to investigate if there are statistically

significant associations between factors identified in the CFD and clinical outcomes.

2.4.6 Computational Uncertainties in Patient-specific Modeling

For the sensitivity study in patient A with the complete CoW, the solution to the
system of equations is not unique. The linear system of equations does not account
for the differences in resistance between the collateral pathways, which could be sig-
nificant in the presence of vasospasm. The resistance affects the flow distribution
because it influences which pathways the blood preferentially takes. Therefore, the
collateral flow rates calculated from this method deviated from the CFD flow rates.
The percent differences were about 20 + 10% for the larger flow rates and about 7
mL/min for the smaller flow rates. These percent differences in collateral flow rates

fell within the uncertainties associated with the primary inlet and outlet flow rates
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due to the pixelation of the CTA scans, as seen in Figs. 2.25 and 2.26. Meaningful
trends during baseline and vasospasm could still be detected in the violin plots in Fig.
2.29. For the sensitivity study in the fetal PCA variation for patient B, the collateral
flow rates found using the least-squares method agreed closely with the flow rates
from the CFD. In some patients, the resistance between collateral pathways is con-
siderably different due to their hypoplastic nature or severe vasospasm, in which case
this sensitivity analysis based on the linear system of equations no longer applies.
The flow rates in the CoW are sensitive to changes in diameter. This can affect
the calculation of resistance, which is the pressure drop normalized by the flow rate.
The TCD measurements of velocity were taken without exact knowledge of the loca-
tion of the sample volume in the vessel, with only the reported depth indicating an
approximate location where the vessel was insonated. The measurements of diameter
along the blood vessel can be variable, so challenges with matching the exact loca-
tion of the TCD measurement with the corresponding diameter measurement could
introduce uncertainty in the vessel flow rate. Benchmarking the diameters, velocities,
and flow rates in each of the inlet and outlet vessels in the model helped ensure that
the model parameters were physiologically realistic. Additionally, the directions and
magnitudes of the flow in the collateral pathways from the DSA were compared to

the CFD model to ensure that they were realistic for each patient.

2.5 Conclusions

This study developed novel techniques for leveraging CFD to study vasospasm in the
entire CoW in a cohort of 25 patients. Patient-specific computational models were
created by incorporating clinical data collected upon admission for SAH, correspond-
ing to the baseline condition, and during vasospasm. CTA exams were segmented to
create a model of the vasculature that accounted for the patient’s anatomical vari-
ation, i.e., hypoplastic or missing segments, as well as narrowing due to vasospasm.

TCD measurements of velocity were incorporated into the boundary conditions at
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the major inlets and outlets. DSA provided information about the direction and
magnitude of flow in the collateral pathways, as well as an angiographic assessment
of vasospasm severity. Bayesian analysis used information about the uncertainties
in the vessel diameters and velocities, as well as mass conservation, to identify opti-
mal parameters that were applied as CFD boundary conditions. A sensitivity study
demonstrated that the magnitude and direction of collateral flow rates were similar
across different parameter sets, indicating that the trends in collateral flow rates seen
in the CFD simulations are valid despite uncertainties in the input parameters.
High percent changes in resistance and viscous dissipation were correlated with
angiographically severe vasospasm. Good agreement was demonstrated between the
CFD metrics and angiographic severity in the different segments of the CoW. Local-
ization of vasospasm was determined by calculating the contribution of each zone —
left anterior, right anterior, and posterior — to the overall severity of the vasospasm in
the patient’s CoW. Some patients demonstrated significant changes in the direction
and magnitude of the collateral flows due to localization in one or two zones, while
others did not show this behavior. Changes in collateral flows are likely a result of
the complex interplay between localization of vasospasm, overall severity, and the
anatomical variation. Infarct due to vasospasm was confirmed in two patients, one
of which showed high overall severity and one of which showed high severity local-
ized in the anterior circulation. Future work could systematically review MRI exams
post-vasospasm to detect infarct and determine if there is a relationship between the

development of infarct and the overall severity or localization of vasospasm.

2.6 Future Work

This study presented a novel technique for studying the effects of vasospasm on collat-
eral flows in a cohort of 25 patients. The patients included in the cohort represented
a diverse set of anatomical variations due to hypoplastic and missing segments along

with varying locations and severities of vasospasm in the vessels of the CoW. Expand-
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ing the cohort to include more patients could help identify trends more clearly, across
diverse cases, and perform statistical analysis.

The present study focused on understanding the relationship between the loca-
tions and severities of vasospasm and anatomical variation and the changes in flow in
the collateral pathways. Understanding risk factors for infarct is of particular clinical
interest. Some of the key challenges to more systematically reporting whether infarct
developed in this cohort of 25 patients was the lack of consistency for type of scan and
delay following vasospasm when that the scan was collected, as well as interobserver
variability in the diagnosis of the presence of vasospasm and determination of the ori-
gin of infarct . Prospective studies could more systematically collect a post-vasospasm
MRI to determine the presence of infarct, and procedures could be put in place to
confirm the presence and origin of infarct across observers. As identified in this study,
two potential factors of interest to correlate with the development of infarct could be
the overall severity and the localization of vasospasm within the CoW.

One of the key challenges in this study is the limited resolution of the CTA for
creating patient-specific segmentation. Other studies of cardiovascular flows have
leveraged 3-dimensional DSA — a higher resolution scanning technique than CTA - to
create segmentations. In the current clinical protocol for DSA collection, images from
3-dimensional DSA are not collected for all injections, typically only for the injection
for measuring the aneurysm to plan treatment. Prospective studies could collect and

store 3-dimensional DSA to create patient-specific segmentations.
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Chapter 3

PLATELET ACTIVATION IN THE LEFT VENTRICLE IN
THE PRESENCE OF A LEFT VENTRICULAR ASSIST
DEVICE WITH SPEED MODULATION SYNCHRONIZED
WITH THE CARDIAC CYCLE

3.1 Introduction and Background

3.1.1 Heart Failure

Heart failure affects 6 million Americans [162], with about 5% of those cases rep-
resenting advanced heart failure [98]. In about 50% of heart failure patients, the
ejection fraction is reduced, which can have implications for the degree of physical
activity patients can engage in. The American Heart Association grades the stages
of heart failure: stage A as at risk for heart failure, stage B as pre-heart failure, stage
C as symptomatic heart failure, and stage D as advanced heart failure. In patients
with stage C or stage D heart failure, the New York Heart Association Functional
Classification further discriminates patients based on their symptoms: class I as no
physical limitation, class II as slight physical limitation, stage III as marked physical
limitation, and stage IV as symptoms of heart failure at rest [2].

Heart failure in the left ventricle (LV) can have different origins. Dilated car-
diomyopathy is characterized by dilation of the LV and thinning of the ventricular
wall, impairing contractility and resulting in reduced ejection fraction [1]. Hyper-
trophic cardiomyopathy originates from thickening of the ventricular wall, increasing
the stiffness and reducing the amount of blood filling in and ejecting from the LV [1].

Early stages of heart failure can be treated medically with neurohormonal antag-

onists and other non-invasive measures [98]. However, patients with stage D heart
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failure with reduced ejection fraction may not be responsive to these techniques.
These patients are evaluated for cardiac transplant, and patients with significant co-
morbidities are excluded from consideration [98]. As a bridge or alternative to heart
transplantation, left ventricular assist devices (LVAD) were developed. Third genera-
tion LVADs are centrifugal pumps that are implanted in a failing LV to deliver typical
perfusion to the body. Due to the limited supply of heart transplants — about 2500 per
year compared to the 4000 patients on the transplant list [98] — LVADs are increas-
ingly implanted in advanced heart failure patients [172] as a bridge-to-transplantation

or destination therapy [82].

3.1.2  Left Ventricular Assist Device (LVAD)

The LVAD is implanted in the ventricular apex by inserting the inflow cannula in the
LV to bring flow into the pump (Fig. 3.1). Blood flows through the pump and is
directed to the aorta through the outflow graft.

First-generation LVADs were volume displacement pumps, consisting of unidirec-
tional inlet and outlets valves and driven by a pulse generator [97]. This initial design
was vulnerable to mechanical failure [87] due to wear on moving parts, and the large
size of the device limited the pool of potential recipients [26]. Second-generation
LVADs, in contrast to first-generation pumps, use axial flow rotary pumps to deliver
continuous flow [97]. Rates of pump replacement decreased [153], and more patients
could be served by the smaller design [26]. However, due to the high rotational speeds
of the impeller, blood was subjected to unphysiological conditions, leading to hemol-
ysis (red blood cell death) and thrombosis (aggregation of platelets, plasma proteins
and red blood cells into a blot clot) [123]. In-pump thrombosis is a major complica-
tion, so clinicians manage the risk through anticoagulation therapy and speed man-
agement [97]. Third-generation pumps leverage magnetic or hydrodynamic bearings
in a centrifugal pump design, which allows the impeller to be suspended in the pump

[87]. Decreasing the contact between mechanical parts, and reducing the rotational
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Figure 3.1: Left ventricle with a left ventricular assist device (LVAD) implanted

speed of the pump impeller increases durability and enhances pump biocompatibility
[87]. While third generation pumps have significantly decreased the rate of in-pump
thrombosis [106], stroke risk has not decreased significantly [88].

Centrifugal pumps are sensitive to pre-load — the pressure upstream of the pump
in the left ventricle — and after-load — the pressure downstream of the pump in the
aorta, i.e., the mean arterial pressure. The head is defined as the difference between
the after-load and pre-load. Flow through LVADs is governed by their characteristic
pressure vs flow rate curve (Fig. 3.2), where decreases in head at a given flow rate
result in increases in flow rate. The pump speed is optimized for each patient via
a ramp study to maximize ventricular unloading while decreasing complications like

right ventricular and aortic valve insufficiency [120].
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Figure 3.2: Head (mmHg) versus flow rate (L/min) curve for the HeartMate 3 at
different rotational speeds (RPM)

3.1.3 LVAD Pulsatility Mode

Two third-generation pumps were approved by the FDA and widely used in clinical
care: the HeartMate 3 (Abbott, St. Paul, MN) and the HVAD (Medtronic, Min-
neapolis, MN). The HVAD was withdrawn from the market in 2022. These designs
incorporated a pulsatility mode that periodically modulates the impeller speed to pro-
mote in-pump washout and decrease the risk of thrombosis. HeartMate 3 modulates
the speed every 2 seconds for 0.35 seconds, decreasing the speed by 2000 RPM and
then increasing it by 2000 RPM before returning to the baseline speed [22]. HVAD
used the Lavare cycle, which modulated the speed every 60 seconds, reducing the
speed by 200 RPM for 2 seconds and then increasing the speed by 400 RPM for 1
second before returning to the baseline speed [85].

Previous studies investigated the effect of the speed modulation on intraventricular
[30, 31, 76, 90, 103, 176] and in-pump [21, 49, 166] washout using CFD simulations
[21, 49, 90, 103, 166] and particle image velocimetry (PIV) experiments [30, 31, 76,
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176]. Clinical studies have examined the relationship between pump pulsatility and
stroke risk [42, 88, 114, 154, 176].

Preserved native contractility is observed in some patients, enhanced by LVAD
therapy through unloading of the LV. The cyclic contraction and relaxation of the
left ventricle makes the pre-load on the pump time dependent, altering the flow rate.
The pulsatility modes are currently programmed to occur independently of the cardiac
cycle of the heart. The role of temporal synchronization of the pulsatility mode with

the cardiac cycle is an active area of research [30, 76, 90, 103].

3.1.4  The Role of Altered Intraventricular Hemodynamics on Thrombosis

Thrombosis is the formation of a blood clot triggered by the aggregation of activated
platelets. Platelet activation is mediated by complex chemical interactions known as
the coagulation cascade [43]. Unphysiological hemodynamic conditions can lead to
platelet activation, thus increasing the risk for thrombosis. Stasis is a primary risk
factor for thrombus formation [94], in agreement with Virchow’s triad. Experimental
studies showed that elevated stresses for extended periods of time activate platelets
(70, 130, 148].

In LVAD patients, thrombus formation can occur within the pump [122], the out-
flow graft [14], or the left ventricle (LV) [27, 48, 52, 58, 102, 152]. The presence of an
LVAD significantly changes the hemodynamics in the LV. A strong jet that connects
the mitral valve and the inflow cannula produces flow separation and recirculation
along the LV wall [31, 125, 139], promoting stasis. Additionally, low velocities have
been observed in the apical pocket around the inflow cannula [31, 164]. Vortical
structures formed during diastole in healthy patients that improve intraventricular
washout are interrupted by the presence of the LVAD [5]. Continuous pump flow in
combination with reduced native contractility can result in permanent aortic valve
closure [72, 151] or intermittent opening [41], resulting in stasis in the left ventricular

outflow tract (LVOT). Thrombus formation in these regions of stasis — the apex near
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the inflow cannula [48, 58] and the LVOT [27, 48, 52, 102, 152]- has been clinically

observed.

Platelet activation is not only related to the degree of stasis, but also to the shear
stresses experienced by the platelets as they flow in the LV. Computational studies
have incorporated this risk factor for platelet activation by modeling the shear stress

history, which measures the accumulated shear stress over time [8, 36, 37, 38, 39, 57,

99].

3.1.5 Study Overview

This study investigated the relationship between the temporal synchronization of the
HeartMate 3 pulsatility mode with the native cardiac cycle and the intraventricular
hemodynamics that influence platelet activation. Four timings of the pulsatility mode
with respect to the cardiac cycle were compared to determine the optimal configura-

tion for promoting intraventricular washout.

CFD simulations in a patient-specific LV capture the three-dimensional flow fields,
and the results were compared to flow fields at two orthogonal planes from PIV ex-
periments [30]. Lagrangian particle tracking simulated the platelet behavior in the
flow, with residence time and shear stress history as metrics for potential platelet ac-
tivation. Virtual angiography identified regions of stasis by injecting virtual contrast
into the LV and tracking the degree of washout. Stagnation index, an Eulerian metric

for stagnation, was computed and compared to PIV results.

Section 3.2 outlines the methodology for creating the CFD simulations. Sections
3.3.1-3.3.2 compare results from the CFD to the PIV experiment. Sections 3.3.3-3.3.5
present results that were uniquely discovered using the CFD methodology. Section

3.4 analyzes in more detail the presented results and limitations of the study.
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3.2 Methodology

3.2.1 Computational Domain

A patient-specific LV model was created from the anatomy for a patient with dilated
cardiomyopathy. A previous experimental study created a rigid silicone flow phantom
of the LV geometry and inserted an LVAD cannula into the apex of the LV model
[30]. A contrast tomography (CT) scan (North Star Imaging, X5000) was performed
of the flow phantom to match the exact configuration of the cannula insertion between
the computational model and the experiment. The images from the CT scan, with
a resolution of 85 pm, were segmented to produce the computational geometry seen
in Fig. 3.3. The geometry was smoothed to avoid sharp corners and small geometric
features that would decrease the quality of the computational mesh. Flow extensions
were added to the inflow through the mitral valve and the outflow through the LVAD
cannula. The aortic valve was modeled as closed, as is common for patients with an

LVAD [72, 151].

3.2.2 Mesh

A computational mesh was generated with tetrahedral elements and four prism layers
near the ventricular walls. A grid independence study was performed by comparing
the results from three meshes with tetrahedral base sizes of 3 mm, 1.5 mm, and 1 mm
corresponding to 0.8, 1.9, and 2.8 million elements. Spheres with a radius of 2mm
were created in the apex, LVOT, and shear layer, and the velocities were spatially
averaged within each sphere. In the shear layer and apex, the velocity magnitudes in
the mesh with a base size of 1.5 mm agreed within 5% of the mesh compared with a
base size of 1 mm. In the LVOT, the velocity magnitudes in the mesh with a base
size of 1.5 mm were within 0.12 mm/s of those in the mesh with a base size of 1 mm.
Therefore, the results for a base size of 1.5 mm were considered converged and selected

for the final analysis. A customized zone near the cannula tip with finer mesh sizing
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Figure 3.3: Computational domain for a patient-specific ventricle implanted with an
inflow cannula with the mitral valve as the inlet and inflow cannula as the outlet in
the left-right view (left) and posterior-anterior view (right)
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(0.375 mm) and only one boundary layer element was used to avoid the numerical
challenges arising from the Lagrangian particles interacting with the geometry of the

cannula’s sharp edges.

3.2.8  Boundary Conditions

In a previous PIV experiment [30], a HeartMate 3 device was connected to the rigid
LV flow phantom through a silicone inflow cannula (Fig. 3.3), and an ultrasonic flow
meter (Transonic, Ithaca, NY, USA) measured the time-resolved flow rate through
the LV. The flow rate varied in time due to interaction of the cardiac cycle (period of 1
second) with the HeartMate 3 pulsatility mode that occurs every 2 seconds, resulting
in flow rates plotted in Fig. 3.4b. The HeartMate 3 pulsatility mode was synchronized
with four different times during the cardiac cycle: systole, peak systole, diastole, and
peak diastole (Fig. 3.4a), corresponding to increasing intraventricular pressure (IVP),
highest IVP, decreasing IVP, and lowest IVP, respectively. The time-resolved flow rate
acquired from the ultrasonic flow meter for each of the four timings [30] was imposed
as the outlet boundary condition of the domain at the LVAD cannula.

This study uses flow conditions for a pump speed of 5200 RPM, resulting in an
average flow rate of 4.6 L/min, for the four timings in Fig. 3.4a. The flow rates
measured from the PIV experiment were converted into a time-varying Poiseuille
profiles prescribed at the end of the LVAD inflow cannula. The mitral valve was

prescribed as a pressure inlet, and the LV walls were modeled as rigid.

3.2.4  Computational Fluid Dynamics Simulations

The Navier-Stokes equations were fully resolved without modeling [56], using the finite
volume solver ANSYS Fluent 18.1 (ANSYS, Cannonsburg, PA). Blood was modeled
as an incompressible, Newtonian fluid with a viscosity of 0.0038 Pa - s and density of
1050 kg/m3. The residuals were set to 1210~* for mass conservation and 1z107° for

the three components of velocity. The pressure-implicit with splitting of operators
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systole, or diastole (b) resulting in different flow rate profiles over time
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pressure—velocity coupling scheme, with second-order pressure and momentum spa-
tial discretization and second-order implicit time discretization, was employed. The
second order time-dependent solver used a time step of 0.1 ms and ran for 48 seconds
of physical time, corresponding to 48 cardiac cycles, with the first 8 seconds excluded
to eliminate transient behavior influenced by the initial condition. The simulations
ran for about 15 days of wall-clock time on four nodes with 28 processor dual Intel

Xeon CPUs of the Hyak Supercomputer at the University of Washington.

3.2.5 Comparison with Particle Image Velocimetry FExperiments

The stereoscopic PIV experiment measured the three components of the velocity at
two orthogonal planes in the LV — the left-right plane and the posterior-anterior plane
(Fig. 3.3) - aligned with the center of the inflow cannula. The laser sheet for the PIV
data collection had an approximate thickness of 5 mm. The CFD velocities were
extracted at a plane aligned with the cannula centerline and two planes offset by 2.5
mm on either side. The velocities across these three planes were averaged together
to form a more realistic comparison with the PIV. The velocities from the PIV data
were extracted within a rectangular region of interest at the center of the ventricle
that encloses the jet and a region off-axis of the jet, and the corresponding CFD
velocities were interpolated onto a grid with the same number of data points as the
PIV. Bland-Altman plots compared the differences in velocities between the PIV and

CFD, and the median and 95% confidence intervals were identified.

3.2.6  Virtual Angiography

A virtual angiogram was performed by injecting virtual contrast into the mitral valve,
solving the advection-diffusion equation [128, 131]. Contrast was injected over 8 sec-
onds to fill the LV by assigning a non-zero concentration at the mitral valve. After
8 seconds of filling, the boundary condition at the mitral valve was assigned to zero

concentration, representing fresh blood introduced to the LV. Washout was tracked
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for 32 seconds, with old blood exiting through the LVAD inflow cannula. Areas with
higher concentrations of contrast represented pockets of stagnating blood. The con-
centration of virtual contrast was integrated over the entire LV and normalized by the
total integrated value after 8 seconds of injection to generate a non-dimensional metric
for washout. An exponential function was fit to the decay of contrast concentration

with time:

y=e (3.1)

where ¢t is the instantaneous time and ¢, is the exponential decay time constant.

3.2.7 Stagnation Index

Areas of high stagnation are correlated with increased risk of thrombogenicity. The
stagnation index was developed by Wong et al. [170] as a spatially-varying Eulerian

metric for blood residence time, defined as:

AL\/T
I o(z, y)|2dt

where Apy, represents the characteristic area, T' represents the time period, and

SI(z,y) = (3.2)

|v(x,y)| represents the three-dimensional velocity magnitude.

The square of the velocity magnitude was integrated over a period of 8 seconds.
The characteristic area was chosen as the area of the measurement plane, i.e., left-
right plane or posterior-anterior plane. A high stagnation index, measured in seconds,

represents an area of local stagnation that could be a risk factor for thrombosis.

3.2.8 Lagrangian Platelet Model

The motion of platelets transported in the transient flow were modeled using inertia-
less tracer particles tracked over 40 cardiac cycles via Lagrangian tracking. Particles

were injected through the mitral valve and tracked in the LV until they exited through
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the LVAD inflow cannula. Two thousand particles were injected every 0.05 seconds
over 4 seconds for a total of 160,000 particles.

The hemodynamic environment experienced by the platelets can lead to their
activation [70, 94, 130, 148], which can increase the likelihood of thrombus formation.
Because a high degree of stasis is a risk factor, the residence time (RT') of the platelets

was quantified:

RT = jvieamlt - f]vientrcmce (33)

where TF"reme g the time at which a particle with index ¢ was injected at the
mitral valve and T is the time at which the particle exited the LV through the
inflow cannula.

Platelets exposed to high stresses over time can become activated, so the shear

stress history (SSH) of the platelets was calculated with:

SSH = / (X)) (3.4)

where 7 is the instantaneous shear stress experienced at time ¢’ by the platelet at
location X (), tq is the time of particle injection, and ¢ is the instantaneous time in
the particle trajectory.

The time-averaged stress (SSge) is calculated with:

SSH
SSM)@ = ﬁ (35)

The distributions of RT, SSH, and SS,,. are represented with boxplots, where
outliers exceed the third quantile by 1.5 times the interquartile range and are identified
with crosses.

The number of particles at each time during the washout phase is normalized

by the total number of particles present after 4 seconds of injection (about 80,000)
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to calculate the fraction of particles over time. An exponential function was fit to

calculate the characteristic decay time (Eqn. 3.1).
3.3 Results

To illustrate the velocity fields (section 3.3.1), stagnation index (section 3.3.2), and
virtual angiography (section 3.3.3), results from the timing of the pulsatility mode
with systole are plotted. In section 3.3.4, the computational results are compared
between timings of the pulsatility mode with the cardiac cycle. In section 3.3.5, the

results from the Lagrangian particle tracking are presented and discussed.

3.3.1 Velocity Fields

The velocity magnitude and in-plane velocity direction (vectors) for the PIV ex-
periments and CFD simulation at two orthogonal planes for the pulsatility mode
synchronized with systole are presented in Fig. 3.5.

For both views, the PIV and CFD results show good agreement for both the
direction and magnitude of the flow. A strong jet forms between the mitral valve and
inflow cannula. During the speed decrease of the pulsatility mode in the left-right
view (Fig. 3.5a, top), the jet remains relatively uninterrupted. During the speed
increase on the pulsatility mode in the left-right view (Fig. 3.5a, bottom), both the
PIV and CFD show a greater disruption of the jet. The velocities are low in the
near-wall region off-axis of the jet as well as in the LVOT due to the closure of the
aortic valve (Fig. 3.5a). The velocities remain relatively high in the apex, promoting
washout. In the posterior-anterior view, a large counterrotating vortex forms off-axis
of the jet, creating a large stagnation region (Fig. 3.5b). The center of the vortex
shifts over time, as seen in the two timepoints shown in Fig. 3.5b, changing the
locations of elevated off-axis velocities near the anterior wall.

Figure 3.6 plots the velocity magnitude from PIV and CFD within a rectangular

comparison domain in the posterior-anterior view at four different times during the
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Figure 3.5: Velocity magnitude and in-plane direction for PIV experiments and CFD
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Figure 3.6: Comparison of velocity magnitude for speed modulation synchronized
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diastole (b) at peak systole (c¢) at low RPM and (d) at high RPM in the pulsatility
mode
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cardiac cycle for the pulsatility mode synchronized with systole. The velocity mag-
nitudes are similar both within the jet and off-axis of the jet across the four timings.
The velocities are highest in the jet, with a region of stagnation directly outside of the
shear layer towards the anterior wall where the center of the counterrotating vortex
appears (Fig. 3.5). At peak diastole (Fig. 3.6a), the PIV results show thinning of the
jet, with the CFD showing weaker velocities centered between the upper and lower
parts of the comparison domain. At peak systole (Fig. 3.6b), the velocities increase
in the upper part of the comparison domain for both the PIV and CFD. At the low
RPM segment of the pulsatility mode (Fig. 3.6¢), the jet is significantly disrupted in
the PIV results, which corresponds to a weakening in velocity magnitude and thin-
ning of the jet in the CFD results. The disruption of the jet at the low RPM segment
is propagated downstream, seen in Fig. 3.6d during the high RPM segment of the
pulsatility mode.

Fig. 3.7 plots the velocity magnitude from PIV and CFD within the comparison
domain in the left-right view at four different times during the cardiac cycle for the
pulsatility mode synchronized with systole. A jet connects the mitral valve and the
inflow cannula, with velocity magnitudes between the PIV and CFD agreeing both
inside the jet and off-axis of the jet. The jet is significantly disrupted during peak
diastole (Fig. 3.7a), almost completely disappearing in the PIV data and significantly
weakening in the CFD. During peak systole (Fig. 3.7b), the jet noticeably strengthens
in both the PIV and CFD. At the low RPM segment of the pulsatility mode (Fig.
3.7c), the jet begins to weaken, a trend that continues into the velocity profile at the
the high RPM segment of the pulsatility mode (Fig. 3.7d).

In both planes (Figs. 3.6 and 3.7), the jet is significantly disrupted by changes in
flow rate.

Bland-Altman plots compare the differences in velocity magnitudes between the
CFD and PIV at each point within the comparison domain in Figure 3.8. In the

posterior-anterior plane, the median differences are 0.003 m/s, 0.014 m/s, 0.017 m/s,
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Figure 3.8: Bland-Altman plots of differences in CFD and PIV velocity magnitude
for speed modulation synchronized with systole in the posterior-anterior and left-right
views (a) at peak diastole (b) at peak systole (c¢) at low RPM and (d) at high RPM
in the pulsatility mode with the median (labeled in bold face) and 95% confidence
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Figure 3.9: Stagnation index for the PIV experiment and CFD model in the posterior-
anterior and left-right views for speed modulation synchronized with systole

and 0.038 m/s at peak diastole, peak systole, at low RPM, and at high RPM for
the speed modulation, respectively. In the left-right plane, the median differences are
-0.011 m/s, 0.018 m/s, 0.018 m/s, and -0.005 m/s at peak diastole, peak systole, at
low RPM, and at high RPM for the speed modulation, respectively. These results
show relatively low discrepancies between the CFD and PIV.

3.83.2  Stagnation Index

The SI for the PIV and CFD results in the posterior-anterior and left-right views are
shown in Fig. 3.9. SI represents a time scale for washout in the Eulerian frame, with

high values representing a high degree of stagnation.
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The spatial variations and magnitudes of SI between the CFD and PIV results
are similar for both views except very close to the walls where PIV cannot resolve the
flow field accurately. The lowest values of SI occur within the jet and in the LV apex,
indicating good washout. In the posterior-anterior view (Fig. 3.9, top), high values
of ST occur off-axis of the jet near the posterior wall and in the separated region near
the anterior wall. Within the separated region, there is a local SI maximum close
to the shear layer of the jet, corresponding to the center of the recirculation vortex
(Fig. 3.5b). In the left-right view (Fig. 3.9, bottom), the highest SI occurs off-axis
of the jet below the mitral valve and in the LVOT due to the closed aortic valve,
with SI magnitudes up to 4 seconds. The region washed out by the jet spreads to
encompass the width of the LV as the flow reaches the inflow cannula, enhanced by
disruption of the jet triggered by fluctuations in flow rate from the cardiac cycle and

LVAD pulsatility. However, the SI remains high in the widest part of the LV.

3.3.83  Virtual Angiography

Figure 3.10a-e plot the results in the left-right view for the virtual angiography with
contrast injected into the mitral valve, where darker regions represent areas of higher
stagnation. Fig. 3.10f identifies three regions of interest — the near wall region, LVOT,
and apex — where the concentration of the virtual contrast over time is plotted in Fig.
3.10g. Contrast is injected through the mitral valve for 8 seconds (Fig. 3.10a-b) and
washed out over 16 seconds (Fig. 3.10c-e). During the first cardiac cycle of injection,
a vortex ring is formed, and the contrast remains entrained in the jet vortex between
the mitral valve and LVAD inflow cannula (Fig. 3.10a). After 8 seconds of contrast
injection, the entire LV is filled with contrast (Fig. 3.10b). Early in the washout
phase, the concentration of virtual contrast in the apex decreases (Fig. 3.10c). After 8
seconds of washout, the regions with the highest concentration of contrast lie near the
left and right LV walls as well as in the LVOT (Fig. 3.10d), which were all identified

as areas with high SI in Fig. 3.10. After 13 seconds of washout, contrast remains at a
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Figure 3.10: Virtual contrast injected in the CFD model for speed modulation syn-
chronized at systole for 8 seconds followed by a period of washout. (a) 0.6 sec (b) 7.9
sec (c) 10.6 sec (d) 16 sec (e) 21.1 sec. (f) Spherical regions of interest (g) Virtual
contrast over time in the LVOT, apex, and near wall region

measurable concentration only in the LVOT (Fig. 3.10e). These stagnation patterns
can be quantified by examining the concentration of virtual contrast within regions of
interest over time (Fig. 3.10g). The apical region fills most quickly with contrast, but
the concentration quickly decreases during the washout phase. The near-wall region
and LVOT see lower peak contrast concentrations than the apex; nonetheless, they
have a persistent concentration of contrast that takes a longer time to washout than
the apex. The areas identified as high stagnation — the LVOT and near-wall region —

agree with the regions of low velocity measured in the PIV experiment [30].
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Figure 3.11: Virtual contrast integrated over the entire left ventricle versus time (left)
and the fraction of particles remaining in the left ventricle versus time (right) for four
temporal synchronizations with the corresponding exponential decay time t4

3.8.4  Comparison of Temporal Synchronizations of the Pulsatility Mode

Fig. 3.11 plots the decay of virtual contrast concentration over time (left) and the
fraction of particles remaining in the LV versus time (right) for the four timings of
the pulsatility mode with respect to the cardiac cycle. For both the virtual contrast
concentration and the fraction of particles remaining, the fastest decay occurred for
the synchronization of the pulsatility mode with peak systole, representing the most
favorable LV washout. When the pulsatility mode is synchronized with peak systole,
the characteristic decay time is about 1 second shorter than for the other three tim-
ings — approximately 4 seconds versus approximately 5 seconds — demonstrating that
there is a meaningful difference in washout characteristics depending on the temporal

synchronization of the pulsatility mode.

3.83.5  Lagrangian Platelet Behavior

Figure 3.12a-b show three-dimensional particle trajectories colored by velocity magni-
tude of six distinct particles, three particles in each view, with residence times greater

than 35 seconds. Long residence time particles stagnate in the LVOT (Fig. 3.12a)
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and the counterrotating vortex formed by separated flow along the anterior wall (Fig.
3.12b). Fig. 3.12c-e show the distribution of SSH, RT, and SS,., respectively, ex-
perienced by all particles for temporal synchronization of the pulsatility mode with
either peak systole or systole. Temporal synchronization with peak systole was shown
in Fig. 3.12 to represent the quickest washout, with temporal synchronization during
systole showing lesser degree of washout and behaving similarly to peak diastole and
diastole. The distribution of SSH is comparable between the peak systole and systole
timings (Fig. 3.12c), with the 95th, 98th, and 99.9th percentiles for peak systole and
systole as 0.87 and 0.92 Pa-s, 1.16 and 1.21 Pa-s, and 2.22 and 2.11 Pa-s, respectively.
Significantly fewer platelets spend high RT in the LV for the synchronization with
peak systole than with systole (Fig. 3.12d), with the 95th, 98th, and 99.9th per-
centiles for peak systole and systole as 10.8 and 12.8 seconds, 14.4 and 17.6 seconds,
and 25.1 and 31.2 seconds, respectively. These outliers represent the most thrombo-
genic platelets, which could potentially aggregate into an intraventricular thrombus.
SSave experienced by the platelets is similar between both timings, with most particles

experiencing less than 0.2 Pa and outliers experiencing up to 0.4 Pa (Fig. 3.12e).

3.4 Discussion

3.4.1  Comparison with Particle Image Velocimetry Fxperiments

The LV anatomy and mitral valve flow rate in this computational study were matched
with those of a PIV experiment [30]. The CFD results show overall good agreement
with the PIV results both in the direction and the magnitude of the velocities fields
in the left-right and posterior-anterior views (Fig. 3.5). Key flow features were
identified by both methodologies including a strong jet between the mitral valve and
inflow cannula, a large counterrotating vortex due to separated flow near the anterior

LV wall, relatively high velocities in the apex, and low velocities in the LVOT.

Bland-Altman comparisons demonstrated that the median differences in velocity
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Figure 3.12: Representative particle trajectories for platelets that exceed 35 seconds of
residence time in the (a) left-right view (b) posterior-anterior view. (c) Distributions
of particle shear stress history, (d) residence time, and (e) time-averaged shear stress
for speed modulation at peak systole and at systole

were 0.003 m/s, 0.014 m/s, 0.017 m/s, and 0.038 m/s in the posterior-anterior plane
and -0.011, 0.018, 0.018, and -0.005 m/s in the left-right plane across four times during
the cardiac cycle (Fig. 3.8), showing relatively low bias between the PIV and CFD
results.

Some of the highest differences in velocities between the CFD and PIV occur at
the boundary of the jet close to the mitral valve due to differences in the jet width.
The differences in jet width near the mitral valve could be due to a difference in inlet
boundary conditions. The experiment could have asymmetry in the incoming flow
from the experimental flow loop while the computational model shows flow normal
to the mitral valve boundary. The presence of inlet disturbances in the experiments
can also influence jet behavior.

The exact location of the jet breakup may differ between the CFD and PIV,
which can result in differences in spatial velocity distributions within the jet. This

difference in location could be related to inherent challenges in synchronizing the
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exact time points during the cardiac cycle at which the results are compared between
the simulation and experiment. Jet breakup is more prominent in the experiment,
possibly due to numerical diffusion in the simulation and differences in the amount
of inlet disturbances entering the ventricle.

Deviations from the median value across the entirety of the comparison domain
could be explained by measurement uncertainty, uncertainty in matching point-to-
point values between the PIV and CFD results in the comparison domain, and ex-
perimental cycle-to-cycle variability.

Previous work with PIV experiments across three laboratories in a converging
nozzle with a rapid expansion resulting in the formation of a jet indicated that inter-
laboratory variability in velocity profiles were about 10% for laminar and turbulent
flows [63]. Interlaboratory variability could be up to 60% for transitional flow, which
was reduced to about 15% when the degree of inlet disturbances was more closely
matched between the experimental conditions. The LV flow in this study was transi-
tional, so differences in inlet disturbances may be especially pertinent when comparing
the PIV and CFD results. Given the inherent challenges of studying transitional flow
and of matching experimental and computational results, median differences in veloc-
ities of about 20% of the mean velocity were considered to show acceptable agreement

between the reported CFD and PIV results.

3.4.2  Hemodynamic Stagnation

Hemodynamic stagnation is a key risk factor for thrombus formation [94]. In this
model, a high velocity jet forms between the mitral valve and inflow cannula with
low velocities present off-axis of the jet. A high degree of stagnation is seen in the
LVOT, represented by a high SI (Fig. 3.9), the presence of virtual contrast after
multiple cycles of washout (Fig. 3.10), and long residence time platelet trajectories
recirculating in that region (Fig. 3.12a). Hendabadi et al. employed Doppler echocar-
diography to study hemodynamic patterns in the LV of healthy patients, finding that
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the SI in a typical healthy patient is about 1 second [64]. The SI in the LVOT of this
anatomy without aortic valve opening was approximately 4 seconds, a large increase
beyond physiologically normal levels. High degrees of stagnation were also present
in the large counterrotating vortex along the anterior wall, demonstrated by high SI
(Fig. 3.9) and the entrainment of platelets into the recirculating separation zone (Fig.
3.12b). Smaller off-axis vortices near the left and right LV walls showed high degrees
of stagnation, represented by high SI (Fig. 3.9) and the persistent presence of virtual
contrast (Fig. 3.10). The apex showed good washout both in terms of low SI (Fig.
3.9) and the fast decay of virtual contrast concentration in time (Fig. 3.11) due to
the elevated velocities in this region (Fig. 3.5).

Previous in vitro [5, 125, 170], in vivo [139], and in silico [90] studies have doc-
umented similar flow features in the LV in the presence of an LVAD. Ortiz et al.
found that a jet forms between the mitral valve and inflow cannula in addition to
two vortices off-axis of the jet [125]. Rossini et al. similarly observed a persistent
jet between the mitral valve and inflow cannula as well as high residence times off-
axis of the jet due to flow separation and recirculation vortices [139]. Liao et al.
simulated the ventricular flow in an LV with no aortic valve opening, finding higher
residence times in the LVOT and near wall regions downstream of the mitral valve
[90]. Aigner et al. compared velocity fields in an unsupported, partially supported,
and fully supported LVAD patient; in the fully supported ventricle, no aortic valve
opening occurred leading to lower velocities in the LVOT [5]. Wong et al. observed
higher degrees of stasis in the LVOT without aortic valve opening and within the core
of vortices formed off-axis of the jet [170], agreeing with high SI in the center of the
vortices seen in Fig. 3.9.

Unlike two experimental studies that show stagnation in the apical pocket formed
by the inflow cannula [31, 164], this study demonstrated good washout in this region.
This behavior is likely impacted by patient anatomy, the transient flow rate profile

through the LVAD, and the implantation characteristics of the inflow cannula.
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These hemodynamic patterns could have important clinical implications for stroke.
Thrombus formation has been clinically observed in the LVOT [27, 48, 52, 102, 152].
Fried et al. confirmed the presence of aortic root thrombosis in 4.8% of 436 patients
with continuous-flow LVAD support [52], and Carey et al. found that 9.6% of 197
HeartMate 3 patients had aortic root thrombosis [27]. Dobarro et al. performed a
clinical retrospective study of 147 HeartWare patients, finding that a closed aortic
valve was an independent predictor of a combined thromboembolic event [45]. Low-
ering the LVAD speed can promote aortic valve opening [160], which could increase

velocities in the LVOT [5] and thus decrease stasis.

3.4.3 Platelet Behavior

Lagrangian particle tracking provides insight into the hemodynamic microenviron-
ment experienced by platelets. Most values of SI fell between 0.5 and 4 seconds,
which agrees with the 25% to 75% quartiles of residence time experienced by the
platelets in Lagrangian tracking (Fig. 3.12d). However, SI does not capture the be-
havior of outliers that would be most thrombogenic in the flow. For instance, the
values of SI within the large counterrotating vortex near the anterior wall are about
1-2 seconds, whereas platelets trapped in this vortex can experience residence times
over 35 seconds. Given prothrombin times of about 15 seconds [24], residence times

above this threshold could have important implications for thrombus formation.

The maximum time-averaged stress experienced by the platelets is 0.4 Pa. Shankaran
et al. studied platelet activation at constant shear rate in cone-plate viscometer,
finding that the threshold for platelet activation is about 8 Pa [148]. This finding
indicates that the typical stresses experienced by the platelets in the LV for most of
their respective trajectories are relatively low compared to the activation threshold,
suggesting that shear stress is not a primary risk factor for platelet activation in these

intraventricular flows.
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3.4.4  Optimum Temporal Synchronization

The influence of LVAD implantation on intraventricular hemodynamics is well-studied
[5, 90, 125, 139, 170]. An active area of research is how LVAD speed modulation
affects intraventricular hemodynamics [30, 76, 90, 103]. The present study is the
first computational work to understand the role of synchronizing of the HeartMate
3 pulsatility mode with the cardiac cycle on intraventricular washout and platelet
activation. An equivalent experiment addressed a similar research question [30] but
was unable to identify a single optimal timing for which the synchronization of the

pulsatility mode with the cardiac cycle most effectively promotes washout.

Four different timings of the HeartMate 3 pulsatility mode with respect to the
cardiac cycle were studied. When the pulsatility mode is synchronized with peak
systole, the virtual contrast concentration as well as the number of platelets in the
LV decay most quickly over time (Fig. 3.11). This finding suggests that stagnation
in the LV is reduced by synchronizing the pulsatility mode with peak systole. In
the equivalent PIV experiment, Chassagne et al. found that the highest degree of
stagnation in both the left-right and posterior-anterior planes occurred when the
pulsatility mode was synchronized with diastole [30], which was also identified in this
study as less favorable for intraventricular washout. However, the experiment could
not significantly differentiate between the three remaining timings, demonstrating
the benefit of virtual angiography and Lagrangian particle tracking as metrics for
identifying a favorable temporal synchronization of the pulsatility mode with the

cardiac cycle.

Previous studies have examined the relationship between sinusoidal speed modu-
lation of an LVAD with respect to the cardiac cycle [90, 103]. Liao et al. found that
copulsation of the speed modulation with the cardiac cycle decreased blood residence
time and increased kinetic energy in the LV and apex [90]. McCormick et al. tracked

Lagrangian particles in a computational model, reporting that copulsation promoted
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the most intraventricular mixing of particles [103]. Khienwad et al. studied speed
modulation from the Lavare cycle in the HVAD device [76], which ramps the speed
down for 2 seconds and increases it for 1 second before returning to baseline. They
found that the highest kinetic energy in the LV apex occurs when the speed decreases
during diastole and increases during midsystole. These studies, in addition to the
present study, suggest potential benefits for mixing and washout when synchronizing

the pulsatility mode in time with the native cardiac cycle.

3.4.5 Limitations

The purpose of this study was to perform a comparison of temporal synchronization
of the pulsatility mode at four timings with the cardiac cycle to identify the most
favorable washout, with the same conditions being applied across the four timings.

This computational study was performed on a single patient anatomy. Ventricu-
lar hemodynamics can be altered based on changes in cannula orientation [39, 125]
and insertion depth [38, 89], so future work should examine different cannula im-
plantations. Smaller anatomical features like trabeculations and chordae tendinae
were removed from the segmented geometry, which is a common simplification among
published literature [38, 76, 90, 103].

The ventricular walls were modeled as rigid, which previous computational studies
have also assumed [38, 76]. In patients with advanced heart failure, significantly
reduced in vivo ventricular wall motion and reduced changes in ventricular volume
are associated with weak native contractility. While changes in ventricular volume in
the LV can be relatively small, changes in the intraventricular pressure, i.e., pre-load
to the pump, result in different transient flow rate profiles [30] which were incorporated
in this model via the boundary condition at the inflow cannula.

The mitral valve was excluded from this computational study, as is also absent
in the equivalent experimental model, which has been assumed in previous studies

[103, 176]. The aortic valve was modeled as closed, resulting in high stagnation in
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the LVOT. Aortic valve closure is common in LVAD patients [72, 151], resulting from
the LVAD fully unloading the ventricle [5].

The CFD results presented here agree closely with the PIV experiment on an
equivalent LV experimental model implanted with a HeartMate 3 [30]. However,
matching the exact location of the orthogonal planes in the PIV experiment with
the computational results presents a challenge. Averaging CFD results across three
planes centered around the cannula centerline both captures the velocity averaging
that occurs with a finite thickness laser sheet and accounts for some degree of un-
certainty between the laser sheet orientation compared with the computational plane

orientation.
3.5 Conclusions

This study employed computational fluid dynamics simulations to study the degree of
washout in the LV in the presence of the HeartMate 3 LVAD for four different temporal
synchronizations of the pulsatility mode with the cardiac cycle. High residence time
is a risk factor for thrombus formation, so areas of stagnation were identified from
virtual angiography and SI. Lagrangian particle tracking simulated the hemodynamic
environment experienced by platelets, i.e., RT and SSH.

The CFD velocity fields agree closely both in direction and magnitude with the
PIV results at two orthogonal planes. A strong jet connects the mitral valve and the
inflow cannula, fluctuating due to the pulsatile low rate. Two vortices are formed
off-axis of the jet in the left-right view, and a large counterrotating vortex appears in
the posterior-anterior view. The SI was highest in the LVOT, in the separated regions
near the wall, and within the center of the vortices formed off-axis of the jet. High
residence platelets stagnated in the LVOT and the counterrotating vortex near the
anterior wall, with the most thrombogenic platelets spending up to 40 seconds in the
LV, which exceeds the maximum value of SI of about 4 seconds. Results from virtual

angiography and Lagrangian particle tracking demonstrated that synchronizing the
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pulsatility mode with peak systole can promote faster washout.

The results of this study suggest a potential benefit to optimizing the temporal
synchronization of LVAD speed modulation with the cardiac cycle. The LVOT was
identified as a significant region of stagnation, which could be mitigated by promoting

aortic valve opening after LVAD implantation.

3.6 Future Work

The present study determined an optimal temporal synchronization between the pul-
satility mode and cardiac cycle in one patient-specific ventricle with dilated cardiomy-
opathy. Future work should perform the same analysis on different patient-specific
ventricles with different types of LV morphology and physiology. Cannula orientation
and insertion depth can affect hemodynamics, so future studies would benefit from a
parametric analysis of these factors in relation to intraventricular washout with the
pulsatility mode. The rotational speed of the pump was fixed at 5200 RPM in this
study, but there is a range of operating speeds for the HeartMate 3 that can change
intraventricular flow rates. Future work should simulate flow under different pump
operating conditions. The present study exclusively studied the HeartMate 3 device.
This computational methodology can be extended to new devices as they enter the

market, like the EvaHeart2.
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Chapter 4

CONCLUSIONS OF THE DISSERTATION

Two cardiovascular pathologies — vasospasm in the CoW and intraventricular flow
in the presence of an LVAD — have been explored using CFD simulations. Performing
CFD analysis of cardiovascular flows provides a unique opportunity to extract metrics
that are otherwise inaccessible using exclusively clinical data or experimental results.
While qualitative clinical evaluations can help provide insights into a pathology, CFD
provides a quantitative way to evaluate risk factors and to optimize conditions that

can improve patient outcomes.

Changes in collateral flows within the CoW in the presence of vasospasm were
studied across a cohort of 25 patients. Patient-specific simulations were generated
by creating segmentations from CTA scans and boundary conditions from TCD mea-
surements of blood velocity. Bayesian analysis accounted for parameter uncertainty
and generated an optimized set of parameters that satisfied mass conservation. To
improve the fidelity of the CFD models, the vessel diameters, velocities, and flow
rates were benchmarked against literature values, and virtual angiograms were com-
pared to clinical angiograms. Two metrics proposed to quantify vasospasm severity -
percent changes in resistance and viscous dissipation — correlated closely with angio-
graphic evaluations of severity. A complex interplay exists between the localization
and overall severity of vasospasm, the anatomical variant, and changes in collateral
flow rates. Future work can leverage this methodology to identify risk factors for the

development of infarct.

Flow in the left ventricle in the presence of an LVAD was analyzed in order to

identify risk factors for platelet activation using Eulerian metrics and Lagrangian
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particle tracking. The effect of synchronizing the pulsatility mode of the HeartMate
3 device with the native cardiac cycle on intraventricular washout was investigated.
Results from an equivalent PIV experiment were used to create realistic boundary
conditions in the model and to validate the velocity fields and stagnation index,
showing good agreement. High stagnation was observed in the LVOT, which could
lead to thrombus formation. Synchronizing the pulsatility mode with peak systole
during the cardiac cycle promoted intraventricular washout of virtual contrast and
Lagrangian particles. Future work should expand this analysis to a cohort of patients
implanted with a variety of LVADs.

These investigations addressed fundamental challenges in modeling cardiovascular
fluid dynamics. Cardiovascular flows are characterized by a complex set of physics,
from the non-Newtonian behavior of blood to the deformation in the left ventri-
cle. Successful studies balance physical complexity with computational feasibility
and identify appropriate assumptions that maximize the fidelity of the simulation
without compromising on the essential physics. In the studies described in this the-
sis, simplifications have been made to find the right balance between these competing

factors.

Patient-specific modeling is the gold standard for creating high fidelity models.
Imaging techniques like CTA and MRI can provide 3D patient-specific geometries.
Measurements of flow velocities from TCD can be leveraged to apply patient-specific
boundary conditions. Medical data has inherent uncertainties that should be ac-
counted for in the analysis; this thesis proposes a pathway for how Bayesian analysis
can be used to optimize parameters given uncertainties from the medical data and
performs a sensitivity analysis to variations in parameters. Benchmarking the results
against clinical data is essential for validating the CFD simulations, such as compar-
ing simulation parameters to literature values, using virtual angiography to compare
to DSA, and leveraging PIV experiments to compare Eulerian metrics. Due to the

variability in patient anatomies, performing a cohort study is necessary to identify
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clinically relevant trends.
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