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Abstract
Computational Fluid Dynamics of Intracranial Aneurysms: Eulerian and Lagrangian Analysis of

the Effect of Endovascular Treatment on Hemodynamics

Laurel Marsh

Chair of the Supervisory Committee:
Alberto Aliseda

Mechanical Engineering

Intracranial aneurysms are dilated portions of an artery that supplies bllod to the brain. These
abnormal dilatations of the arterial wall carry the risk of rupture, which represents a leading cause
of subarachnoid hemorrhage and have very high mortatility and morbidity. Endovascular therapies
are deployed by neurointerventionalists to treat intracranial aneurysms, reducing further growth
and the risk of rupture. The success of these therapies involves the cessation of blood flow into the
aneurysmal cavity, because of a clot fully occluding the aneurysm, allowing reendothelialization of
the parent vessel. If there is any remnant flow, the treatment is considered unsuccessful and may
warrant retreatment.

While both coil embolization devices and flow-diverting stents (FDS) are proven endovascular
therapies, there is no way to predict the treatment outcome in either of two treatment modalities,
whether using pre- or post-operative information. The patient is therefore required to return for
medical imaging to determine the outcome, which increases the burden on the healthcare system, as
well as the procedural and rupture risk of the patient. The inability to predict treatment outcome
can be addressed with the use of computational fluid dynamics (CFD). While many studies have
been conducted with small patient populations, the use of CFD to understand the evolution of
intracranial aneurysm has yet to identify thresholds for hemodynamics metrics to predict treatment

outcomes, or even which metrics are physiologically relevant. Standard image-based patient-specific



CFD simulations rely on a variety of models to account for the effect of treatment on hemodynamics.
Unfortunately, a lack of standardization and automation, coupled with the uncertainty associated
with many of the models used historically for their simplicity without a rigorous validation of their
accuracy, has led to a lack of consensus on which hemodynamics metrics should be studied for their
predictive potential.

This dissertation investigates two main forms of endovascular therapy of cerebral aneurysms:
coils and FDS, via a computational simulation framework that introduces novel models and vali-
dates them against gold-standard, experimentally-derived coil- and stent-resolved simulations. The
overall goal is to contribute to the state-of-the-art simulation framework to move CFD towards
becoming a clinical standard of care tool. The first question addressed is whether the two devices
can be considered analogous when seeking metrics that are predictive of outcomes. The follow-up
question is whether a new framework for studying the hemodynamics of intraaneurysmal flow and
potential thrombosis, Lagrangian particle tracking, can shed light on the physiological processes
that determine aneurysm embolization, and success post-treatment. As a side project, during my
Fullbright stay at the Otto Von Guericke University in Magdeburg, Germany, I considered the
differences between saccular and fusiform aneurysms and how the hemodynamics and FDS deploy-
ment differ for these two phenotypes. Finally, my last contribution is the evaluation of a new porous
media model, used to model the coil mass comparing it to coil-resolved simulations to determine

its efficacy in predicting Eulerian and Lagrangian metrics.
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Chapter 1

INTRODUCTION

1.1 Background and Motivation

Cerebral or intracranial aneurysms are diseased portions of the arteries that supply blood to
the brain which have ballooned out, and can rupture causing subarachnoid hemorrhage, a life-
threatening type of stroke that carries a mortality rate higher than 40% [L0]. Because of the lack of
understanding of the causes that control their origin and continuous growth, and the uncertainty
in the estimation of the probability of rupture, intracranial aneurysms are often recommended for
treatment once detected. Endovascular approaches have become the preferred method of treat-
ment because the procedures, aided by angiography, are minimally invasive and carry a much lower

complication rate [72].

1.1.1 Angiographic Imaging Data

These endovascular therapies are deployed in an angiography suite by neurointerventionalists as
shown in Figure Here, 3-dimensional rotational angiography (3DRA) can be taken for diagnos-
tics or during the procedure itself. This form of imaging is commonly used to create patient-specific
image-based computational fluid dynamics (CFD) models of blood flow in aneurysms [125]. The
raw images must be segmented in order to create a surface for meshing, see Fig. Finally,
2-dimensional radiopaque images, seen on the display screens, can be captured to show the position
of the catheter, endovascular device deployment, and any other devices used during the procedure.

Figure [1.3] shows radiographic imaging of an aneurysm before and after coil deployment.



{ Patient Table

_ i -
\ - L l,lg.“_,t.[
C-arm e ¢ -y

Figure 1.1: An angiography suite with a cardiovascular flow model illustrating the radiopaque
imaging capabilities on the display screen of a C-arm x-ray system. Below shows the setup of a

Toshiba Medical System C-arm.



(a) Raw Pre-treatment Imaging

=

(c) Raw Post-treatment Imaging (d) Final Surface

Figure 1.2: The raw 3D imaging taken before (a) and after (c) coil deployment can be segmented

(b) before being converted into a surface (d) used for CFD simulations.



(a) Pre-treated Radiographic Image (b) Coil-treated Radiographic Image

Figure 1.3: Radiopaque 2D imaging captured before (a) and after (b) coil deployment shows the
catheter, device (in (b) only), and Doppler ComboWire.

Coil FDS

Coil Embolization Device Flow-diverting Stent

Figure 1.4: The coil embolization device on the left [35] is being deployed with a catheter within
the aneurysm and aided by a balloon, while the flow diverting stent on the right [87] is deployed

along the parent vessel.



1.1.2 Coil Embolization Device

A preferred strategy for treating cerebral aneurysms is to fill the aneurysm with platinum coils,
promoting blood stasis, thrombosis within the aneurysm, and re-endothelialization of the parent
vessel [90]. These platinum shape-memory alloy wires have been wound into a sheath such that they
coil as they are delivered through an endovascular catheter, which is navigated into the aneurysmal
sac under radiological surveillance during the procedure. As the coils fill a relatively high percentage
of the aneurysmal sac volume (15-30%), they represent an obstacle to flow in the aneurysm, not
unlike a porous material, that slows down the velocity of blood in the aneurysm [120]. If the
treatment is successful, the increased stasis that the coils impose on the blood inside the aneurysm
result in a stable thrombus filling the entire aneurysmal sac. If there are regions of the aneurysmal
sac still patent to blood flow several weeks or months after the procedure, as evidenced by radio-
opaque contrast injected in the vasculature filling any portion of the aneurysmal sac, the treatment is
considered unsuccessful. A radiological follow-up examination showing any remnants of radiopaque
contrast flow into the sac indicates the need for retreatment, due to risk of rupture. Periodic
exams are required because there is no reliable way to predict the outcomes of aneurysms treated
endovascularly, during or after placement, leading to a burdensome schedule of follow-ups and a

higher risk for patients.

1.1.8 Flow Diverting Stents

The other preferred endovascular treatment strategy is to divert flow away from the aneurysm
without deploying a device within the aneurysm itself [52, 00]. To achieve this, a flow-diverting
stent (FDS) is deployed in the parent vessel harboring the aneurysm, with the stent covering the
entire neck area. The neck is the surface that, along with the actual aneurysm dome wall, defines
the aneurysmal volume. For FDS patients, this could be thought of as the surface where the parent
vessel existed before the aneurysm originated. The combination of aneurysmal thrombosis and
stent placement is thought to provide scaffolding upon which the endothelium regrows along the
parent blood vessel and “heals” over the neck, preventing the aneurysm from being exposed to
the mechanical stresses associated with blood flow [22 52]. Even after endovascular treatment,

aneurysms can rupture if blood flow persists inside part of the aneurysmal sac and the mechanical



stresses acting on the aneurysmal dome contribute to continued wall remodeling and deterioration
of its structural integrity. Without a stable embolization to completely occlude the aneurysm and
allow for full reendothelialization along the aneurysmal neck, the aneurysmal sac would be open
to blood flow, as observed in angiography during follow-up, which constitutes a failed treatment.
Aneurysms that rupture after FDS placement have an even higher mortality or morbidity than
untreated ones [72], and so treatment failures always merit retreatment, with significant associated

economic and human costs [94].

1.2 Hemodynamics of Cerebral Aneurysms

1.2.1 Untreated

Flow in saccular cerebral aneurysms can often be modeled as pulsatile flow in a cavity on the
side wall of a circular vessel (exceptions are aneurysms lying between a bifurcation such as basilar
tip aneurysms). The most basic flow in a cavity located on the side of a curved vessel develops
counter-rotating flow, with strength dependent on the curvature, flowrate, and flow pulsatility [24].
For more complicated patient-specific aneurysms, the flow becomes increasingly complicated as
inflow jets, impingement regions, vortices, and recirculation zones are created by the combination
of anatomy and high inertia (Reynolds and Womersley numbers) [56]. From both experimental
and computational investigations, many relevant hemodynamics parameters have been calculated,
starting with velocity, dissipation rate, wall shear stress, and many others borrowed from the ample
literature on atherosclerosis and plaque growth and remodeling [71} [105]. A strong coherent vortex
created inside the aneurysmal sac can greatly increase the velocity in the cavity, while broken down
patches of a slow recirculation zone will reduce the average velocity within the aneurysm; slow
recirculation in the aneurysm can also lead to low wall shear stress areas, while inlet jet impinging

on the distal wall produce high wall shear stresses on the aneurysmal dome [I8].

1.2.2  Coil Embolization Device

A coil mass slows and diverts the flow entering the aneurysm. For the flow that does enter the
aneurysmal sac, the coil mass adds resistance and slows down the persistent flow as it traverses

the coiled aneurysm sac [I17]. This post-treatment reduction of the inflow is strongly dependent



on the porosity, a variable dependent on the ratio of coil volume to aneurysm volume [39]. The
aneurysmal dome WSS is similarly reduced by coils [27, 117]. While porosity has been shown
to minimally affect pressure[17], wall shear stress (WSS) has been noted to decrease significantly
with porosity [6]. Both in vitro and coil-resolved simulations show that narrow-necked and wide-
necked aneurysms are affected differently by coiling [7, 6]. In particular, a narrow-necked aneurysm
produces larger reductions in aneurysmal inflow and in the velocity in the aneurysmal sac than

wide-necked aneurysm [6].

1.2.8 Flow Diverting Stents

Deploying a flow diverting stent has been shown to reduce inflow, velocity, and wall shear stress
while inducing minor changes to pressure [19, 47, 93]. The curvature of the parent vessel has a
definite effect on not only inflow into the aneurysm and resulting flow patterns [9], but also on the
porosity of the stent, and therefore has a double effect on the flow resulting from treatment [12§].
Studies comparing different stents (flow diverters versus supporting stents) [121], stents of different
sizes [76], and stents of different porosities [47] have proven that the effects of treatment on the
hemodynamics are strongly dependent on the specifics of the stent treatment. At low curvature of
the parent vessel, flow in an idealized aneurysm treated with an FDS was found to be co-rotating,
which was not observed in the untreated aneurysm for any conditions studied. As the curvature
increases, the flow detaches from the wall and eventually becomes fully counter-rotating as in the

untreated case [9].

1.3 State-of-the-Art in Endovascularly-treated Cerebral Aneurysm Simulations

CFD simulations of blood flow in intracranial aneurysms have been carried out for at least two
decades [104 [110], with the applications ranging from initiation, growth, and rupture [15] [74] [106]
to other clinical uses such as investigating recanalization in coiled aneurysms and the efficacy of
both forms of endovascular treatment [28| 58| 86, 101} 117]. Further simulation studies seek to
identify which hemodynamics metrics can best characterize the effect of the endovascular treat-
ment in an effort to create thresholds that could predict treatment outcome (whether or not the

aneurysm successfully occludes due to a stable blood clot fully filling the aneurysmal sac) for both



FDS [12, 14}, 25, 63, [83] and coils [27), B2, 123]. Such numerical studies have investigated hemody-
namics metrics like inflow, velocity, WSS, WSS gradient, oscillatory shear index (OSI), vorticity,
energy (kinetic energy or energy dissipation), and relative residence time. Unfortunately, there is
currently no consensus on which metrics are most physiologically relevant and more precisely which
hemodynamics are predictive of treatment outcomes [102]; this is true even when considering stud-
ies combining morphological parameters [32] or machine learning [84] which have failed to produce
certainty in the search for predictive metrics.

The current inability of patient-specific image-based CFD to provide a predictive hemodynamics
metric of endovascular treatment outcome is due in part to two key issues: i) lack of standardization
and automation and ii) inaccuracies of current models [I5]. The reproducibility and comparability of
CFD studies must be improved by the community as we seek to move towards clinical applicability.
There are many steps that can be taken to remedy these issues, but the changes must be widely
accepted throughout the community. If a common methodology that allows for comparison between
differing studies is not readily adopted, the discrepancy in the results and uncertainty of predictive
metrics will persist.

The lack of reproducibility springs primarily from the absence of standards and automation
within cerebral aneurysm CFD studies. For comparable results, having a clear definition of the
surface or volume on which the metric was extracted is imperative. However, the aneurysm neck
or ostium can be defined in many different ways, with some methods preferred by engineers and
others by clinicians. This creates a problem for not only neck metrics but the aneurysm volume
and surface metrics as well, since both will be affected by where the neck is defined. Saalfeld [97]
proposed an automatic neck detection and generation that, if adopted widely by the community,
could contribute significantly to the automation of this process and to the repeatability of CFD
studies of aneurysms. Despite this and other work in this direction, there has not been community
consensus of the definition or generation of the aneurysmal neck, to date. Unfortunately, an accurate
neck definition is not possible without a quality segmentation of the vasculature. A valid patient-
specific image-based simulation relies upon precise segmentation. Many researchers echo the call
for validation and standardization of this process [15], 20}, [74] 102]. Furthermore, Gambaruto [3§]
found that variations in segmentation can impact CFD outcomes more than other fluid mechanics

parameters used in modeling blood flow in aneurysms. Finally, with an accurate domain defined



for the simulation, boundary conditions must be considered. Babiker and Rayz found a strong
influence of the parent vessel inflow rate on the hemodynamics [6, [92]. While not feasible in every
case, Berg recommends using patient-specific data for inflow (as does Saqr [I0I]) and explains
that a zero-pressure condition should not be used, but rather a flow-splitting method for multiple
outlets [I5, 99]. McGah showed not only the importance of using patient-specific data [67], but

furthermore, the feasibility of implementing this method clinically[68].

Simulations require assumptions and models to predict the neurovascular flow field, including
inside the aneurysm. Each assumption and model introduces some uncertainty into the CFD
results. Understanding the limitations and error of each model is important before implementing
it in a study. Saqr [101] reports that 90% of CFD cerebral aneurysm studies employ a Newtonian
model for blood viscosity. While studies have shown inaccuracies in WSS magnitude prediction
[62, 101], others show that the differences are insignificant [21], 38|, [73]. Particularly because the
data required to finetune a patient-specific non-Newtonian model are rarely available and there is
a lack of consensus on which model is correct in general, a constant-viscosity Newtonian model is
used in this dissertation. Another modeling assumption that is hotly debated is the distensibility of
the vessel and aneurysm walls. Berg [I5] pointed out that wall modeling is only as accurate as the
patient-specific data that is informing the parameter selection. However, cerebral aneurysms are
more rigid than other non-intracranial aneurysms or the parent vessel [36], and Steinman proved
in his seminal study[109] that rigid walls introduce less uncertainty in cerebral neurovascular flow
CFD than any other of the many parameters and modeling choices (anatomy segmentation, inflow

conditions, spatial and temporal resolution and numerical convergence thresholds, etc.).

1.5.1 Modeling Endovascular Treatment

Simulating blood flow of endovascularly-treated cerebral aneurysms can either have the treatment
resolved within the mesh or modeled. While the direct inclusion of treatment is desirable for certain
research purposes, models that can be created with clinically available data and the reduction of
computational time that comes with modeling the treatment are imperative for CFD to be clinically
relevant. Porous medium models, a porous surface for FDS and a porous volume for coils, are

frequently used to mimic endovascular treatment as an isotropic, homogeneous medium [IJ, [59].
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Because these models can oversimplify the effects of treatment on aneurysmal flow, work has been
done on improving the models for both coils [96] and FDS [1].

In 2008, the isotropic, homogenous porous media model was first applied to CFD of a cerebral
aneurysm treated with embolic coils [70]. Since then, using a porous volume to model a coil mass has
become the standard for cerebral aneurysm CFD [30, 44} [1T6], [123]. This includes studies seeking to
find hemodynamic metrics predictive of endovascular treatment outcome [61, [I17]. Recently, new
porous medium models have been created that take into account the heterogeneity of the deployed
coil embolization device [96, 116, [130]. The coil-resolved simulations are a costly yet useful research
tool and can be employed to compare against porous media models as a ground-truth [27], 49, [96].

Similarly, a porous medium to model the stent surface has been extensively used in research
and pilot clinical applications[30]. Augsburger investigated the pressure drop across an FDS at
multiple flowrates and generated the inertial and viscous coefficient required to define a porous
pressure jump [5]. Raschi followed a similar analysis to find coefficients for a different type of FDS
[89]. This modeling of FDS has also been used in studies seeking to find predictive hemodynamics

metrics [40} 132].
1.4 Successful Endovascular Treatment

In order for an aneurysm to be healed, it must become completely isolated from the parent vessel
flow, without any blood entering the dome. In a surgical clipping procedure, the aneurysm is
immediately rendered non-patent by a clip placed around the neck of the aneurysm. However, for
endovascular devices, the aneurysm remains at risk of rupture until a thrombus (blood clot) has
fully embolized the aneurysm dome. This process could take months since the patient is almost
always on anti-platelet therapy to prevent blood clots in the parent vessel and detached in the
general circulation, by platelets being in contact with the treatment devices.

For this healing process to proceed and to achieve total aneurysm occlusion in endovascular
device treatment of intracranial aneurysms, the coagulation cascade needs to be triggered and
platelets need to be activated. Platelets are one of three types of cells in blood and are the ones
responsible for thrombus formation, and can be triggered by physiological changes and biomechan-
ical stimuli [78, 91]. A widely accepted mechanism for activation is prolonged time spent in a given

region, commonly referred to as residence time (RT) [48], [I31]. Work has been done experimentally
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to set absolute thresholds of platelet RT sufficient for thrombus formation [41]. Activated platelets
occur in the cardiovascular system in the recirculation zone after a stenosis[I15] or a left ventricular
assist device (LVAD) [3], similarly they can be found in the recirculation of an aneurysm dome.
Increased RT would be expected after endovascular device deployment, ideally leading to a stable

thrombus.

While increased RT alone may lead to platelet activation [48],[131], shear exposure of the platelets
can initiate thrombosis [42, 80, 115]. With LVADs, unphysiologically high shear stresses are expe-
rienced by platelets leading to activation [3]; however, these levels of shear rate are not present in
the cerebrovascular system even when a treated aneurysm is present [33] [77]. At these magnitudes,
very low shear has been shown to activate platelets as well [78, [82], 01]. Furthermore, there have
been studies that demonstrated platelet activation from shear stress changes seen at these lower

levels, and a model has been proposed, based on that mechanism [78] [122].

1.5 Specific Aims of this Thesis

The main aim of this dissertation is to improve the understanding of how endovascular therapies
affect the flow in cerebral aneurysms, through CFD simulations. This involves not only gaining
deeper insight into the flow modifications, but also improving the models and frameworks used
in the simulations, so that an accurate flow field can be produced for both pre-treatment and,
more importantly, post-treatment. Furthermore, the methods need to be clearly described to be
standardized and, where possible, incorporate automated steps to aid in the goal of standardization

of aneurysm CFD simulations.

Specific Aims proposed to reach this overall goal are: the comparison of endovascular treatments
(coils versus stents), the introduction of Lagrangian tracking to understand the biomechanics en-
vironment experienced by platelets in the aneurysmal domain, the comparison of fusiform and

saccular aneurysms, and the comparison of a novel coil modeling approach.

1.5.1 Organization of the Thesis

This dissertation is divided into six chapters:
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Chapter 2

This chapter reviews CFD-derived hemodynamics data of a large cohort of cerebral aneurysms to
determine if the two endovascular therapies, coils and FDS, modify the intra-aneurysmal flow in
a similar manner. The aim of this study is to determine if flow modifications due to endovascular
treatment are similar enough to produce a single predictive set of metrics that work for both
endovascular devices. If the two therapies do produce similar changes in the hemodynamics in order
to achieve the same goal of fully filling the aneurysm with a blood clot, then the mechanism for
thrombosis and embolization of intracranial aneurysms could be studied under a single study, and
the metrics to predict treatment outcomes could be defined with the ensemble of cases treated with
either device. If the mechanism for flow modification is proven to be different, then endovascular
therapies must be studied separately and the metrics to predict outcomes should be tailored to the

treatment type.

Chapter 8

This chapter introduces Lagrangian tracer particles into the aneurysmal flow to provide information
on the biomechanical environment that platelets are experiencing before and after treatment. The
aim of this study is to investigate novel Lagrangian hemodynamics metrics that might be predic-
tive of endovascular treatment outcomes. A new Lagrangian approach is established for cerebral
aneurysms and applied for each of the endovascular treatments, to explore new metrics that could
be clinically predictive of treatment success, since there currently is no agreement on which Eulerian

metrics are predictive of outcomes.

Chapter 4

This chapter compares two types of cerebral aneurysms, fusiform and saccular, by examining both
hemodynamics metrics and FDS deployment characteristics. The aim of this study is to quantify
the changes post-FDS deployment of the flow, in order to see if fusiform aneurysms can be combined
with saccular aneurysms in a single cohort for a study on predicting FDS outcomes. Because of their
circumferential dilation, fusiform aneurysms cannot be coiled and only FDS treatment is considered

in this study.
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Chapter 5

This chapter quantifies the improvement introduced by a new bilinear porous media model, com-
paring this novel model for coiling against the standard homogeneous, isotropic porous medium
model. The error of both models is computed by qualitatively comparing their results against the
gold-standard coil-resolved simulations. The aim of this chapter is to assess the level of improve-
ment introduced by the bilinear model in the accuracy of different metrics. The study in Chapter
illuminates the inability of the standard porous medium model to compute Lagrangian metrics
accurately, and the overdampening of the flow in general. Therefore, both Eulerian and Lagrangian

metrics are compared.

Chapter 6

The concluding chapter presents a summary of the conclusions reached in each chapter along with

recommendations for future work.
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Chapter 2

DISTINGUISHING HEMODYNAMICS EFFECTS BETWEEN TWO
FORMS OF ENDOVASCULAR THERAPY

Aneurysms treated with flow diverting stents (FDS) and coil embolization devices are compared
using computational fluid dynamics to determine if they effect of the flow in a similar manner. The
aim of this section is to determine if the two devices can be considered together in the same cohort

for a study seeking to identify hemodynamic metrics that can predict the outcome of the treatment.

2.1 Background and Motivation

Although the overall goal of the two main forms of endovascular devices, FDS and coils, remains the
same, the healing process differs between the two therapies: complete occlusion of the aneurysm such
that no blood flow can enter from the parent vessel. The flow-diverting stent redirects a majority of
parent vessel flow away from the aneurysmal neck and sac, while providing scaffolding over which
healthy endothelial cells can regrow. An embolic coil mass is meant to fill the entire aneurysmal sac
and initiates a thrombus soon after deployment. While the end goal of fully filling the aneurysm
is the same for both devices, the hemodynamic alterations have not been directly compared to
determine if the two treatment types can be studied together. Hence, this study uses image- and
data-based patient-specific CFD simulations of aneurysms treated with either endovascular device

to investigate how similar the hemodynamic changes are between the two types of therapies.

2.2 DMethod and Materials

Enhanced description of patient inclusion criteria, application of the Womersley inlet flow and
Windkessel model for pressure outlet, and porous media approximation can be found in previous

work done in the Multiphase and Cardiovascular Flow Lab at UW [§].
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2.2.1 Patient Population and Data Collection

Consenting patients were enrolled in this IRB-approved study through the University of Washing-
ton Medical Center. Only unruptured aneurysms treated with either a coil embolization device,
Target coils (Stryker Endovascular, Kalamazoo, Michigan, USA), or flow-diverting stents, Pipeline
Embolization Device (PED, Medtronic, Dublin, Irelend), are included. Data was collected for each
patient by neurointerventionalists in the angiography suite directly before and after treatment.
Data collection does not disturb the established workflow of the procedure. Three-dimensional
rotational imaging of the aneurysm and surrounding vasculature is obtained using a biplane angio-
graphic unit. A dual-sensor pressure and Doppler velocity endovascular guidewire (ComboWire,
Volcano Philips, Rancho Cordova, CA) provides the blood flow velocity and pressure every 5ms at
specified locations. The wire is removed after flow data has been collected for at least 10 cardiac
cycles at each location. A post-treatment contrast-enhanced flat-panel CT scan is obtained to
guide post-treatment simulations, see Fig This angiographic and hemodynamic data allow for

creation of patient-specific models.

2.2.2  Determination of Endovascular Treatment Outcome

Treatment outcome for an endovascular deployment is determined by the treating neurointerven-
tionalist. To determine if the aneurysm is fully patent, with no flow entering, contrast-enhanced
medical imaging is required. The first step to a successful treatment, redirection, is immediately
achieved to some degree by both devices. This provides an environment favorable to platelet ac-
tivation, assuming enough of the flow has slowed. Then once enough of the blood has slowed, a
thrombus, which is a blood clot, can form. If there’s full occlusion or filling, then we consider this
a successful outcome. However, even an aneurysm, partially occluded by a large thrombus, is at

risk of rupture due to the remaining exposed wall.

A successful case requires that no contrast be filling the aneurysm at a angiography follow up
visit, as soon as 6 months after treatment. If full occlusion is not achieved, patients will have to
come back for follow-ups and possibly retreatment. These visits are required because there’s no

other way to determine the outcome.
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2.2.3 Computational Model
Image Segmentation

Pre-treatment three-dimensional rotational angiography (3DRA) is used to reconstruct a surface
of the vessel and aneurysm using the Vascular Modeling Toolkit (VMTK, http://www.vmtk.org).
The post-treatment 3DRA is also segmented using VIMK. Both are shown in Fig. The coil
surface that is open to the parent vessel, and therefore blood flow, is used as the boundary to
delineate the coil mass, see Fig. [2.1] This surface is transformed to match the centerlines of the
pre-treatment vessel then intersected to create the coil volume. Due to the nature of the stent
geometry, accurate centerlines cannot be created from the post-treatment imaging of the vessel.
The post-treatment 3DRA guides the semi-automated reconstruction of the stent based on the
pre-treatment centerline. The reconstructed vessel surface intersected by the treatment surface is
meshed (StarCCM+, V13.06, Siemens PLM Software Inc., Plano, TX, USA). A tetrahedral mesh
is created in the two volumes, the treated aneurysmal sac and the parent vessel. A global element
size of 0.2 mm and 4 prismatic layers along walls are used. Prismatic layers are also grown in the
direction normal to the treatment interface. This level of spatial discretization has been shown to be
sufficient to resolve the flow and produce accurate hemodynamic metrics in the cerebral vasculature

[66].

Aneurysmal Domain Definition

Saalfeld’s method for semiautomatic neck detection is applied to define the aneurysm’s ostium for
every patient [97]. This provides a new delineation for the aneurysm sac which can be applied to
both treatment cohorts.

For analysis of the coil cohort, the aneurysm, as defined by the intersection of the planar
ostium, is used for the dome WSS, ostium shear stress, viscous dissipation, and average velocity
measurements. A plane is fitted through the outermost points of the ostium (MATLAB, R2020a,
The MathWorks Inc., Natick, Massachusetts, USA) so that the undulation of the ostium does not
disturb the analysis of shear stress. The increase in shear stress of the coil surface itself is excessively
large when the surface exhibits complex curvature simply due to the geometry; this can be seen in

Fig. Furthermore, the measurement of aneurysm inflow is highly sensitivity to the location
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of the surface if the plane intersects or lies below the coil surface (with respect to the aneurysm
dome). Therefore for robustness, a second plane (Q ostium), offset to be fully submerged in the
coil mass, is used to measure aneurysmal flowrate for coil patients.

For analysis of the stent cohort, the aneurysm, as delimited from the parent vessel by the ostium
and the stent, is used for the flowrate, dome WSS, viscous dissipation, and velocity measurements.
This means that if the stent does intersect the ostium as in Fig. the highest surface of the
intersection, which will include both the ostium and stent, is used to define the aneurysm; if there
is no intersection, the ostium is used without modification. Since the stent provides a scaffold over
which healthy endothelial cells can regrow, the stent is the optimal surface to quantify the change
of shear stress due to treatment. Hence, ostium shear stress is calculated over the actual treatment

surface for FDS patients.

2.2.4 Computational Simulations

A finite-volume solver (ANSYS FLUENT, ANSYS Inc., V16.2, Canonsburg, PA, USA) is used to
solve the incompressible Navier-Stokes equations. A second-order-in-time, implicit, flux-splitting
scheme is selected, with a PISO correction algorithm. The time step is set to 1x10~3 s. Blood is
modeled as Newtonian in this high-shear-rate flow [50] with a constant dynamic viscosity of 3.5 c¢P
and a density of 1050 kg/m?. Three cardiac cycles are simulated, with the first two cycles discarded
to exclude transient effects from simulation start-up. The flow field is stored throughout the third
cardiac cycle, peak systole and a time-average of the flowfields are evaluated to calculate the 5

hemodynamics metrics of interest.

Boundary Conditions

A domain consists of 3 types of boundaries: inlet, outlet, and wall. Aneurysms treated endovas-
cularly are typically accessed through the internal carotid artery (ICA), and all aneurysms in this
study are on the ICA or basilar artery which serve as the inlet. At the termination of these two
arteries, a major bifurcation occurs: the middle cerebral artery and anterior cerebral artery for the
ICA bifurcation and the right and left posterior cerebral arteries for the basilar. Certain aneurysms

may form directly on a bifurcation, whether a major branch split or a minor branch originating
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Figure 2.1: (a) A coil case with only one outlet on the ICA (top left): The coil surface defines the
boundary of the porous medium; the planar ostium is used to extract all variables except flowrate
which is calculated through Q ostium. (b) FDS distal to the ICA bifurcation and covering the post
communicating artery (bottom left): Shear stress will be calculated for the stent surface across the
aneurysm only. The surface closet to the apex of the aneurysm for this case is composed of two

parts: the exterior portion of the ostium and the stent that intersects the ostium.
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from the parent vessel such as the posterior communicating artery (see Fig{2.1)).

Inlet: At the inlet of the domain, a Womersley velocity profile is prescribed [124]. The inlet of
the domain is &~ bmm proximal to the wire measurements’ most proximal location, and the time-
resolved Doppler velocity measurements at this location are used as the centerline (maximum) axial
velocity. To accurately compare the change in hemodynamics caused purely by treatment, the inlet
flowrate is constant in pre- and post-treatment simulations. Measurements for 8-20 cardiac cycles
are phase-averaged to generate the centerline velocity waveform.

Employing the equation for the Womersley profile, w(r,t), provides a time-varying pulsatile

waveform, and has the analytical solution of:
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where A are the Fourier coefficients, r is the radius of interest, R is the vessel radius, and Jj is

the 0t"-order Bessel functions of the first kind. Finally, the Womersley number, «;, is calculated as:
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Two validation studies have been run assessing the accuracy of ComboWire data and the feasi-
bility of applying it to patient-specific simulations. ComboWire data is taken at multiple locations
distal to the inlet measurement. To verify the ComboWire data, velocity and pressure fields were
simulated and compared at these locations [67]. Later, PIV experiments measured by an ultra-
sonic flow-meter showed no detectable bias from the derived ComboWire flowrates [68]. With both
in-stlico and in-vitro validation studies, ComboWire data is confidently applied to the boundary

conditions in this study.

Outlet: If a simulation has more than one outlet, which is the case for most of this cohort, a
two-element Windkessel model is used for each branch based on their respective radii. Resistance
(R) is defined by the estimated flow split into the branches and the pressure waveform of the
inlet. Capacitance (C), the second of the two elements, is based on the pressure waveform and

the respective radius of each branch. Each outlet then has its own RC values based on the inflow
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and respective radius. A one-vessel outflow is employed only when the aneurysm does not occur
at a bifurcation and is more than 5 parent-vessel-diameters proximal to a major flow split. A

zero-pressure condition is used in these cases.

Wall: The vessel lumen is treated as a rigid wall [65] with a no-slip boundary condition where

the flow velocity is set to zero: uyqy = 0.

Treatment Implementation

The endovascular treatments are modeled using a porous media approach [0, 89]. The treatment is
approximated as a momentum sink, since the clinical imaging does not allow for a precise, physical
reconstruction of the endovascular device.

Coil Embolization

The coil mass is not directly resolved, but modeled to simulate the resistance the blood flow

would see in a coiled aneurysm sac. To do this, the porosity must be determined from the packing
V'coil

aneurysm

density, a function of the coil volume and aneurysm volume PD = Coil volume is
dictated by the treatment, since each coil has a known diameter and length. Aneurysm volume,
when calculating packing density for coil patients, is the volume of the aneurysm as defined by the
coil surface.

The entire volume of the aneurysm, as defined by the coil surface from post-treatment 3DRA, is
affected by the porous medium [511 [60, [61), [75]. The Darcy-Brinkman equation is used to estimate

the viscous and inertial loss coefficients, used for the porous media model, based on the porosity of

the coil mass inside the aneurysmal sac:

1

where i represents the ith component, p the viscosity, p is the density, u is velocity, K and C are
the permeability and form factor coefficients (geometric parameters that depend on the porosity of
the medium), and S; is the source term for momentum.

Permeability, K, the inverse of the viscous resistance coefficient applied in simulations and the
inertial resistance coefficient, Cy, are estimated using the same method described by Barbour [g].

In short, the capillary theory of Kozeny [55] provides an equation for permeability based on the
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volumes of the coils and aneurysm as well as the cylindrical shape of the coil which determines the
Kozeny coefficient.
The viscous resistance is defined as:

Vaneur Sm
1 c(TEen)?

R+Veoil
— = 24
K (1- Veoil )3 (2.4)

aneurysm

where c is the Kozeny coefficient which is 2 for when the resistive structures have a cylindrical
cross-section, Vi and Vaneurysm and the volumes of the deployed coils and the aneurysm, and R
is the radius of the coils.

The inertial resistance, Co, is simply the product of the packing density and an empirical
coefficient set by studies from Muscheborn [75].

Flow-Diverting Stent

Unlike a coil mass, FDS are modeled only over a surface or interface. The porous approximation
used here is modeled as a pressure jump applied to the the momentum equations at the stent
interface using Eq. The viscous and inertial resistance coefficients, K ~'= 7.1x107'1%n =2 and
Co = 1.4x10~*m !, are computed following a previously published study [5] and remain constant for
all patients. Currently, the curvature of the parent vessel and sizing of the stent are not accounted
for in treatment modeling [45]. The thickness of the specific FDS is set as the thickness over which
the pressure drop is approximated within the CFD porous jump model; within the given patient

cohort, this ranged from 61 to 67.3 nm.

Hemodynamic Metrics of Interest

Five hemodynamic variables are measured for each patient in the pre- and post-treatment simu-
lations to determine the effect the treatment has on the blood flow and anuerysmal environment.
They are as follows: 1) flowrate into the aneurysm integrated across the ostium, Aneurysm Flow
Rate (mL/min); 2) WSS magnitude area-averaged across the aneurysmal dome, Aneurysm Dome
WSS (Pa); 3) shear stress magnitude area-averaged across the ostium, Neck Plane Shear (Pa); 4)
viscous dissipation integrated throughout the anuerysmal sac, Viscous Dissipation (mW); 5) veloc-
ity averaged throughout the anuerysmal sac, Aneurysm Average Velocity (m/s). The aneurysmal

dome and sac are defined by the ostium for all hemodynamic parameters. As mentioned, flowrate
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Figure 2.2: The 5 hemodynamic metrics of interest and the location on which each was extracted.

for coil patients is defined by a separate plane, and shear stress of the aneurysm neck for FDS
patients is defined by the stent treatment surface. Figure provides a visual table of the metrics
and location of extraction. Each variable is calculated at 20 times steps, one of which is peak
systolic inflow rate, within the final cardiac cycle. The maximum and time-averaged values of each

metric are used to calculate change scores.

AB _ ﬁPoséP_ /BPre 100 (25)

Statistical Analysis

The relevance of hemodynamic variables are compared using statistical analysis. Our cohort can
be split by treatment type, FDS and coil. The entire cohort, or simply each treatment type, can be
further split by treatment outcome: success or failure. The hemodynamics can be split by pre- and
post-treatment cases. A paired t-test could be employed when comparing pre- and post-treatment
metrics because this constituted matching pairs of metrics. For the other unpaired two-sample tests,

the data must be further characterized in order to chose the correct independent t-test. Whether
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comparing treatment type or treatment outcome, how many tails the data has must be determined.
Flowrate, WSS, viscous dissipation, and average velocity are all expected to decrease and the data
confirms this. However, aneurysm volume, neck area, and ostium shear stress would be considered
two-tailed as they have a more symmetric spread that can increase or decrease. For each group, the
variance must also be checked to determine if the two groups have similar values. When comparing
FDS and coil, five groups had heteroscedasticity: aneurysm volume, neck area, flowrate, WSS, and
viscous dissipation. The remaining are homoscedastic because of the similar variance between the
two treatment type’s data set: ostium shear stress and average velocity. For this study, a pair of

data was labeled homoscedastic if the ratio of variance was below 1.5.
2.3 Results

2.8.1 Cohort-wide Morphological Parameters and Hemodynamic Changes

Pre- and post-treatment patient-specific simulations, employing a porous media approach and using
ComboWire Doppler measurements as inlet/outlet boundary conditions, were performed for 42
patients. A summary of the inlet flowrate, Reynolds number, and diameter, as well as aneurysm
volume are all presented in Table The Doppler-derived inlet flowrates are all within normal
physiological range; however, the flowrate variability is large within the cohort. The standard
deviation is almost half of the mean flowrate for systolic (231 £ 108 mL/min) and time-average
(132 + 59 mL/min) values.

Table give the population average of the hemodynamics changes for all metrics of interest.
As expected and shown by numerous studies [8], [13], B2} 113], endovascular treatments are effective
in reducing the blood flow into the aneurysm. The result is evident from the reduction in velocity
at the perimeter of the aneurysm and by investigating the flow field inside the dome through energy
dissipation, velocity, and even dome WSS, which can indicate reduction of inflow aneurysmal jet

impingement.

2.8.2  FEndovascular-grouping of Cohort: Coil vs FDS

The two endovascular therapies not only have separate mechanisms for healing, but each affect the

flow differently. Separating the cohort by treatment type splits the group into 17 aneurysms treated
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Table 2.1: Summary of patient inlet flowrate, Reynolds number, diameter, and aneurysm volume,

averaged across patients. Standard deviation is shown in parenthesis.

Pre-treatment

Inlet Flowrate Peak 230.7 (108.2)
(mL/min) Time-averaged 131.6 (58.6)

(
(
Reynolds Number Peak 317.5 (119.4)
Time-Averaged 182.7 (67.8)
(
(

Inlet Diameter (mm) 4.50 (0.62)

Aneurysm Volume (mm?) 425 (937)

Table 2.2: Overall effect of endovascular treatment, coils and FDS, on hemodynamic metrics before

and after treatment, and % change from pre- to post-treatment.

Pre  Post % Change | p-value

Aneurysm Flowrate (mL/min) Peak 68.1  33.7 -50.9 <0.001
Time-Averaged 38.3 15.5  -59.7 <0.001

Aneurysm Dome WSS (Pa) Peak 1.47 0474 -67.6 <0.001
Time-Averaged 2.38 0.97 -57.6 <0.001

Ostium Shear Stress (Pa) Peak 0.825 0.855 6.40 0.090
Time-Averaged 0.442 0.465 8.35 0.051

Viscous Dissipation (mW) Peak 0.094 0.022 -74.0 <0.001
Time-Averaged 0.028 0.006 -76.5 <0.001

Aneurysm Average Velocity (m/s) Peak 0.152  0.058 -63.6 <0.001
Time-Averaged 0.080 0.026 -68.0 <0.001
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with coils and 27 with FDS. For the coil group, even with a reduced population size, the treatment
effect still shows statistical significance between the pre- and post-treatment hemodynamics for all
metrics except ostium shear stress similar to Table However, the FDS treatment effects, when
separated from coils, show a statistical significance (p<0.001) for all metrics, including the shear

stress on the stent surface across the aneurysmal neck.

Table compares the hemodynamic changes introduced by the two different treatments, high-
lighting the distinction between hemodynamic changes caused by each. First, a larger decrease
in shear rate averaged across the ostium following treatment is observed in FDS patients com-
pared to patients who received coil embolization treatment, both at peak systole and time-averaged
(p=0.001). The reduction in volume-averaged velocity is larger in coil patients than FDS (p<0.001).
There is a similar trend of coil patients exhibiting a larger reduction for dome WSS and viscous
dissipation. It is interesting to note the reduction of flowrate into the aneurysm is closely related
between the two treatment groups. As mentioned, hemodynamic changes measured in coiled pa-
tients are extremely sensitive to the location of the surface used to extract the data. Ostium shear
stress, for instance, is greatly altered if computed at the complex-curvature coil surface versus a
planar surface intersecting the coil surface. This causes a significantly larger increase in ostium
shear stress for coiled patients. The change of flowrate into a coiled aneurysm is quite variable
based on the surface location as well. Prior to using the more robust neck definition, the change in
flowrate for any coil patient may exhibit strong inconsistencies from small variations in the choice of
surface where it is computed. Because of these multiple definitions of the neck surface, the change

in flowrate showed a strong, yet false, statistical significance the two treatment types.

2.8.8 Predicting Treatment Outcomes

The ultimate goal of this CFD is to create clinically realistic models for treatment planning and
predictions of treatment outcome. A treatment is considered to be a failure if blood flow is present
in any part of the aneurysm because it has not been fully occluded by a stable thrombus a few
months after treatment. For the FDS group, 21 of 27 aneurysms treatments were successful, results
can be seen in Table Of the 17 coil patients, 11 were successful while 6 were considered to

be failed treatments, results can be seen in Table Unfortunately, the current results show no
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Table 2.3: Differences in hemodynamic metrics across patients who were treated with Flow Divert-

ing Stents vs coil embolization device.

FDS Coil | p-value

A Aneurysm Flowrate (%) Peak -50.8  -51.1 0.483
Time-Averaged -59.5  -60.0 0.467

A Aneurysm Dome WSS (%) Peak -58.9  -73.6 | <0.001
Time-Averaged -63.8 -73.9 0.010

A Ostium Shear Stress (%) Peak 17.2 -11.4 | <0.001
Time-Averaged  20.8 -12.1 0.001

A Viscous Dissipation (%) Peak -69.3  -81.8 0.005
Time-Averaged -72.9 -82.4 0.020

A Aneurysm Average Peak -55.1  -77.6 | <0.001
Velocity (%) Time-Averaged -80.2 -60.6 | <0.001

Table 2.4: The hemodynamic results of the FDS cohort split by treatment outcome.

FDS Success Fail
(n=21) (n=7) | p-value

A Aneurysm Flowrate (%) -52 -48 >0.05
A Dome WSS (%) 59 58 | >0.05
A Neck Shear (%) 19 12 >0.05
A Viscous Dissipation (%) -69 -69 >0.05

A Average Velocity (%) -56 -52 >0.05
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Table 2.5: The hemodynamic results of the coil cohort split by treatment outcome.

Coil Success Fail

(n=11) (n=6) | p-value
A Aneurysm Flowrate (%) -50 -53 >0.05
A Dome WSS (%) 72 77| >0.05
A Neck Shear (%) -8 -19 >0.05
A Viscous Dissipation (%) -81 -83 >0.05
A Average Velocity (%) -78 77 >0.05

statistical significance in predicting success from changes in the hemodynamic parameters studied

between the successful and unsuccessful cases, for both treatment types.

2.4 Discussion

Change in Eulerian metrics alone, particularly with this sample size of less than 30 cases for each
type of treatment, cannot accurately distinguish between successful and failed treatments, whether
grouped together or by treatment type. However, it was determined as part of this study that the
two techniques and devices clearly alter the blood flow in different ways and should be considered
separately. The coil mass affects the entirety of the aneurysm, and thus it makes sense that this
treatment method leads to higher reductions in volume-averaged bulk metrics for high packing
densities seen in this study. Furthermore, the shear stress on the stent surface is an important
metrics for the successful healing of FDS patients. Yet, this data cannot be directly compared to
shear stress on the complex-curvature coil surface as the changes in hemodynamic metrics would
be vastly higher. This large increase would, however, be mostly due to the surface shape rather
than from flow redirection.

In order to improve the uncertainty surrounding the success of endovascular therapies, the reli-
ability of CFD must be increased to move toward clinical applicability in terms of both predicting
treatment outcome and treatment planning. To achieve this, Berg et al.[I5] calls for standardiza-

tions and automations leading to greater reproducibility and reliability of the hemodynamic data
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produced by CFD.Throughout this work, it was seen that small variability in the neck caused
disproportionately large changes in the aneurysmal inflow and neck shear stress, particularly for
the post-treatment coil patients due to the porous media aneurysmal region. The neck definition
process is not standard and, in most cases, not automated. However, much care should be given to
the procedure as it determines the aneurysm’s boundaries and therefore, where metrics are calcu-
lated. Furthermore, the modeling of treatment may need to be improved, again for coil patients in
particular.

Similar average hemodynamic decreases have been reported in a study by Damiano [31] where
the effectiveness of coils vs FDS treatments were analyzed on a single aneurysm. Coil treatment
was shown to reduce aneurysm-averaged velocity and WSS more than FDS. This study also re-
ported that aneurysm inflow reduction is highest when treated with an FDS; however, the packing
density was varied from 3-30% whereas our study was comprised of coil masses with realistic clinical
densities, falling on the higher end of the range. When coil is the primary treatment, high packing
densities of at least 20-25% are desirable [100]. Paliwal [83] demonstrated similar reductions for
average velocity in FDS patients and slightly smaller reductions of flowrate with an average of
—38% for 15 patients. Mut [76] also found similar results. The coil cohort has a similar reduction
of flowrate to certain coil studies [32, [117].

Shear stress along the coiled aneurysm ostium or stent surface provide a more direct quantifi-
cation for flow redirection. Increases in neck shear stress are expected as the treatment tends to
realign flow with the parent vessel, making the flow at the aneurysmal neck more tangential to the
arterial wall (reducing the normal component and therefore the net flow into the aneurysmal sac).

The treatment effect is significant (p<0.001) for all metrics except ostium shear stress.

2.5 Conclusion

Coil embolization device and flow-diverting stent treatments must be considered separately as
studies of the effectiveness of each treatment continue both in-silico and in-vitro. This study shows
that even for a cohort of 27 FDS or 17 coil patients, predictive metrics cannot be established, at
least not for these 5 hemodyanmic metrics. Therefore, more large-scale studies, using high-quality
imaging and validated models, are required before hemodynamic studies on treatment outcome can

become clinically applicable. Though without standardization and validation, cross-comparison of



studies is impossible.
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Chapter 3

ANALYSIS OF PLATELET DYNAMICS IN CEREBRAL ANEURYSM
TREATED ENDOVASCULARLY

In this section, two cohorts of patients treated with different endovascular therapies have pre-
and post-treatment simulations performed with Lagrangian tracer particles integrated into the
blood flow to aid in the analysis of hemodynamics within the aneurysm and the change in the flow
caused by the treatment. The first cohort focuses on patients treated with flow-diverting stents.
The simulations follow the same procedure as the previous study. This work was published in the
Annals of Biomedical Engineering in 2020 [63]. The second cohort follows coil embolization patients
and employs a new coil-resolved simulation as a ground truth to the porous media approximation
of the coil treatment. This work was published in the Journal of Biomechanical Engineering in

2021 [27].
3.1 Background and Motivation

In witro and in silico studies, including those presented in Chapter have demonstrated the
effectiveness of coils and FDS to limit blood flow into the aneurysm, which inherently reduces
the mechanical stresses on the aneurysmal wall [§]. The end goal being complete isolation of the
aneurysm from flow, and therefore stress, to mitigate any possibility of rupture. The analysis of CFD
simulations of intra-aneurysmal hemodynamics have traditionally focused on Eulerian metrics that
best represent the effect of treatments on the vascular endothelium [30]. Yet, similar to the efforts to
predict rupture risk by the CFD community, studies regarding aneurysm embolization of any kind,
and specifically recent pilot studies of flow-diverting stents, face issues of conflicting results regarding
the effect of treatment on hemodynamic variables and their capability of predicting outcomes [8,
14, B2, 37, 83]. This may indicate that Eulerian metrics are imperfect predictors of treatment
outcome. Investigating purely Eulerian flow variables cannot fully represent the progressive platelet
activation, accumulation, aggregation, and intrasaccular thrombus formation that is thought to lead

to aneurysm occlusion and successful treatment [79].
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Lagrangian- tracking of platelets has been well established in computational modeling of cardiac
disease and ventricular assist devices where extreme shear stress gradients and accumulation of
platelets in regions of high residence times (RT) instigate thrombosis, which becomes a source of
embolic stroke [3, 8I]. This approach provides exact calculation of the length of time platelets
spend in a particular region and the shear stress experienced along their trajectories. Having been
successfully employed to model the risk of undesirable platelet activation in stenosed vessels [103] or
in left ventricular assist device therapy [3], the technique is a prime candidate for detecting platelet
activation necessary for the formation of a stable thrombus in intracranial aneurysms.

Based on the lack of consensus for predictive variables from traditional Eulerian CFD and the
potential advantages of Lagrangian-metrics, particle-tracking is applied to high-fidelity simulations
in an effort to understand the impact of aneurysm anatomy and physiology, and of endovascular
FDS treatment on the trajectories and biomechanical environment of platelets as they flow in and
out of the aneurysmal sac. Platelet activation, a necessary mechanism for thrombus formation, is
known to be related to high RTs in regions of the vasculature and to respond to biomechanical
stimuli, particularly to the platelets’ shear stress exposure [3]. Laboratory experiments of platelet
activation ez vivo have shown that platelet aggregation and thrombus formation can begin as early
as 1s after exposure to slow or stagnate blood flow [41], [43]. More notably, particularly in the case of
endovascular FDS treatment, platelets activate and accumulate when prolonged RT in the aneurysm
is achieved from stent placement, especially when combined with exposure shear stresses gradients
[91]. The high shear rates typically associated with stenosis or the even higher unphysilogical shears
seen in a left ventricular assist devices (LVAD) are not experienced in the cerebrovascular system,
even when an aneurysm is introduced. Rather, lower wall shear stresses have been the threshold for
previous studies [33], [82], 9T]. Hence, in this study, Lagrangian platelet trajectories are computed
from the blood velocity field to characterize the mechanical environment experienced by platelets,
allowing for a direct comparison of two metrics of platelet thrombogenicity, RT and shear history

(SH), in the aneurysmal vasculature before and after endovascular treatment.

3.2 DMethods and Materials

A subset of the patient cohort from the previous study is used here: 19 FDS for the first portion

and 4 coiled patients for the latter. The basic computational setup remains consistent, while a
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Lagrangian framework is introduced to evaluate the effect of treatment on platelet surrogates.

3.2.1 Lagrangian Platelet Model

To capture the trajectories of platelets, mass-
less tracer particles are used as platelet surro-
gates. FEach patient model is initially seeded
with thousands of platelets throughout the do-
main. Platelets are also injected 10 times per
cardiac cycle at the inlet boundary. Injections,
where platelets are seeded at each point on the
inlet, are spaced proportional to the flowrate
integrated over time as opposed to with a con-

stant time step between injections.

An example of patient-specific flowrate and
platelet injection times is displayed in Fig. 3.1.
One platelet is released from each computa-
tional node during the inlet injection. Because
of the distribution of nodes along the mesh,

with prism layers along the vessel wall, a large
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Figure 3.1: The inlet platelet injections, denoted
by the black circles, are chosen based on the
flowrate throughout the cardiac cycle which is 1s

for this case.

proportion of platelets is injected closer to the outer edge of the vessel wall. This is consistent with

the platelets’ tendency to preferentially migrate away from the center of the vessel into the red

blood cell-free layer near the vessel walls [119].

The number of platelets injected is scaled down

from the actual concentration found in plasma by a factor of a thousand (typical platelet count is

150-400,000 per mm? [I1]) due to the computational burden of tracking a physiological number of

platelets. Thus, approximately 200 platelets are present in a 1 mm? volume of blood in the sim-

ulations. This density provides a sufficient number of platelets to obtain converged statistics past

the typical first, second, third, and fourth moments of the probability distribution. The number of

platelets is kept constant for each patient between the pre- and post-treatment analysis.

Position and shear stress data are stored for each platelet’s trajectory within the reconstructed
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vasculature. When a platelet enters or exits through the aneurysm neck, the simulation time and
accumulated SH are recorded. Each platelet’s RT (Eq. is determined from the time it enters
the aneurysmal sac crossing the neck from the parent vessel, to the time it exits the sac, crossing
the aneurysmal neck in the opposite direction (towards the parent vessel). The SH is calculated
as the integral of 7, the second invariant of the instantaneous shear stress tensor, accumulated

throughout this same RT as shown in Eq.

RT = Tviea:it . T;enter (31)
Tiezit

SH = / T(z,y,2); dt (3.2)
Tienter

These two variables are introduced as the search for one or multiple metric(s) to predict en-
dovascular treatment outcome continues. To begin quantifying the treatment effect, change scores

(Eq. [2.5)) are applied to the new metrics.

3.2.2  Treatment modeling

For the porous media simulations, the porous jump for the FDS simulations are enforced in the
same manner as from Chapter The coil study employs both the porous volume from Chapter
as well as simulations that do not use a model but rather directly include the mesh into the

simulation geometry.

3.2.8 Coil Resolved Simulations

Silicon phantoms of patient-specific geometries [26], created from the segmented pre-treatment
3DRA, undergo the exact treatment in the angiography suit at the University of Washington
Medical Center by one of two experienced neurointerventionalists who originally treated the patient.
These models are then scanned at the European Radiation Facility (http://www.esrf.eu/) in
Grenoble, France [59]. The resulting high-resolution microCT images are reconstructed with ImageJ
(https://imagej.nih.gov/ij/) to produce a treatment surface. The treatment is registered in the

computational domain of the aneurysm before meshing. Cells size near treatment is appropriately
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small to capture the flow’s reaction. Coil embolization devices used in this study have a large range

of diameters, 0.24-0.36mm, and were resolved with cells as small as 20um.

3.3 Initial Lagrangian Analysis of Flow-Diverting Stent

3.3.1 FDS Results

The reduction on the flow seen in Chapter [2| can be demonstrated from a Lagrangian framework
by the increase in RT between the pre- and post-treatment cases. Figure [3.2] shows a subset of the
platelets that have passed through the stent surface, color-coded based on time spent within the
aneurysm. This figure visualizes another treatment effect: the FDS causes fewer particles to enter
into the aneurysal sac.

Figure[3.3pb, a histogram of all platelets that cross the neck, reveals the evolution of platelet RT.
The post-treatment case displays a significant reduction in the percentage of platelets entering the
aneurysm for short times (low RT values). The long tail of the treated case represents a significant
increase in platelets recirculating inside the aneurysmal sac for an extended RT. As the box plot in
Fig. [3:3h shows, this shift also occurs for the median RT.

The median RT, however, is not a good correlate of stable thrombus formation as it is triggered
by long residence times. The outliers, however, are of the most interest as they represent the
extreme cases of platelet quasi-stagnation. The prolongation of RT due to the FDS can be more
clearly seen in Fig. where only particles with RT > 1s are considered. This threshold is
chosen in part due to Hathcock’s work showing thrombus formation initiating as early as 1 second
[41]. Although calculating the tendency of platelets to clot inside the aneurysmal sac based on the
platelets with RT > 1s is ineffective, as multiple patients in our cohort demonstrate a median RT >
1s in the aneurysm, even before treatment. The coagulation time is strongly dependent on patient
blood and flow characteristics [79] but also depends on the individual platelet dynamics. Since
blood does not spontaneously clot inside the aneurysmal sac before treatment, even for high RT
platelet recirculation, the change score of the particles’s RT in the aneurysmal sac can be employed,
rather than an absolute cutoff of RT, which better characterizes the effects of the FDS placement
on hemodynamics.

However, larger aneurysms provide platelets with a vast low domain which allows for greater
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recirculation zones. For example, in a large-volume aneurysm, unlike for the majority of aneurysms
studied, the median RT and the percentage of platelets with RT greater than 1s decreases after
the treatment; similarly, the aneurysmal flowrate does decrease once the stent is deployed. The
large recirculation zone, allowing for high pre-treatment RT's, may still exist post-treatment. This
is because the aneurysmal inflow has been partially redirected by the endovascular treatment,
lessening the number of platelets entering, and could actually lead to a shorter RT of a majority of
platelets that are only briefly enter the aneurysm dome after treatment. This disturbance to the flow
simultaneously redirects and weakens the jet formed at the proximal stent region. Still, the FDS
does increase the number of platelets that remain in the aneurysm dome for long RT's, as well as the
maximum platelet RT found. Therefore, a comparison based on the increased probability of platelets
after treatment having a RT larger than the 99" percentile RT in the untreated case is performed.
The same approach is followed for the probability of platelets after treatment experiencing a ”high”
SH, above the 99% value for the same patient in the untreated case. This is still quite low compared
to the high shear that activates platelets in other medical devices [3]. The idea behind looking at
high shear histories is that this may relate to steeper gradients which is the key factor cited by some
researchers [91]. Using these ”outlier” thresholds, the problem of aneurysms with large recirculation
zones caused by complex flow or jet impingement are overcome and the impact of FDS placement
on platelet activation can be readily quantified.

Stable intra-aneurysmal thrombus formation starts from activated platelets in areas of slow
flow. Platelets in regions of lower blood velocity will accumulate lower shear stress exposure even
as the RT increases. Therefore, a useful variable to compare the effect of treatment is the ratio
of SH and RT. Activated platelets that linger in close proximity to other platelets can initiate
activation and aggregation of the others triggering the coagulation cascade [64} [69]. Hence, the key
to stable thrombus formation is again not what the majority of the platelets are experiencing, but
the dynamic experience of the outliers within the aneurysmal dome. Therefore, to pinpoint one
characteristic value of the SH to RT ratio, the 99" percentile value in the pre-treatment case for
each patient is used as a threshold. These values are used to calculate the increased probability
of platelets experiencing a low SH:RT ratio (Eq, where the higher RT values after treatment
decrease the metric. Inherently, SH : RT),. is always ~1. The percentage of particles experiencing

a higher RT, or SH, than that set by a certain percentile will be, by definition, the remainder of
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Figure 3.4: Platelet RT as a function of SH. The 99.9"" percentile of these two metrics designates
the boundary of extreme platelet exposure. The decreasing slope represents the increased intensity
of this exposure: prolonged time spent in the aneurysm combined with lower accumulation of shear

stress.
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the set.

%(S Hease > SHpL)

SH : Rl 4se = i
%(RTcqse > RTEM)

(3.3)

To illustrate this treatment effect in another way, a more restrictive percentile (99.9th as opposed
to the 99th) is chosen as the cutoff for thresholding RT and SH. All particles are graphed for
this representative patient are shown in Fig. The reduction of this biomechanical platelet
exposure ratio can be seen by the lowered accumulation of shear stress even at high RTs after FDS

deployment.

3.3.2 FDS Discussion

Assessing the degree of change in the hemodynamics experienced by the platelets within an in-
tracranial aneurysm when it is treated with a FDS captures a range of mechanisms by which the
flow diverting stent alters blood flow patterns in the parent vessel, in the aneurysmal sac, and
at the aneurysmal neck. These are not fully characterized in fluid mechanics studies that rely on
Eulerian metrics. Biochemical reactions are not simulated here, since the focus is on the analysis of
the platelet dynamics to initiate thrombus formation rather than on the process of formation and
growth; however, the ability to compute actual platelet RT statistical distributions is a first step
to understand the role of hemodynamics on the complex kinetics of the clotting cascade and how
platelets modulate the cascade in the presence of complex hemodynamics. Additionally, the ability
to quantify the exposure of platelets to mechanical stresses, SH, before and after FDS treatment,
allows for the quantification of FDS treatment on platelet exposure to stimuli that contribute to
activation. Chapter [2]is based on 5 Eulerian variables: WSS on the dome, flow velocity and dissi-
pation in the dome, flow rate and shear stress at the neck; most of which focus on the aneurysmal
boundaries which fail to characterize the spatial variations in the aneurysmal sac. Eulerian analysis
can only provide approximations of the “relative” residence time (RRT) based on the WSS on the
endothelium in the area of interest [4, 57]. Figure demonstrates the typical change scores of
certain metrics. RRT involves compounding changes since it is an inverse function of time-averaged
WSS and the oscillatory shear index (both defined on the aneurysm dome wall). When endovascu-

lar treatment is resolved in the simulation, the patient can exhibit a change in RRT on the scale of
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Figure 3.5: Change scores for Eulerian and Lagrangian variables. The relative residence time has

the largest spread in the changes experienced between patients.

5 orders of magnitude simply because the WSS is reduced dramatically—increasing the RRT even
more drastically. Flow rate into the aneurysm, time-average WSS of the dome, and the SH/RT

ratio all appear within a more condensed, reasonable range.

The novel Lagrangian methodology applied to the study of the hemodynamics of FDS treatment
of intracranial aneurysms focuses on the initial mechanism of healing of endovascular treatment:
to induce the formation of a stable thrombus. Formation is directly related to the activation and
agglomeration of platelets inside the aneurysmal sac. The analysis of the biomechanical stimuli
and non-physiological flow patterns experienced by platelets before and after aneurysm treatment
has the potential to enable the accurate prediction of treatment outcome. This methodology will
enhance the understanding gained from Eulerian studies by complementing wall metrics, such as
WSS, and opening this field to statistical analysis of the large number of blood-borne platelets in
the flow inside aneurysms. Thrombogenesis is not a process initiated by mean or median behavior

but rather one in which outliers and extreme cases trigger the clotting cascade in a highly non-
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linear manner [69, 107], even when the bulk blood flow presents no changes or even counterintuitive
behavior such as the observed decrease of the median RT of platelets in some treated aneurysms.
Lagrangian-tracking studies of thrombogenic potential of intra-ventricular flows of medical de-
vices have focused predominantly on the exposure of platelets to unphysiologically high levels of
shear stress, as well as long RTs. The values of shear stress and SH associated with hemolysis
or platelet activation in cardiac devices (LVAD, artificial cardiac valves, extracorporeal membrane
oxygenation, Impella, etc.) are not found anywhere in the aneurysmal or perianeurysmal circula-
tion, before or after FDS treatment, again, this is why shear history is used to track the changing
shear environment. However, studies have found a direct relationship between increasing RT and
platelet activation, demonstrating that prolonged RT can lead to platelet activation regardless of
accompanying shear stress magnitude [48, [131]. The successful outcome of a FDS requires both
platelet activation and a region where platelets can linger for extended periods of time, signaling
other platelets to aggregate and begin thrombus formation [69]. Furthermore, the lower shears
seen here have been shown to activate platelets which has been the basis for modeling thrombosis
of cerebral aneurysms [82]. The combination of increased RT and reduced SH of the platelets is,
in this context, indicative of effective FDS treatment, since those are the conditions that will po-
tentially lead to stable thrombus formation and subsequent aneurysm embolization. An activated
platelet in hemodynamic stasis has the best chance of recruiting other platelets and adhering to the
aneurysmal wall, which is the precursor of a successful treatment. Hence, the pre-/post-treatment
ratio of SH and RT based on extrema of each variable is considered as the most promising metric

for establishing a threshold to predict the effectiveness of FDS treatment.

3.4 Comparison of Lagrangian Analysis: Porous Media vs Coil-Resolved

8.4.1 Coil Introduction

The FDS-treatment is modeled as a pressure jump across a surface, meaning the platelet surrogate
has limited interaction with this momentum sink. Lagrangian particles in a coil-treated simulation,
which employs the porous media approximation, experience this modeled resistance their entire
trajectory as opposed to when crossing the treatment boundary. This motivated a direct comparison

between the gold-standard isotropic and homogenous porous media (PM) approach and the ground
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truth of the coil geometry obtained via Synchrotron puCT.

3.4.2 Coil Results

The heterogeneity of a true coil mass is one of the pitfalls of a volume defined by a single isotropic

and homogeneous PM. The approximation does capture the sharp redirection of flow caused by

a coil mass, as seen in the bulk flow. However, past that the model fails to captures the pockets

of blood within the coil and near the aneurysmal dome as seen in Fig. The dynamic path

of blood entering a coil mass may include wall and coil impingement, slow flow in tightly packed

regions, and free flow in pouches found throughout.

5mm

Figure 3.6: High-resolution Synchrotron X-ray
microtomography of coils deployed in flow phan-
toms are segmented and meshed with the patient’s

vasculature [§].

The higher untreated aneurysmal inflow is
matched by the very low RT the particles ex-
hibit when being quickly swept out by the in-
flow. The smoothness of the PM is apparent
by comparing the initial inflow to the greatly
reduced, yet stable and coherent, inflow of the
PM-treated simulation. The intra-aneurysmal
flow, much less chaotic now filled with the PM,
exhibits a good environment for platelet ac-
tivation. In reality, the jet impingement on
the coils of the resolved simulation indicates
disturbed flow begins immediately upon enter-
ing the treatment volume, unlike the artificially
smooth transition provided by the PM. The PM
model slows and diverts the flow in such an ex-
aggerated manner that it over-estimates the de-
crease in aneurysm flowrate for three of the four
cases, with only one showing the same reduction

for peak and time-average.

Fulerian metrics’ inability to capture the experience of platelets is most pronounced in coil-
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Table 3.1: The Eulerian and Lagrangian hemodynamic changes from pre- to post-treatment (all

values are percentages) of coil patient 1.

Porous Coil-

Media Resolved
RRT (s) 755.7  55.5-10°
Median RT | -75.0 -25.0
RT >3 s 224.0 3383.1

resolved cases. Relative residence time (RRT) shows an increase of 755% for PM and 55 - 10% for
coil-resolved simulation of one patient in Table The absurd increase is not representative of
the actual change and furthermore does nothing to characterize the flow away from the aneurysm
walls. This study echos the FDS study in that a decrease in median RT may be observed. Slower
post-treatment flow, that is in some cases also less chaotic, may quickly carry particles outside the

aneurysm which is now fully occupied.

Direct comparison of the two treatment models using Lagrangian metrics shows varying results.
RT outliers and SH outliers are identified in this study as the percentage of particles exceeding the
threshold of 3s and 3Pa-s respectively. The Median RT and SH along with other Eulerian metrics
are described by Chivukula and Marsh et al.[27].

The PM performance in predicting the outliers of RT and SH are shown in Table [3.2] for all four
patients. The PM over-estimated the reduction of RT outliers for three out of the four cases, which
is expected since the PM tended to over-predict the reduction of flowrate. PM matched the SH
outliers and Median SH change scores for the coil-resolved case of one patient. In another patient,
PM over-predicted each metric. The PM model, however, failed to predict the magnitude or sign

(increase/decrease) of these change scores for two patients.
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Table 3.2: The Lagrangian outlier variables compared for all four patients. All metrics are percent

changes between the pre- and post-treatment, either porous media (PM) or coil-resolved (CR).

Pt1 Pt2 Pt3 Pt4
PM CR PM CR PM CR PM CR
RT >3 s 224.0 3383.1 | 526.8 171.6 | 937.0  21.7 | 2014.6 112.3
SH >3 Pa-s | —39.7 =81 | —=34.7 65.7 | —=59.5 —52.7 | 6138.1 —7.1

3.4.8 Coil Discussion

This study has demonstrated that the PM grossly overestimates the dampening affects of the coil
embolization device when compared to the high-resolution coil-resolved simulations used as the
ground truth. Because of the artificial resistance provided by the PM, Eulerian metrics such as
flowrate into the aneurysm and relative residence time are predicted to be much higher than when
predicted by CR. The Lagrangian metric of RT was similarly over-predicted by the PM; however,
the homogeneous, isotropic PM was not even able to capture the direction of change (increase vs

decrease) for the SH of two out of four patients.

3.5 Conclusion

A Lagrangian approach to studying the hemodynamics of intracranial aneurysms before and after
treatment provides not only neck flow rate and shear on the vessel and aneurysmal walls, but also
the trajectory of platelets. This enables direct calculation of biomechanical stimuli that can induce
platelet activation. Two main variables, RT and SH, aid investigation into the probability that
platelets will initiate thrombosis in the sac. Examining a new metric defined by the outliers of
platelet RT and SH provides a simple, but powerful approximation of how much FDS treatment
affects platelet trajectories within the aneurysm, impacting the likelihood of adequate thrombus
formation for different patients’ anatomies (aneurysmal location, volume, and shape) and physiology
(flow rate and cardiac frequency).

The shear that platelets accumulate in a coiled aneurysm can vary greatly due to the complexity
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of the flow. Less dense areas of the coil mass can induce acceleration and deceleration which exposes
platelets to larger gradients of shear. The particles in a PM will experience a homogeneous resis-
tance and can smoothly enter the momentum sink with no true obstruction or abrupt redirection.
Therefore, the isotropic PM model cannot reproduce this flow caused by a gradient of porosities
of the coil mass nor accurately predict the true level of shear history which particles experience on

their intra-aneurysmal trajectories.
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Chapter 4

DISTINGUISHING HEMODYNAMIC EFFECTS BETWEEN FUSIFORM
AND SACCULAR ANEURYSMS TREATED WITH STENTS

In this chapter, saccular aneurysms, which are much more common in the intracranial vascula-
ture, are compared to fusiform aneurysms which are characterized by circumferential dilation of the
entire parent vessel. The aim is to determine if the anatomical differences are critical in determining
the hemodynamics at the aneurysmal neck and inside the sac and, thus, if the two morphologies
should be separated for study of the flow evolution, as was shown to be necessary with the two

dominant endovascular treatment types (stents vs coils).

4.1 Background and Motivation

Many IAs can be classified as saccular IAs (SIA) based on the balloon-like shape of the aneurysmal
dome, with an identifiable neck separating the aneurysm from the host parent vessel. A non-saccular
aneurysm, where the aneurysm affects the entire perimeter of the vessel wall, is referred to as a
fusiform TA (FTA).

A fusiform aneurysm is defined by a circumferential dilation of the vessel’s lumen [2]. While
the fusiform definition is clear, the decision to classify as a fusiform is up to the clinician. The
chosen FIA and SIA cases 1-3 are shown in Figure Two neurointerventionalists were asked
to define Case 1. One noted that from a radiological standpoint, a neck could be delineated with
enough certainty to classify the aneurysm as saccular. However, the other noted that the entire
segment was enlarged such that a clear aneurysm neck could not be defined therefore classifying it
as a fusiform. For this study, mild dilation of the vessel across a portion of the circumference was
considered sufficient to classify FIA 1 as fusiform, meaning all 360° of the lumen are considered to
be affected for some portion of the vessel wall, see FIA Case 1 in Fig.

According to some studies, FIAs are so infrequent that they occur in one out of every 33 IAs
[2, B5]. Due to this low incidence rate, FIAs have not been the subject of many studies to date.

Hemodynamics, treatment method, and the associated effect of treatment type on hemodynamic
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parameters within FIAs, all need further investigation.

The endovascular therapy at the focus of this study is the flow-diverting stent, which have been
thoroughly proven to reduce the rupture risk of SIAs by redirecting blood flow from entering the
aneurysm and, thus, inducing reendothelialization and blood stasis leading to a stable thrombus
[88]. As previously stated, the goal is to bring the intra-aneurysmal flow to stasis allowing a
formation of a thrombus that can fill the aneurysm and restore the wall shear stress along the
scaffolding to that of the original parent vessel prior to the pathological growth [54]. While the goal
of FIA treatment is the same with flow-diverting stents (FDS) which shows promising outcomes
[34] and studies showing that virtual treatments produce the desired flow-diverting effects exist
[98], there are no comparative studies of FIAs and SIAs confirming that the hemodynamic effects

of treatment are the same.

Computational fluid dynamics (CFD) and virtual treatment approaches provide a great oppor-
tunity to simulate blood flow and treatment effects without experimenting on individual patients in
the early stages of understanding, through first-in-man or clinical trials [I33]. Investigation of FTAs
can be carried out without requiring any extra procedure or inconvenience to the patient. These
simulations can be evaluated, and the resulting parameters analyzed to get information about the
hemodynamics. Additionally, computational analysis enables for the comparison of pathological
cases to their healthy counterparts, a healthy state virtually created by removing the aneurysm

from the parent vessel for both the FIAs and SIAs.

Therefore, this study focuses on analyzing the hemodynamics of three different pairs of patient-
specific FIAs and SIAs, paired by similarity in morphology and blood flow rate, to enhance the
current understanding of the hemodynamics in FIAs and to identify differences between FIAs and
SIAs in their untreated and treated states. An important part of this analysis is the effect of
treatment on the hemodynamics within the different IAs. Treatment effect is analyzed by virtually
deploying a single FDS in each of the six cases, with one pair of aneurysms treated with two
FDS. Hemodynamics are then compared between the treated and untreated cases, and between the

untreated pathological and the healthy condition.
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FIA

Figure 4.1: Visualization of the flow in every aneurysm in the cohort. First row: FIAs; Second row:

SIAs. A detailed view of each IA is provided, to give an overview of the different shapes.

4.2 Methods and Materials

4.2.1 Patient Cohort and Aneurysm Imaging

Six patients in total were enrolled in this study, three cases each of FTA and SIA, all occurring in
the Circle of Willis. Because FIAs are so rare, we were only able to obtain three with appropriate
imaging from a database of at least 300. Even with this database, not all cases are captured with the
same imaging technique. Case 1 aneurysms are located at the middle cerebral artery (MCA) and
are captured with three-dimensional digital subtraction angiography (3D DSA). Case 2 aneurysms
are located at the left vertebral artery (VA). Case 3 aneurysms are located on the basilar artery
(BA).

While the three pairs of cases, shown in Figure comprise different shapes and sizes, the
corresponding SIA was chosen from a large repository of cases, to match the (rare) FIA as closely
as possible. From the available database of 300 SIAs, the choice was made based on location within

the brain (MCA, VA, BA), location on the vessel, diameter of the vessel and flow rate, and size
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(aspect ratio, AR, and volume) in that order. It was impossible, however, to match exactly the

fusiform cases with saccular aneurysms from this large database.

4.2.2  Creation of the Healthy Counterpart and Treated Case

To allow for an overall population comparison, as well as a comparison within each case, the
hemodynamics in each IA are compared to the hemodynamics of the same patient within (1) the
treated vasculature, and (2) the healthy vasculature (aneurysm virtually removed from the parent
vessel). A change score, which is defined by the percent change calculated from the untreated
aneurysm to the modified versions, can be used for every case and allow for a direct comparison

between the response of SIAs and FIAs.

4.2.8 Vessel Reconstruction and Aneurysm Definition

To restore the parent vessel to its original anatomy, prior to aneurysm development, a healthy
version of each case is created. For this ideal parent vessel case, the aneurysm sac is manually
removed from the side of the parent artery, and the arterial wall is smoothed to match the sur-
rounding parent vessel surface. This is performed in Blender by an engineer and approved by a

neurointerventionalist [v2.82, Blender Foundation, Netherlands].

To perform an accurate analysis of hemodynamic parameters, the volume of the aneurysm sac
and the accompanying area of the dome are defined. The reconstruction of the healthy arterial wall
defines the edge of the aneurysm sac. First, the parent artery wall is expanded in all directions until
it is fully intersecting the aneurysmal sac, creating an enclosed volume and clearly separating it
from the parent vessel. The healthy vessel is then defined as the lumen volume that is separate from
the pathological volume. Finally, if any bifurcating arteries are coming from the aneurysm, they
are virtually removed and smoothed. The remaining domain, after subtracting the parent vessel
defines the aneurysm sac: its volume and the neck surface that encloses the aneurysmal volume

and, at the same time, overlaps with the parent vessel boundary.
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4.2.4  Virtual Stenting

A fast virtual stenting approach is applied allowing different stent configurations to be simulated
with short computational times. This practice allows for precise placement and position within the
vessel that will affect the flow in a realistic manner. See the blue stents in Fig. and refer to
[14] [45] for more details.

Four of the six aneurysms were treated by a single neurointerventionalist. For the remaining
aneurysms, the same interventionist determined the appropriate stent sizing for each case, and a
researcher carried out the virtual stenting using the same process. One technique used to treat
TAs endovascularly is dual stenting. To further investigate the effects on FIAs, a secondary stent
was deployed in STA/FIA 2 providing a comparison of a STA and a FIA under different treatment
conditions. The diameters of the parent vessels for SIA/FIA 2 (4.5mm/3.0mm) are typical of the
internal carotid artery and middle cerebral artery, where a majority of IAs occur [53]. Case 2 was

chosen for dual stenting because of these representative diameters.

4.2.5 Hemodynamic Simulation

Each case, FIA/STA 1-3, is analyzed for the pathological (P), treated (T), and healthy (H) con-
ditions. Overall, 18 single-stent and 2 dual-stent hemodynamic simulations are carried out within
this study to analyze the intra-aneurysmal flow within FIA /SIA. For the simulations, as well as for
the meshing, the fluent solver StarCCM+ (v2021.1, Siemens, Germany) is used. Walls are assumed
to be rigid and blood to be Newtonian with a density of 1055 kg/m?® and a viscosity of 0.004 Pa - s.
Boundary conditions are set at the inlets with a mass flow waveform based on the time-resolved
velocity measurements captured from a healthy patient and multiplied by the patient-specific inlet
cross sectional area. A flow split ratio creates the bifurcation outlet pressures, calculated with an

in-house flow split method [99].

4.2.6  Analysis
Stent and morphological analysis

Stent and vessel analysis are performed using VMTK (v1.3, vintk.org) to obtain centerlines and

radii, StarCCM+ and Matlab (R2022a, MathWorks Inc) to create envelopes of the stent and vessel
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volumes, and finally Matlab to process the data. The position and radius of the stent, aneurysm
with parent vessel, and healthy vessel are considered. Because stent lengthening or foreshortening
can be drastically dependent on vessel morphology, the stent expansion across the aneurysm is

considered only. This is normalized by the nominal diameter of the stent.

Hemodynamic analysis

Blood flow within each TA is analyzed using several hemodynamic parameters for all cases (FTA
SIA 1-3) under all conditions: pathological (P), treated (T), and healthy (H). We compare raw
values, as well as the treatment effect (TE) which is defined as the percent change for a given

metric.

TE = Tpost —rre 14 (4.1)

Lpre
Parameter values are qualitatively and quantitatively evaluated in EnSight (2019 R3, ANSYS
Inc.) and in Matlab. These metrics are separated into aneurysm dome wall parameters and
volumetric hemodynamics parameters.
Concerning the wall parameters, time-averaged wall shear stress (WSS) and oscillatory shear
index (OSI) are considered. These are commonly studied in IA rupture analysis[23] [126].

The WSS is the wall shear stress averaged over one cardiac cycle.

T
WSS = / WSS dt (4.2)
0

OSI, the fluctuation of wall shear stress over the cardiac cycle, is determined by the change in
orientation of the wall shear stress vectors and their magnitudes. OSI ranges from 0 - 0.5 where an

increasing value of OSI indicates a high velocity of fluctuation.

e wssa

0SI = =(1 W) (4.3)

2

The volumetric hemodynamic parameters of interest are time-averaged velocity, time-averaged
vorticity, and oscillatory velocity index (OVI); these have been defined in the literature for the

analysis of intra-aneurysmal blood flow [23], 127, [114].
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All hemodynamic parameters are calculated only within the aneurysm sac for FIA and SIA.
The related sac definition is described in section [4.2.3] Velocity and vorticity are averaged over
one cardiac cycle. OVTI indicates the fluctuation of the velocity vector (V) over one cardiac cycle.
Similar to OSI on the wall, the calculation of OVI within the dome is based on the change in

orientation of the velocity vectors and their magnitudes.

) vt
v

The effect of the aneurysm formation on blood flow is analyzed using energy loss (EL). Based

ovi=1a

> (4.4)

on the velocity, surface area, fluid density and static pressure, the energy (enthalpy) flux at the

inlets and outlets is calculated for each case.

1
E= AV(§pV2 + P) (4.5)

with: V = velocity, A = surface area of inlet or outlet, p = fluid density, P = static pressure
EL is estimated as the difference between the proximal (inlets) and distal (outlets) fluxes in the
parent vessel for each case. The resulting values of EL represents the difference in hemodynamics

observed between pathological (P), treated (T), and healthy (H) cases.

EL =Y Finets — Y, Bouttets (4.6)

EL has been correlated with outcome of stent-treated endovascular therapies [29].
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Figure 4.2: Aneurysm cohort depicting pathological aneurysm sac in red with stent treatment in
blue on top rows. Lower rows show healthy vasculature. The fusiform aneurysms occupy the top

two rows; saccular aneurysms are shown on the last two rows.
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4.3 Fast Virtual Stenting (FVS) Software Validation

The treatment of the TAs is simulated by virtually deploying stents, using an in-house code devel-

oped by Dr.-Ing. Laszlé Daréczy, and meshed along with the vasculature [13] [14] ?].

4.8.1 FVS Methods

A segmented surface of the parent vessel with the aneurysm is input into the fast virtual stenting
(FVS) software that defines the basic topology (parent vessel and aneurysmal sac). This allows for
an inlet and outlet to be defined so that, after voxelization of the domain, a centerline is created.
This centerline is optimized using a cylindrical coordinate system along with the physical constraints
of the vasculature and stent definition parameters (length, radius, tine radius, angle, and number
of wires). The cross-section is not forced to retain its circular shape, but rather the struts are
opposed onto the vessel wall independently (not all moving the same distance). (Fore)shortening
is predicted using the average radius of the elliptical shape.

To test this software, 9 IA patients were enrolled to test the effects of deploying this FVS
in various locations and types of aneurysms. Each patient had angiographic imaging, 3D DSA,
taken after treatment with a Derivo 2 flow-diverter embolization device (DED, Acandis, Pforzheim,
Germany). Five patients also had a flow phantom made of their vasculature that was subsequently
treated and imaged. This provided a deployed in-vivo measurement of the stents. MeVisLab
(v3.4.1, MeVis Medical Solutions AG, Bremen, Germany) allowed for segmentation of the patient
geometries using pre-treatment 3D DSA and post-treatment to obtain the in-vivo stent. Pt A
is shown in Fig. with the stent deployed inside the patient’s vasculature. Once segmented
and enveloped, the in-vivo stent along with the FVS stent were analyzed using Matlab (R2020b,
MathWorks Inc). The Acandis company also had a virtual stent deployment program, ANKYRAS,
which is included in the study for comparison. Fig. [£.4] includes both the FVS deployment for Pt
A and the ANKYRAS deployment of the Derivo2.

4.8.2 FVS Results

The 9 patients are designated a treatment which provides the given stent diameter and length; the

actual deployed diameter and length can be determined from the in-vivo data; the FVS will also
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Figure 4.3: Pt A’s medical imaging of the in-vivo stent that appears in silver with blue lines

indicating the proximal and distal landing sites.
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Figure 4.4: Pt A with a Derivo2 deployed using FVS (left) and ANKYRAS'’s software (right) with

redlines demarcating the in-vivo stent landing sites.

give the diameter and length for the virtual deployment. From these lengths, an accuracy score was
calculated for the FVS and Derivo deployments. These data appear in Table table:FVS. The FVS
had good agreement, less than [10%| error between the computed and real stents, with only 3 cases
having ~ |20%)| error with the in-vivo deployment length. ANKYRAS’s stent-specific software has
high error & —20% in only one patient, and generally good agreement for the rest. The average

accuracy score for the FVS is 11% while the average error for Derivo2 software is 8%.
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Table 4.1: Summary of 9 patients receiving FDS treatment with in-vivo data. Predictions of stent

length provided by in-house fast-virtual stenting (FVS) and manufacturer-provided FVS.

Derivo2 Deployed FVS % Derivo-FVS %

Stent  length (mm) length (mm) change length (mm) change

A 5.5x30 58.6 44.59 -24% 47.08 -20%
B 5x25 38.9 38.75 0% 39.71 2%
C 5x25 34.66 37.43 8% 37.84 9%
D 5x20 37.42 38.09 2% 43.04 15%
E 5x15 30.56 33.33 9% 32.21 5%
F 4x20 29.33 29.97 2% 32.6 11%
G 4x15 22.5 20.75 -8% 23.7 5%
H 4x15 22.48 25.49 13% 24.51 9%
I 3.5x15 19.85 20.26 2% 19.66 -1%

4.3.8 FVS Discussion

The first case, Pt A, provides a challenging case to both the FVS and ANKYRAS software. This
patient has a highly diseased vessel leading up to the aneurysm location, as shown in Figs. [£.3] and
One problem is that diseased vessels, such as with large dilations as seen in this patient, can
lead to inaccurate segmentations. In conjunction with the question of imaging, the large oscillations
in the diameter of the vessel, increasing and decreasing, was observed to cause inaccuracies in the
FSV deployment. The large under-prediction of stent length in this case is probably caused by an
inaccurate segmentation of the diseased vasculature, along with inaccurate compression of the stent
as the vessel diameter constricts and expands. Finally, the in-vivo stent in Fig. seems to be
constricted for some reason just past the proximal landing site, not inflating to its full diameter,
which increases the deployed length significantly. It is possible the segmented vessel geometry is
misrepresented by inaccuracies in the reconstructions and this caused, in full or in part, the disparity
between the virtual stent length and the in-vivo stent. The ANKYRAS software had similarly poor

results. That software worked on the same segmentation available, and therefore the stent could
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not be deployed from the correct location on the vessel, starting at the distal landing site.

Pt F had the largest stent expansion (just ahead of Pt A) with a change score of over 100% with
the 15mm stent deploying to a length of roughly 30mm, and FVS predicted the largest elongation
from the nominal length. This was due to a large stenosis distal to the aneurysm that is preceded by
high curvature in the parent vessel. Again, a large deviation is seen for the FVS when pathologies
other than the aneurysm are present. This stenosis may have been artificially enlarged by the
segmentation causing some of the over-prediction. The ANKYRAS software predicted this case
with better accuracy, perhaps due to a better STL or better understanding of how the specific
stent responds; the Derivo2 is known to have less foreshortening than the original Derivo.

On the opposite side of the spectrum, when the imaging of the vasculature and any surrounding
pathology is well captured by the segmentation, more accurate predictions of the stent deployment
are obtained, as in Pt E. This patient, shown in Fig. has high curvature in the ICA and a
large stenosis proximal to the aneurysm; however, when the distal landing site is matched with the
in-vivo stent, an error of only 2% was achieved in the simulated deployed length, compared to the in
vivo. This is superior to ANKYRAS’s prediction which used a different parent vessel segmentation,

and resulted in 15% error.

4.8.4 FVS Conclusion

Correct deployment of stents is crucial for a successful endovascular treatment but can be difficult in
irregular anatomies or difficult to reach locations. Unfortunately, this appears to be true for virtual
deployment as well. While the goal is to have FVS software for treatment planning, and to support
scientific studies to improve understanding of hemodynamics, like the one presented here, existing
software is only sufficiently accurate for healthy vessels with standard curvature. Aneurysms on
vessels exhibiting pathological diameter dilations or stenosis pose a problem for the deployment of
virtual stents, causing over-/under-prediction of the deployed stent length, particularly when the
vessel’s lumen, inner-diameter, is misrepresented.

This validation study brings to the forefront yet another important reason to validate and
standardize segmentation procedures. Without this, even the more evolved virtual stenting won’t

provide accurate results.
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Figure 4.5: Pt E, pictured above, presents many of the challenges of Pt F but instead provides a
more accurate segmentation for stent deployment such that the stenosis (brown circle) and large
changes in curvature or diameter (blue arrow) do not introduce high amounts of error for the FVS

software.

In conclusion, there are some certain limitations to FVS, but except for three cases (out of
ten), the software did comparably well or better than Acandis’s own software in the prediction of

flow-diverting stents in real aneurysm cases.

4.4 Results of the Comparison of Hemodynamics between FIA and STA

4.4.1  Morphology

Regardless of aspect ratio, SIAs typically exhibit a small neck when compared to the volume of
the dome or any other length-scale of the aneurysm vasculature. However, FIAs are, by definition,

circumferential meaning the neck area to aneurysm volume ratio is larger than for STAs. This means



99

Table 4.2: Morphological parameters of aneurysm volume and exposed stent area to illustrate the

differences between SIA and FIA

Case | Aneurysm Volume Stent Area Area/Volume
(mm?) (mm?) (1/mm)
FIA1 30.4 38.6 1.3
SIA1 33.2 7.84 0.2
FIA2 159 168 1.1
STA2 52.7 6.35 0.1
FIA3 920 656 0.7
SIA3 34.1 4.39 0.1

the flow has a better chance of filling an untreated fusiform aneurysm compared to a saccular
one, where an inflow jet that impinges on the aneurysmal dome wall is not uncommon. The

morphological data are presented in Table for the cohort.

4.4.2 Hemodynamics
Aneurysm dome wall parameters

First, the wall parameters are presented. Fig. shows the resulting WSS on the vessel surfaces
for the three FIA and SIA cases. The results are shown for each condition: first, pathological (P),
then treated (T), followed by healthy (H). The average WSS appears lower on the aneurysm dome
after treatment for FTA and STA. The healthy counterparts are subject to higher WSS for both
FIA and STA. The qualitative presentation of the OSI in Fig. indicates higher temporal changes
within the WSS for the pathological condition compared to the healthy condition. Only in STA 3
does the OSI increase with treatment.

The quantitative results strengthen the conclusion drawn from Fig. The change in WSS
from pathological to treated (P to T) is negative for all cases except FIA 1. The change of OSI in
each case from P to T reveals positive values for SIA 3, as previously stated, and, a minor increase

in FTIA 2. Remaining cases present a negative change from P to T revealing a reduction in OSI
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Figure 4.6: Resulting WSS on aneurysm surface for case 1 - 3 for pathological (P), treated (T) and
healthy (H). Aneurysm of interest circled for STA 3.
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with treatment.
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Figure 4.8: Resulting Treatment Effect (TE): The change in metrics from Pathological (P) to

Treated (T) of average WSS and OSI on the aneurysm surface for cases 1 - 3

Volume-weighted Hemodynamic Parameters

Fig. shows velocity streamlines and Fig. the OVI distribution within all the vessel models.
As directly observable for each case, the pathological condition comprises the highest OVI for all
cases. This decreases with treatment and is lowest within the healthy counterparts for each case.
Resulting EL for each case and condition is shown in Table [£.3] Highest EL values occur within
the treated cases. For all cases besides FIA 3 the EL is slightly higher within the healthy than the
pathological part.

The quantitative results of the mean values of velocity, vorticity, and OVI are shown in Fig.

Parameters are calculated in the aneurysm saccular volume, as described in section 4.2.3

Stent Treatment

Single Stent Hemodynamics
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Table 4.3: Resulting Energy Loss for each case and condition, Pathological, Treated, and Healthy,

in milliWatt

Case EL (mW)
P T H

FIA1 | 3.00 4.70 3.10
SIA1 | 490 9.50 5.00
FIA2 | 37.8 68.1 3.85
SIA2 | 11.0 16.5 11.2
FIA3 | 30.5 89.3 326
SIA3 | 440 5.30 0.36

The TE of velocity from P to T within the aneurysm parts is similar for SIA and FIA, being
slightly higher (5 - 30 %) for SIAs. A higher vorticity reduction with treatment is found in FIAs
than in SIAs, for cases 2 and 3. The OVI values are reduced with treatment for all cases except

FIA 2.
Stent Expansion

An expansion was calculated based on the deployed diameter compared to the nominal diameter,
using a simple percent difference as an accuracy score. The nominal diameter is the manufacturer’s
specification for the optimal vessel size the stent should be deployed in. The stent is chosen by
the neurosurgeon based on the aneurysm location and associated vessel size. The values of the
virtual expansions are summarized in Tab. along with the given diameter. Both the mean
and maximum expansion of the stent while crossing the aneurysm are considered. This is used to

compare cases since only Case 1 shares the exact FDS treatment size.
Dual Stent Hemodyanmics

For every metric except vorticity, the SIA’s treatment effect is larger than that of the FIA. The
secondary stent shows a marked improvement in both IAs; however, the flow of the FIA is still less
effected than that of the SIA as can be seen in Fig. and Fig. The SIAs show similar

results for the saccular aneurysms treated with two stents, although the FIAs do not follow the
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Figure 4.9: Streamlines showing average velocity within vessel models for case 1 - 3 for P, T and

H.
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Table 4.4: The expansion (when > 1, else contraction) of the stent’s diameter past the commercially-

prescribed diameter.

Case | Given Max Mean
Diameter (mm) || Expansion Expansion
FIA1 | 2.25 1.04 0.91
SIA1 | 2.25 0.91 0.82
FIA2 | 3.00 1.22 0.87
SIA2 | 4.50 1.03 0.58
FIA3 | 7.00 1.03 0.80
SIA3 | 4.00 0.83 0.72

trend seen by Chong [2§].



66

OVI
Case 1 Case 2 Case 3
S ‘
' "'o\ 'i
FIA p ~ I £
e 3 i &7
Pathological - i
[ |
y S 4 SN
SIA W N\ ol ‘ :
A L J . &=
Nl =

FIA | ) . ”

Treated
2 |
y '{ o
» \ : "é S q
FIA ‘&»
§
Healthy &
V|
| S\ N
SIA 7 N '

Figure 4.10: Resulting OVI > 0.1 within vessel models for case 1 - 3 for P, T and H.
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Figure 4.11: Resulting Treatment Effect (TE) from pathological (P) to treated (T) of mean vorticity,

mean OVI, and mean velocity inside aneurysm for case 1 - 3
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Figure 4.12: Resulting treatment effect (TE) from pathological (P) to double treated (Td) of WSS

and OSI on aneurysm surface for case 2
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Figure 4.13: Resulting treatment effect (TE) from pathological (P) to double treated (Td) of mean

velocity, mean vorticity and mean OVT inside aneurysm for case 2
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4.5 Discussion

Treated IAs generally see reductions of all five hemodynamic metrics of interest studied in this work
(see Section[2.3)). Certain cases do not follow this trend. SIA 3 shows a strong increase of OSI which
occurs at the apex of the aneurysm dome where the already low WSS may be changing direction
based on minor deviations (see the streamlines in Fig. in the flow throughout the cardiac cycle.
FIA 1 has an increase of WSS which appears to be a direct result of the flow being diverted away
from the treated vessel branch, and secondarily being diverted away from the aneurysmal apex,
where WSS is minimum. However, because of the nature of fusiform aneurysms, this change to the
treated vessel/aneurysmal sac WSS could be significant for fusiform aneurysm growth. FIA 2, like
SIA 3, is subject to an increase in OSI. Again, this post-treatment increase of an oscillatory index
appears in a low-velocity region and also seems to coincide with a high-OSI surface in the treated
case. Interestingly, FIA 2 has one of the largest reductions in vorticity. Although when a second
stent is placed, the vorticity reduction is less noticeable, and the increase in OVI is diminished, the

increase in OSI is as strong with a second stent as with the first.

The treatment increases EL drastically. This indicates that due to treatment, energy flux is
dissipated by small scale fluctuations in the flow. Without treatment to induce small scale velocity
fluctuations that greatly contribute to dissipation, flow in the parent vessel and aneurysm dissipate
very small (insignificant) amounts of energy (it is at high but not turbulent Reynolds numbers),
and thus EL differences between the pathological and healthy cases are negligible. The effect of

treatment on EL, however, is equally appreciable and important for FIA and SIA.

The virtual stent analysis shows an increased deployed diameter past the nominal diameter for
all fusiform cases. For example, the stent for FIA 2 expands past its nominal diameter of 3mm to
3.64mm while crossing the aneurysm. Based on the presented change scores, this gives an expansion
of 1.22. The analogue STA 2’s 4.5mm stent expands to the nominal diameter of 4.64mm which is
considered a 1.03 expansion. The mean values follow a similar trend for all cases where the stent
expansion is greater across the entire fusiform aneurysm than the saccular counterparts. The ability
of the stent to freely expand circumferentially in the fusiform aneurysms lends itself to this greater
maximum and mean expansion. Since the stent area and length for FIAs are substantially large

(see Tab. |4.2) one outcome of over-expansion, even just within the aneurysm, is foreshortening;
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however, a greater concern is that the porosity would be increased allowing more flow into the
aneurysm.

While dual stenting produces greater reduction (except for OSI) in hemodynamic metrics for
both types of aneurysms, FIAs seem to be affected less by the second overlapping stent than STAs.
This, paired with the expansion seen in FIAs, means the porosity, even of a dual-stent may not be
sufficient in some FIA cases. Because of the large over-expansion for FIA 2 (max expansion > 1),
the second stent could expand up to this size as well, giving an equally high-porosity result of the

flow-diversion.
4.6 Conclusion

Many morphological differences exist between more common SIAs and rare FIAs. However, when
treated with a single flow-diverting stent, there were no discernable trends in the changes in hemody-
namics between these two categories of IAs. Though following treatment with a second overlapping
stent, an interesting lack of response for WSS and velocity occurred for the dual-stented FIA Case
2, with an increase for vorticity and OSI (only OVI decreasing), whereas for the dual-stented STA
Case 2 showed significant decreases in all variables.

Fusiform aneurysms have no definable neck and affect the entirety of the vessel’s perimeter.
Because of this, close attention should be paid to stenting techniques when treating FIAs. The
large expansion of the stent into the aneurysm sac, which provides a large surface to divert flow, is
only helpful if the porosity is low. Since this larger surface area of the stent crossing the aneurysm
neck isn’t intrinsically helpful unless the stent tine surface area (porosity) increases, dual stenting
or telescoping may not provide adequate treatment for increased flow diversion. Therefore, packing
(a tequnique of compressing the stent to decrease the porosity) may be the most desirable advanced
stenting technique for fusiform aneurysms that require greater hemodynamics effects to slow down

flow and promote stable thrombus and aneurysmal healing.
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Chapter 5

A NEW BILINEAR POROUS MEDIA METHOD FOR MODELING COIL
EMBOLIZATION DEVICES

As described in Chapter [3] the standard porous medium approach, homogeneous and isotropic,
used in the literature for the last two decades to model the effect of the coil mass, resulting from
coil embolization endovascular therapy, on the hemodynamics in the aneurysmal sac does not
accurately capture the effects of the treatment on the hemodynamics[27, [118]. Motivated by this
deficiency of the state of the art in modeling coiled aneurysm hemodynamics, this thesis reports
on an investigation into a more sophisticated model that can capture the impact of the coil mass’s
spatial distribution and orientation inside the aneurysmal sac. The model is derived from the
detailed knowledge of the coil mass structure after deployment in the aneurysmal sac obtained from
synchrotron microCT of aneurysmal silicone phantoms built to match patient-specific anatomy and
treated by a neurosurgeon with the exact same coils, in type, number and order of deployment, as
the patient for which the intracranial vasculature is reproduced in the phantom. This effort aims at
determining the advanced coil-mass model viability in the clinical application of CFD. To provide
a ground truth and elucidate the accuracy of the two coil models (standard and novel developed in
the Multiphase and Cardiovascular Flows lab by former PhD student Julia Romero-Bhathal [95],
coil-resolved reconstructions of the actual treated aneurysms are segmented from the microCT,
placed in the aneurysmal sac by a co-registration of the segmented coil and parent vessel images,
and the flow in this complex domain is simulated using very high spatial resolution mesh (typically
10-20 Million cells). The flow in the aneurysmal sac simulating coil treatment with the standard
porous medium approximation is also calculated, as well as the flow in the aneurysmal sac before
treatment. This wealth of simulation data allows this thesis to compare the change in hemodynamics
between the treated case (represented in the simulations with any of the models described) and
the baseline pretreatment. This hemodynamics alteration by the coil-mass treatment, against the

pre-treatment flow, is the most meaningful metrics to discern the advantages of the two models and
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their accuracy to make predictions that can then be validated clinically and added to the surgical

planning workflow.
5.1 Background and Motivation

While the state-of-the-art for modeling coils deployed in an intracranial aneurysm is a isotropic,
homogeneous porous medium (PM) described in detail and implemented in a higher cohort of pa-
tients in Chapters[2|and |3 the work presented in the previous chapters of this thesis has established
that this PM does not predict accurately the intrasaccular hemodynamics resulting from coil treat-
ment. Observation of MicroCT coil masses show the porosity is larger at the neck than in the core,
meaning the standard porous media is averaging out this effect.

As discussed in the Introduction of this thesis, to create a CFD-based tool that achieves success-
ful prediction of treatment outcomes and support clinical decision-making, there is a strong need
for a more sophisticated model for coil embolization that captures the directionality of the coils
and the inhomogeneity with which they fill the aneurysmal sac volumes. This chapter presents the
implementation of a novel bilinear porous media (PM) to a large cohort of patients, and compares
the results of the hemodynamics simulated with this novel model, against the changes introduced
by the actual coil-resolved mass, and against those caused by the standard porous medium model.

The characteristics of the novel porous model, created by Dr. Romero-Bhathal during her PhD
thesis in the Multiphase and Cardiovascular Flows lab at the University of Washington [95], only
require the coil and aneurysm volumes, as well as the coil diameters to be computed. Therefore,
the model can be easily implemented for patients without any knowledge of the coil structure
after deployment in the aneurysmal sac. This is critical for the translation of the methodology
developed, as in clinical practice, there would not be a possibility of obtaining synchrotron imaging,
while the medical imaging of the patient, post treatment, is not reliable and cannot be used to
reconstruct the coils as the resolution is not sufficient and beam hardening artifacts make the
reconstruction of the coils, even at low resolution, highly inaccurate. Specifically, coil-resolved
simulations can never be implemented in vivo, as the coil can only be resolved with micro-CT
techniques that are incompatible with the radiation exposure limits imposed on humans, or even
in animals. Furthermore, applying the flow resistance caused by the coils through a single equation

representing a momentum sink inside the volume of the aneurysm allows for the quick simulation
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of blood flow in the treated aneurysm. This is in stark contrast to the extensive computational
resources needed to perform simulations with the coil-resolved reconstruction of the coil mass inside
aneurysms. As barriers to carry out this research, coil-resolved simulations require many hours to
set up and tens or hundreds of hours of CPU time in a large distributed memory computer to
run, making them impractical in applications that aspire to be translational and have an impact
on clinical workflow. While the high resolution in space and time enabled by the synchrotron
micro-CT reconstruction of the coils provides the highest level of detail in the hemodynamics
simulation, the segmentation, meshing, run time, and post-processing require significant resources
and researcher’s time, which makes extracting the key features of the coil mass from the coil-
resolved simulations from a large cohort of in vitro cases very valuable for both translational and
basic research approaches.

Dr. Romero Bhathal [95] created a hierarchy of porous models as part of her thesis, where
the bilinear model is the simplest and still takes into account the heterogeneity and anisotropy
of the coil mass by considering several ”crowns” or thin ellipsoids that surround the core of the
dome volume, where the coil mass has homogeneous and isotropic properties. The porosity in
these crowns can be modeled as a linear function of distance from the wall (where the coil volume
fraction is minimum). With the transition to the uniform porosity in the dome core region, this coil
structure can be modeled, to a first approximation, as a bi-linear function of porosity that enables
a simple, coil mass distribution-informed new PM model, simulation of the flow along the dome
wall region (modeled by the high porosity crowns) and inside the dome core. From these crowns

and core, the two parameters in a porous medium model can be defined: % = K and Cs.

5.2 Methodology

The development and initial implementation of the bilinear model for coiled intracranial aneurysms

was presented in detail by Romero-Bhathal in her PhD thesis [95].

5.2.1 Discretizing the Aneurysm

The aneurysmal sac, defined as the volume delimited by the aneurysmal dome wall and the neck
surface, is approximated by an ellipsoid to compute the major and minor axes (al, a2/a3). Both al

and a3 are used to calculate the volume of the ellipsoid. This estimation represents the aneurysmal
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volume in calculating the properties of the bilinear model. Eight crowns, with a thickness of
0.0625mm (0.25 times the diameter of the coils), are used to represent the dome wall region in
the aneurysmal volume. These crowns distinguish between the core region of the aneurysm, where
the coil mass is homogenous, and the dome wall where the coils are apposed on the aneurysmal
wall, resulting in only fractional filling of the near-wall volume and in a porosity that decays as a
function of distance to the dome wall (with the slope of the porosity linear function controlled by

the thickness and number of crowns within the model).

5.2.2  Defining the Bilinear Coefficients

The packing density, the complement of poros-

ity ¢ = 1—PD, is used to select the coils used in
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using the ellipsoidal approximation to the aneurysm volume model to complete the calculation.

This profile can be observed in Fig. [5.2.1] K, the inverse of the viscous resistance coefficient, is
defined for PM in Eq. but for bilinear is defined as:

2

&= e ma -0 - ) 6.1)

where r is the radius of the major axis of the ellipsoid approximation and ¢ is the porosity. This

relationship, established by Boutin [16], is used to simulate the permeability to perpendicular flow

through cylindrical bundles.
The inertial resistance, or form factor Cs, is calculated by the bilinear model in a similar manner,

at each region and is a function of both porosity and permeability.

Cy = ;w)(g“ 6P (5.2)

Once K and Cy have been calculated at each crown and in the aneurysmal volume core, the
overall bilinear approximation to K and C5 can be computed to model the effect of the coil mass
deployed in the hemodynamics inside the aneurysms. To understand the capability of this novel
translational model to assess the impact of the coil treatment on the hemodynamics, the novel
bilinear model is implemented in Fluent using the calculated inertial and viscous factors to input
into the porous medium module in the equations of motion and simulate the flow .

The porosity, K, and C5 values are all that is prescribed in Fluent for either the PM or BL
models. Rather than by physically representing several crowns and a core, each with their own
K and (9, the BL values are calculated as a summation of the crowns and core as shown in the

equations below.

N
Kpp =) [iKi+ f.K. (5.3)
1
N
fi fc )
Cs,, = 5.4
2BL (; \/@ + \/@) ( )

The volume fraction is denoted by f, and the i*" represents each crown whereas the ¢ index
represents the core or bulk of the coil mass. This is how the BL model takes into account the

heterogeneity of the coil mass while still being a porous media model.
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5.2.3 Patient Cohort

In this study, 5 aneurysms were studied using the standard PM model, the bilinear PM model, and
the coil-resolved segmentations. Four were located on the internal carotid artery, and one was on
the basilar artery. The boundary conditions used were the same as those employed in Chapter [2]

and Bl

5.2.4  Analysis

Here, two Eulerian metrics are considered: average velocity within the aneurysm volume and wall
shear stress on the dome surface. As Lagrangian metrics, Residence time (RT) and shear history

(SH) are used; additionally, the SH:RT ratio from Chapter [3|is analyzed in this study.

FEulerian

When considering the Eulerian metrics of velocity in the sac and wall shear stress on the dome,
there are many ways to compare the cases. A direct point-to-point comparison with CR simulations
and other treatment models or pre-treatment simulations is not possible due to the geometry of
coils reconstructed inside the original flow domain for the synchrotron coil-resolved while the coils
are not reconstructed in the porous medium models. Since a full-domain point-to-point comparison
is not possible, average values, computed in certain regions can be employed. Thin-crown ellipsoidal
regions can be used. However, the desired goal is to have a model that can accurately predict the
flow throughout the entire domain for all given metrics. Therefore, the average throughout the
aneurysmal domain is used to compute the accuracy of the models, against the gold-standard CR

simulations.

Lagrangian

For the Lagrangian metrics, the same combination of shear history (SH) and residence time (RT)
shown in Chapter [3| is employed. In this chapter, the values of RT or SH corresponding to the
95" percentile of the pre-treatment statistics are used to threshold the particle data in the post-
treatment statistics. The percentage change of particle above those thresholds minus the 5% of

particles above those values in the pre-treatment is the metric used to compare the cases. These
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RT and SH metrics are computed accounting for particles that enter the aneurysm anytime during

the 10 cardiac cycles simulated.

Considering the outliers defined by a high percentile (95%) allows the analysis to focus on the
extreme behavior of platelets that will be a trigger for thrombosis. This RT or SH value is used
to calculate what percentage of platelets have their residence time or shear exposure significantly
increase above that physiologically meaningful value by the treatment. Therefore, if > 5% of
platelets exceed the threshold value (corresponding to the 95" percentile in the pre-treatment
case), indicates that the treatment has induced an increase in that Lagrangian metric (RT, SH or
RT/SH), and the magnitude of that effect can be associated to the value of that percentage above
the baseline (5%).

A percent change or change score is then calculated for each of the post-treatment scenarios
based on the pre-treatment baselines for RT and SH. This represents the amount that the treat-
ment has affected the Lagrangian hemodynamics, and comparing the different model predictions
to the coil-resolved gold standard will shed light on the accuracy of the models for hemodynamics

computations.

5.3 Results

5.8.1 Porous Media Modeling Coefficients

The porosity, used by both PM models, and the corresponding viscous and inertial factors are
presented in Table A range of porosities are present in the study, spanning from 0.87 and to
0.71, near the clinical target maximum. Excluding Pt4, the K values in all cases increased when
using the bilinear model . However, the Cs values had no clear trend between the standard and
the novel bilinear porous medium models, increasing or decreasing throughout the cohort. These
changes are caused by the consideration of the crown and core of each aneurysm for the BL model.
The implementation of Eqs and create the differences in the K and Cs values from the PM
to the BL model.
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Table 5.1: For all 5 cases, the porosity and calculated viscous, 1/K, and inertial, Co, factors are

given for the standard porous media (PM) and bilinear (BL) PM.

Standard PM Bilinear
Pt Porosity 1/K Cy 1/K Cy
1 0.78 5.40E+07 337.7 | 1.76E4+07 100.9
2 0.74 5.96E+07 396.5 | 4.77E4+07 607.2
3 0.76 6.37TE4+07 357.5 | 3.14E+07 288.4
4 0.87 1.38E4-07 199.9 | 1.656E4+07 84.5
5 0.72 1.11E408 4284 | 4.22E+07 500.3

5.3.2 FEulerian Metrics

Two Eulerian metrics were extracted from the aneurysm dome at systole (the instant of peak
flow rate value within the cardiac cycle). Aneurysm velocity was volume-averaged inside the sac,
while the wall shear stress (WSS) was surface-averaged over the dome’s surface. The metrics of
the standard PM and of the bilinear (BL) PM are compared to the CR, providing a measure of
accuracy of the two models against the gold standard hemodynamics provided by the coil-resolved
simulations. Velocity data is shown in Table and WSS data in Table

The standard porous model overpredicts the flow dampening effect of the coils for all cases,
except Pt4, as shown in the comparison of the average velocity against the CR. Similarly, reduction
in WSS is consistently overpredicted by the standard PM, for all cases. This result is expected
from the characteristics of the standard porous medium model, and was described in Chapter

Since the FEulerian metrics of velocity and WSS, averaged throughout the aneurysmal domain,
are standard for investigating flow in an aneurysm, domain-averaged metrics are presented in Tables
and for all three coil reconstructions, along with the error between the two porous medium
models and the gold-standard CR simulations. The average absolute error of the BL model is 18%
for average velocity and 12% for WSS, compared to the 26% and 22% error of the standard PM
model.

For the two aneurysms located at a bifurcation, patients 3 and 4, an interesting trend arises.



79

Table 5.2: Maximum average velocity within the aneurysm dome for the 3 virtual treatment re-

constructions: standard porous media (PM), bilinear (BL) PM, and coil-resolved (CR), with the

deviation from the gold-standard CR for each of the two simplified models.

Pt PM (m/s)

1

2
3
4
5

0.042
0.013
0.085
0.133
0.024

BL (m/s)

0.080
0.014
0.117
0.082
0.040

CR (m/s)
0.067
0.015
0.086
0.091
0.034

Table 5.3: Maximum average wall shear stress (WSS) on the aneurysm dome for the 3 virtual

treatment reconstructions: standard porous media (PM), bilinear (BL) PM, and coil-resolved (CR),

with the deviation from the gold-standard CR for each of the two simplified models.

Pt PM (Pa)

1

(1 S N U )

1.14
0.28
2.05
2.56
0.45

BL (Pa)

1.83
0.34
2.73
1.80
0.67

CR (Pa)
1.56
0.36
2.68
2.65
0.69
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For Pt3, the PM predicts aneurysmal velocity better, while BL predicts WSS better. Conversely,
for Pt4, the BL predicts velocity better, with PM predicts WSS better. The better model has an
error of less than 10%, while the other model has an error between 32-47%. This may indicate
the limitations of any porous medium model, whether PM or BL, to consistently predict Eulerian
metrics for inertial-driven flows that are not primarily tangential to the neck. While there was no
strong correlation with BL performance and physiological inflow, it’s interesting to note that Pt3
and 4 (along with Pt1) had some of the highest flowrates with a systolic Re between 129 and 165
(the time-averaged Re is between 70 and 93). Pt2 and 5 experienced the lowest flowrates with a

systolic Re of 82 and 93 respectively (time-averaged Re is 32 and 36).

5.3.8 Lagrangian Metrics

Typically, the 95" percentile of RT will always increase significantly with treatment as shown for
most patients in Table However, SH may decrease with lower velocities in the aneurysm or
increase due to higher small-scale gradients caused by the slowdown of flow along the regions where
the coils accumulate, but not in the gaps between deployed coils, leading to a high exposure to
shear stress throughout the platelet’s trajectory. This inconsistent behavior can be seen in Table

The ratio of SH to RT is a metric proposed to combine information from the two primary La-
grangian markers used in this work. Whereas in Fig. the SH:RT is calculated as the percentage

9" percentile of each variable for the best visual representation, in

of platelets exceeding the 99.
this chapter, the 95" percentile for each RT and SH are used and then the ratio is computed and
shown in the plots. Furthermore, the three post-treatment simulations are considered as shown
in Fig. 5.2l The ratio for pre-treatment is always 1 because the 95" percentile of both SH and
RT are considered, therefore the percentage of particles greater than these percentiles in the pre-
treatment are both 5%. Then, the percentage of platelets with SH above the pre-treatment 95%
threshold value and percentage of platelets with RT above the pre-treatment 95% threshold value

are calculated, before computing the ratio and the percent change caused by the treatment.

As with the Eurlerian results, the CR provides the ground truth from which the accuracy of
the two porous models can be computed. Table shows the SH:RT percent change values of the
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Figure 5.2: All platelets entering Patient 5 are represented in the scatter plot for the standard

porous medium, the bilinear porous media, and the coil-resolved simulation.

three cases along with the error produced by the two models. While the average absolute error of
the two models is almost equal, the BL model outperformed the PM in 4 out of the 5 cases. The

standard PM outperformed the BL for the remaining case, which is described in detail below.

5.83.4  Improvement of the Bilinear Model

When comparing the errors produced by the PM and BL model (the lavender columns) in Tables
-[5.6] if the BL error is considered the actual error from the CR and the PM is treated as the
observed /expected value, then a second calculation can be performed between the two errors using
the change score from previous chapters (Eq. . This new difference between the error of the
BL and error of the PM provides a way to gauge the improvement of the BL over the PM with a
positive indicating an improvement and a negative being an underperformance. With every metric,
the BL has at least one negative percent change. However, the average percent change for WSS
was 546 which is the largest improvement of any metric. The BL also did better predicting velocity
with an average score of 107. BL’s average score for RT and SH were better individually at 80 and

52 respectively with the average improvement for the SH:RT metric being only 32.
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Table 5.4: Residence Time (RT) is thresholded at the value for 95th percentile of the pre-treatment
and compared to the post-treatment to create a change score for the 3 virtual treatment recon-
structions: standard PM, bilinear (BL) PM, and coil-resolved (CR), with the deviation from the

gold-standard CR for each of the two simplified models.

Pt PM BL CR
1 974% 358% 68%
2 21% 141% 4552%
3 -41% -40% -65%
4 38% 61% 88%
5 281% 175% 69%

Table 5.5: Shear history (SH) is thresholded at the value for the 95th percentile of the pre-treatment
and compared to the post-treatment to create a change score for the 3 virtual treatment recon-
structions: standard PM, bilinear (BL) PM, and coil-resolved (CR), with the deviation from the

gold-standard CR for each of the two simplified models.

Pt PM BL CR
1 -80% -54% -76%
2 20% -87% 40%
3 -96% -88% -86%
4 -96% -93% -37%
5 -92% -87% -33%
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Table 5.6: The SH:RT metric is built by thresholding the RT and SH at the value for the 95th
percentile of the pretreatment value. It is presented here for each of the 3 virtual treatment
reconstructions: standard PM, bilinear (BL) PM, and coil-resolved (CR), with the deviation from

the gold-standard CR for each of the two simplified models.

Pt PM BL CR
1 -98% -90% -86%
2 1% -94% -40%
3 -91% -80% -60%
4 9% -95% -66%
5 -98% -95% -60%

5.8.5 Case-specific Performance
Pt1

Looking at Table 5.1, the resistance values have the largest change between the PM and the CR.
This could be due to an overestimation of the aneurysm’s ellipsoidal volume. Given Eq. [5.1] an
exagerated ellipsoidal radius could give a drastically lower 1/K based on the volume increase and
porosity. For Cs, recall that in the PM model, the value is calculated based on empirical evidence
and is a function of 1 — ¢. Therefore, based on the 1/K value, the slope for the line of BL C5 could
be greater than or less than that of the PM. Following Eq. a lower 1/K changes the slope of
the parabola in a similar manner such that Cy would also decrease for a given porosity. However,
the decrease seen here isn’t universal.

While the standard PM tends to overpredict reductions in flow and WSS, as in this case, the BL
model underpredicted these reductions. The effect of treatment predicted by the two PM have the
same porosity, so it follows that the flow would experience less dampening within the BL: simulation
since the resistance coefficients in this model are lower. This follows directly for not only velocity
but also the WSS on the aneurysm dome wall. For the Lagrangian metrics, the SH:RT ratio is
better predicted by the BL model as is the change in RT.
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Figure 5.3: Patient 2 with the fully-resolved coil deployed.

Pt2

This case exhibited the worst ellipsoidal volume approximation, with roughly 300mm? versus a
true volume of 193mm3. The bilinear model produced an artificially low 1/K, related to the 50%
error in volume. However, the Cs values see a drastic increase for the given porosity. Yet the
overdampening caused by the standard model is still improved on, at least partially, by the BL
model. This is seen by the lower error of the BL for the Eulerian metrics. However, this patient
was the only case in which the BL had a higher error for the SH:RT ratio. The standard model
(PM) also produced a high error, predicting almost no change in SH:RT with treatment, which is
abnormal. Yet, the PM model was able to replicate the increase in SH seen on the CR ground truth,
while the BL model predicted a significant decrease. Potentially, it is this overestimation of the PM
coefficients, combined with the asymmetrical packing of Pt2 as shown in Fig. that caused the
poor result of the BLL model for the high platelet SH. The coil is tightly packed in one region but
leaves a fully clear bleb where platelets might accelerate and greatly increase shear as they enter
and exit different lightly coiled regions. This asymmetric packing is not taken into account by the

BL model.
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Figure 5.4: Patient 3’s parent vessel (left) and aneurysm with the fully-resolved coil deployed
(right).

pt3

Patient 3’s aneurysm had the smallest volume of the cohort, but the error of both models on most
metrics, versus the gold-standard CR results, was almost 40%. This could be due to the fact that,
like Pt2, the aneurysm exhibits blebs, shown in Fig. that are not filled by the coils. This
aneurysm is at a bifurcation which results in higher degree of impinging flow than is experienced
by sidewall aneurysms. Furthermore, this case had one of the largest protrusions of a coil into
the parent vessel, which created a larger, distended neck and aneurysm volume. This overlapping
region where the coil impinges in the parent vessel may explain the high error of the BL in the
prediction of the average velocity in the aneurysm volume.

The higher PM coefficients may have effectively dampened the inflow in this region, but the
BL values were unable to slow the flow sufficiently near the parent vessel/aneurysm neck, and
throughout the aneurysm volume. However, this case had the best BL prediction for dome WSS.

BL also did moderately well in the prediction of Lagrangian metrics, including SH.

Py

This aneurysm had the largest volume, best ellipsoid prediction of the sac volume (1% error), and

highest porosity of the cohort. It was located on a bifurcating branch.
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Figure 5.5: Patient 4 has a wide-necked basilar tip aneurysm (left) which is compacted primarily

near the apex of the dome (right).

While BL outperformed the standard PM model in predicting velocity for this case, it was WSS
that was not well predicted for this basilar tip aneurysm. As can be seen in Fig. coils are

packed mostly near the apex of the dome with high porosity near the neck region.

Since the coil structure in this patient goes against the high porosity of the outermost crowns,
it explains the difficulty of the BL in predicting dome surface-averaged WSS. The BL did only
marginally better at simulating the SH:RT ratio, but had much better accuracy for the standard
PM for RT. Both PM models did equally poorly on the SH statistics.

Pt5

This aneurysm exhibited the smallest porosity of the cohort, ¢ = 0.715. Similar to Pt1, the BL’s K
value was greatly reduced from the standard PM, again, due to an overestimation of the ellipsoidal

volume. This aneurysm had the second largest ellipsoidal volume.

This large underestimation in the viscous coefficient means that slower flow within the treated
aneurysm did not meet as much resistance in the BL case and contributed to the erroneously high
velocities predicted by the BL, as opposed to more accurate predictions from the PM. However, the
BL still outperformed the standard PM in both Eulerian metrics. Pt5 had the same trend as Pt4
for the Lagrangian metrics: the BL model was marginally better on the SH:RT, with significantly

lower error for the RT metric but only marginal improvement in the SH metrics.
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5.4 Discussion

The bilinear porous medium model has previously been shown to improve computation, with more
accurate velocity, when compared to the standard PM [95]. This chapter further shows the im-
provement of the BL’s model simulations, with respect to the velocity, and introduces the enhanced
ability of the model to capture WSS changes due to endovascular coiling treatment, as well as the

treatment effect on platelets, particularly on their RT.

The average velocity in the aneurysmal sac is helpful to quantify the volumetric effect of the
coils, better captured by the BL model. The volume-averaging over the entire aneurysm domain
may blur certain important features of the flow, as captured by the CR simulations. However, for
comparison with the models, this metric was robust and useful. The overall good agreement of the
BL with CR in terms of velocity was shown in Romero-Bhathal’s seminal work with two patients
[06] and eight patients [95] and is here extended to five more patients, out of which four cases

outperform the PM for velocity, WSS, and SH:RT.

Similarly, WSS aids in establishing the accuracy of the two porous medium models against the
CR simulations. Furthermore, WSS is an extremely common metric used in studying atheroscle-
rosis and plaque formation due to endothelium dysfunction, and it has been extended to cerebral
aneurysm growth and rupture [I06]. Because the coils do not occupy any significant volume near
the aneurysm dome wall in the coil-resolved simulations, WSS suffers less than velocity in terms
of washing out distinct features captured in the CR simulations. However, there is still some local
effects on WSS when the coils do come near the aneurysm dome wall. Velocity can be averaged
throughout the entire aneurysm volume, while there is no flow on the volume occupied by the
coils in the CR simulations; with WSS, the metric can be averaged over the dome wall surface,
defined identically for all three simulations. The fairly consistent overprediction of the WSS re-
duction by the standard PM in all models confirms Chivukula’s recent study of standard PM and
coil-resolved simulations that also shows the artificial dampening of the flow by the PM [27], which
is outperformed by the BL model in four out of the five patients.

RT has been directly associated with platelet activation, making it an exceedingly important
metric in studies of thrombus initiation inside treated aneurysms, and for the prediction of treatment

outcomes [27, 63]. While RT does not capture recirculation or brief stagnation, it nevertheless
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gives great insights into long term stagnation in regions of the aneurysm, and its effect on platelet
trajectories. Particularly, since it has been shown in Chapter [3] that the standard PM exaggerates
flow dampening and therefore overestimates RT variables, it was not then surprising that the BL
model outperforms the standard PM in these metrics, since the heterogeneity of the coil mass
deployed inside the aneurysmal sac is now taken into account, slightly correcting the excessive
dampening in the PM-predicted hemodynamics. This artificial over-dampening is similarly evident
in Chivukula’s study of four patients where the median and outlying RT were compared for PM
and CR simulations [27].

SH is an interesting metric as it may increase or decrease from pre-treatment but is never in
the range that triggers high-shear platelet activation. However, low-shear and shear-gradients have
been shown to activate platelets too [78] [122], hence the shear stress accumulation is considered.
While the BL outperformed the standard model in three out of five models in the calculation of
SH statistics, it is clear that the PM model has trouble in certain instances to simulate flow over
a complex device, and therefore computing the correct shear exposure along trajectories. The
SH:RT ratio allows for the consideration of the two main Lagrangian metrics as a single Lagrangian
metric, breaking the trend of the increase or decrease in SH over the increase in RT. Chivukula
demonstrated this shortcoming of the standard PM [27]. In his study, one patient showed very
good agreement with CR for median and outlying SH; another had good agreement, all showing
decreases in the SH metrics; the other two patients, however, could not even predict the correct
trend (increase vs decrease in the metric).

While any isotropic, homogeneous PM will struggle to capture the complex dynamics and per-
haps even the general trend of the SH experienced by the platelets in real life, as indicated by the
CR gold-standard, it remains important to determine the ability of the BL model to predict this
metric, and its improvement over the standard PM model.

Because the coil envelope may protrude slightly into the aneurysm’s parent vessel, the aneurysm
volume may be larger than if calculated in an angiography suite or by using the automated neck
detection introduced in Chapter 2] This small calculation error can result in a slightly higher
porosity than real-life, but this is the most clear and unequivocal way of calculating porosity, since
the exact same coil envelope surface is used to define the boundary of the porous region.

An interesting finding from this study is that of high flows tangential to the dome walls in
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aneurysms located on bifurcations. There are two cases matching this description, Pt3 and Pt4,
and both had the highest BL error for all the Eulerian metrics. This flow, atypical for most sidewall
aneurysms, could have caused the model to produce poor predictions since the bilinear model are
based on the assumption of flow entering the aneurysmal sac tangential to the coil surface, not
normal as it happens in these two aneurysms. However, the BL model still achieved higher accuracy
owing to the outer crowns being incorporated in the simulation, therefore taking into account the
changing porosity of the coil mass. Finally, Pt2 exhibited the worst aneurysm volume estimation
from the ellipsoid fitting. This yielded excessively high 1/K and C9 values, which coincided with
the worst error in SH at 314%. This provides a cautionary tale for aneurysms that have large blebs

or distortions from the berry-like deformations, pushing them outside the boundary of an ellipsoid.

This thesis has extended the comparison of the bilinear porous model developed by Romero-
Bhathal in her thesis to a cohort of 5 new aneurysms, and to the use of Lagrangian metrics. It
provides strong statistical evidence that this simple model provides improvements over the standard
homogeneous isotropic model commonly used in the literature. This simple model considers the
structure of the coils deployed in the aneurysmal sac, with a gradient of porosity as the coils are
apposed to the wall at only certain points and fill the sac at the core with an increased coil volume
fraction and decreased porosity. The model considers the resistance of the flow tangential to the
coils, as the coils are memory-shaped to lie tangential to the walls and the flow into the aneurysmal
is predominantly tangential to the parent vessel wall, except in the most symmetric bifurcation
aneurysms where the parent vessel flow may impinge normal to the neck surface and thus to the
coil strands. The data shown in the Results section of this chapter clearly demonstrate that the
bilinear model, while carrying a similar computational cost and requiring similar operator inputs
into the simulations, provides a more accurate simulation of the hemodynamics inside aneurysms
treated with coils, both in terms of Eulerian metrics, average WSS and velocity, computed here
as representative of the metrics in the literature, and in terms of novel Lagrangian metrics, RT,
SH and SH:RT ratio, which are computed in this thesis for the first time for coiled aneurysms to

compare the standard, bilinear and coil-resolved reconstructions.
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5.5 Conclusion

For all metrics, there was a case where the standard PM outperformed the BL model. In all
other instances, the BL’s estimation of the metrics was closer to the CR simulations, and therefore
more accurate. While these data are promising, this preliminary study with only five patients
cannot fully determine the accuracy of the BL model, for the Eulerian metrics, but specially on the
Lagrangian platelet metrics, which are studied here for the first time. Simulations with Lagrangian
tracking of platelets for the entire cohort of 24 cases studied in this thesis (Eulerian metrics) are
required to assess the accuracy of the model in relation to platelet RT and SH. However, due
to the bilinear model incorporating the heterogeneity of the true coil mass, it does appear to
exhibit an increased ability to simulate the flow field within the aneurysm accurately. This is
important particularly for the RT and SH metrics, as both provide a more in-depth description
of how the thrombus formation process is affected by endovascular coil treatment. These metrics
better represent the intra-aneurysmal environment that platelets are experiencing, by capturing the
shear exposure and residence time under extreme behavior, which goes far beyond the surface- or
volume-averaged velocities or shear stress when considering the impact on the clotting cascade and
formation of a stable thrombus of the complex flow that can be seen in an aneurysm dome treated

with endovascular coils.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary of Work

6.1.1 Comparison of Endovascular Therapies: FDS and Coil

The first study focused on the two primary forms of endovascular therapies: coil embolization
devices and flow diverting stents (FDS). Each device has the same final objective of fully occluding
the aneurysm with a stable thrombus; however, the coil resides entirely within the aneurysm dome
while the FDS lies along the parent vessel. Therefore, as this study has shown, the two therapies
effect the flow in fundamentally different ways. The coil affects the flow throughout the entire
aneurysm, more drastically lowering the volumetric and surface metrics of the dome. Conversely,
the FDS, as its name suggests, has a strong redirection of flow thus more greatly affecting the
neck metrics. Interestingly because of how either the porous media for the coil is defined (or as
seen in later chapters for the coil-resolved simulations) the neck metrics are often not indicative
of treatment performance as they do not match the boundary of the coil/parent vessel interface.
Hence, the conclusion is that coils and FDS cannot be studied in a single cohort when considering

the effectiveness or outcome of endovascular therapies.

6.1.2 Incorporating Lagrangian Hemodynamic Variables into CFD

This section is a response to the lack of predictive hemodynamic metrics in the previous chapter
and a lack of consensus from previous FEulerian studies. Since thrombus formation, the successful
outcome of endovascular treatment, begins with platelets experiencing extreme flow behaviours
resulting in increased residence times (RT). For this reason, Lagrangian tracer particles are added
as a sort of platelet-surrogate since they allow for the calculation of RT and shear history (SH).
The first study focuses on a FDS-only cohort, per the results of Chapter [2] This probability of
platelets activating and leading to a successful treatment is investigated using Lagrangian metrics

as well as a novel metric which combines RT and SH. Since the extreme behaviours of the particles
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are of primary interest, the outliers are primarily considered using the upper percentile of each
metric.

The following study in this chapter explored the response of Lagrangian particles to a porous
medium used to model a coil embolization device. Unlike an FDS porous jump, the treatment model
for a coil affects the entire trajectory of the particle in the anuerysmal dome. The implication is
that the quality of the approximation and its ability to model the device becomes more pertinent to
the ability of the Lagrangian metrics to accurately characterize the change the flow sees due to the
treatment. Coil resolved simulations were used as the ground truth to determine the accuracy of
the porous media (PM). The PM is shown to over-predict flow reductions caused by the treatment
which often correlates to an overly increased RT; furthermore, the SH of the particles are not well

captured and may be greatly over or under-predicted.

6.1.8 Comparison of Fusiform and Saccular Cerebral Aneurysms Response to a FDS

Fusiform intracranial aneurysms (FIA) occur infrequently leading to significantly fewer studies and
opportunities for research. Here, three FIAs are compared to a saccular intracranial aneurysm
(SIA) analogue. Due to the morphology of FIAs, coil embolization devices are not possible and
flow diverting stents (FDS) must be used. Simulations are performed on a pre-treatment case,
stent-resolved treatment, and a reconstructed healthy vessel in Star-CCM+. There are no clear
distinctions between FIAs and SIAs when comparing pre- and post-treatment of a single FDS.
However, when one pair of the FIAs/STAs were treated with two FDS, the FIA lacked the typical

decrease in hemodynamic metrics from the single-stent case.

6.1.4 A New Bilinear Porous Model with Insight from Coil-Resolved Simulations and Geometries

The second study of Chapter [3] presents the problem of the standard PM employed as to model
a coil embolization device: the hemodynamics, both Eulerian and Lagrangian are often not well
predicted. Therefore, a new bilinear porous media (BL PM) model is compared to the standard
model and again the coil resolved (CR) simulations for ground truth in an effort to find an improved
approximation of the flow through coils. The BL model improves upon the previous gold-standard

by taking into consideration the isotropy and heterogeneity of the coil mass without requiring
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knowledge of the deployed treatment. To do this, the permeability of the homogeneous and isotropic
model of several crowns are considered that exhibit decreasing porosity as it reaches the core with
a given minimum porosity. This BL model again shows its ability to capture the flow effects in
a more accurate manner than the standard model. BL predictions have lower error for aneurysm
velocity and wall shear stress. Similarly, BL. outperforms the standard model in predicting the
SH:RT metric as well as for other RT metrics. This work is crucial as studies continue to move

toward clinical applicability.

6.2 Recommendations for Future Work

6.2.1 Model Creation

There is a clear need for automation and standardization of the patient processing pipeline for CFD
of intracranial aneurysms [15, I11]. To make research repeatable and reproducible particularly in
large cohort studies, where statistical analysis is part of the contribution to reach a clinical audience,
it is imperative that the results are coming from consistently created patient-specific models. The
standardisation is key as we seek to bring CFD results into clinical applicability for predicting
treatment outcome. The analysis of the hemodynamic variables is not useful for determining
metrics of interests or thresholds unless studies maintain a consistent process.

The automation of defining the aneurysmal neck and wide-acceptance and use of this definition
is crucial in moving forward. The definition of the aneurysmal neck defines not only where the
neck metrics will be calculated (flow in the aneurysm and neck wall shear stress), it also defines
the morphology of the aneurysm and is related to all other metrics, as it defines the boundaries of

the aneurysm sac and dome.

6.2.2 Comparison of Endovascular Therapies: FDS and Coil

The outcome of this study shows that endovascularly-treated patients must be analyzed in separate
cohorts of coil and FDS patients when considering the intra-aneurysmal hemodynamic changes
caused by endovascular therapy. This will require further enrollment into each cohort in order
to reach statistical significance before determining relationships between treatment outcome and

hemodynamic parameters, Eulerian or Lagrangian. Before another large-scale study is begun, an



94

appropriate neck definition—and appropriate automation—should be determined for each treatment
type. As shown in Chapter [2] coil patients present particular problems when using only medical
imaging data and a porous media model. Furthermore, stent patients, even with solely medical
imaging, can present a good idea of the neck considering the stent itself is used; however, this would
prevent a priori studies unless a parent vessel reconstruction is used in place of the stent. Validated
fast virtual stenting (FVS) software can be used, but again must be thoroughly verified and at best

standardized.

6.2.8 Comparison of Fusiform and Saccular Cerebral Aneurysm’s Response to a FDS

Further investigation is necessary to better understand the possible porosity variations in stented
fusiform aneurysms. Compacting may be the best course of action for these aneurysms due to
the steep drop in porosity; however, this hasn’t been studied computationally due to the limited

performance of the chosen fast virtual stenting (FVS) software. *

While studies have been done on curvature of the parent vessel and FDS-treated aneurysms
[9], T recommend a study, using a FVS software as well as available pipeline Synchrotron data, to
investigate the effects of porosity on curvature of the stent at the aneurysm and expansion of the
stent into the aneurysm. The same porosity values for every patient are used only varying the
thickness of the deployed stent (between 61-67.3 nm). Creating a function of curvature alone or
curvature in addition to expansion would provide a patient-specific aspect currently absent in the

modeling of the treatment.

Finally, while CFD models are unable to predict the changes in the geometry post-FDS deploy-
ment [129], there is a large set of pre- and post-treatment 3DRA images that can be used in a
patient-specific image-based CFD study of 1) the morphological changes post-treatment and 2) the
hemodyanmic changes caused by the stent-induced wall deformation. The hemodynamic changes
without the wall deformation is already known from the study in Chapter [2| and can be used to

isolate the effects of the change in vessel geometry.
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6.2.4 Incorporating Lagrangian Hemodynamic Variables into CFD & A New Bilinear Porous

Model with Insight from Coil-Resolved Simulations and Geometries

I also strongly recommend that the high-resolution synchrotron pipeline data be used to study
the shear experienced by particles passing through the stent and compared to the porous jump.
Currently, the shear seen by the particle crossing the porous jump has not been included. However,
because the change and spikes in shear experienced by platelets are pertinent to activation, this
may be a major blindspot in the current studies.

As the aim of research continues to be predicting endovascular therapy outcome for treatment
planning and clinical support, the models used in CFD to simulate treatment must be improved.
Using the recommendations presented here (standardizing and automating the aneurysm neck,
focusing on dome metrics for coiled aneurysms, and using a single patient-specific waveform where
possible), a large 24-patient study should be conducted to further investigate the BL model’s
capacity to capture the Lagrangian particle response to a coil mass. Furthermore, the ellipsoid
volume approximation would benefit from an automation of the ellipse’s axes.

While the BL model does see increased performance predicting Lagrangian metrics, the shear
accumulated by particles will always suffer from an isotropic, homogeneous model. Therefore,
I suggest investigating the pre-cursor to the BL model: discretrizing the aneurysm into several
crowns of varying PM coefficients along with a homogeneous core. While this method complicates
the creation of the mesh and implementation of the treatment model, the process would allow for
particles to experience the varying levels of porosity seen as they enter the coil mass from the parent

vessel and again as they exit.
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