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Abstract
Cerebrovascular occlusive disease (CVOD) is a major risk factor for ischemic stroke and is
characterized by the presence of stenosis in the arteries supplying the brain. The cerebral
vasculature has an innate ability to compensate for flow reductions, caused by the presence of
CVOD, through a network of collateral pathways in the circle of Willis (CoW). However, flow
compensation is highly patient-specific and dependents on anatomy, patency of collateral
pathways, degree of stenosis, and the condition of the cerebral microcirculation and its
autoregulatory response. Unfortunately, clinically available imaging tools only provide limited
information on flow compensation and the underlying cerebral hemodynamics. Given the
complexity of the cerebral vasculature, better tools are necessary to characterize cerebral

hemodynamics and guide the risk assessment of CVOD.

Image-based computational fluid dynamics (CFD) provides a powerful tool for non-invasively
analyzing cerebral hemodynamics with high spatial and temporal resolutions. However, CFD
modeling of cerebral hemodynamics is challenging due to the need for patient-specific data to
calibrate outflow boundary conditions in the brain. In this thesis, we explore a novel strategy to
quantitatively characterize cerebral hemodynamics using CFD in combination with tissue

perfusion from arterial spin labeling (ASL) MRI.

Firstly, we quantified territorial perfusion in the cerebral circulation by implementing and
optimizing a vessel-selective arterial spin labeling (VS-ASL) sequence. VS-ASL is generally
limited by its low labeling efficiency causing poor signal-to-noise ratio. We investigated the effects
of off-resonance, pulsatility, and vessel movement, and evaluated methods to maximize labeling
efficiency and overall image quality. We found that an off-resonance calibration scan in
combination with cardiac-triggering significantly improved labeling efficiency and image quality.
Vessel movement during the MRI protocol occurred in most study subjects and needs to be

accounted for to maximize labeling efficiency.

Secondly, we developed a strategy to calibrate patient-specific CFD models of cerebral blood flow.

The calibration consisted of estimating the total inflow to the CoW from PC-MRI and the flow

XiX



splits in the CoW from non-selective ASL perfusion images. The outflow boundary conditions
were iteratively tuned to match the estimated flow splits, and the ASL-calibrated CFD model was
then validated against territorial perfusion maps from VS-ASL by calculating the blood supply to
each cerebral territory using Lagrangian particle tracking (LPT). We found an overall good match
across study subjects; particularly, the flow compensation between hemispheres was captured well

by the calibrated CFD models.

Thirdly, we investigated the impact of two outflow boundary condition strategies, an ASL-based
and allometric-based calibration, on cerebral hemodynamics. The ASL-based calibrated CFD
analysis captured the flow compensation between hemispheres as measured with VS-ASL and lead
to an approximately symmetrical flow distribution in the CoW. In contrast, the allometric-based
calibrated CFD analysis was unable to capture the collateral flow compensation, which resulted in

large differences in flow between hemispheres.

Finally, the clinical feasibility and capabilities of our proposed CFD analysis was demonstrated in
two CVOD patients. The CFD analysis showed significant differences in cerebral hemodynamics
between the patients despite similar degrees of stenosis severity, highlighting the importance of a
patient-specific assessment. Comparison of pre-operative and post-operative hemodynamics in
one patient resulted in only minor changes following revascularization despite severe carotid
stenosis. We demonstrated that our CFD analysis can provide detailed and quantitative information

about hemodynamic impact of carotid stenosis and collateral flow compensation in the CoW.
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Chapter 1: Introduction

1.1 Motivation

The clinical assessment of patients with cerebrovascular occlusive disease (CVOD) generally
relies on measurements of degree stenosis to determine the risk of future ischemic stroke.
However, it is important to point out that the pathophysiology of CVOD is highly complex and
includes other key contributing factors beyond the degree of stenosis. Cerebral hemodynamics
play a particular important role in the risk assessment of stenosis due to the vasculature’s ability
to compensate flow distally in the circle of Willis. Cerebral flow compensation however is highly
patient-specific due to the large variability in cerebrovascular anatomy, disease progression,
patency of collateral pathways, and cerebral vascular flow reserve. To further investigate the role

of flow compensation in CVOD, a patient-tailored analysis of cerebral hemodynamics is needed.

Currently available clinical imaging tools provide only a snapshot of cerebral hemodynamics,
mostly limited to information on velocity. However, to obtain a detailed description of cerebral
hemodynamics, quantitative data on the velocity and pressure in the large arteries, as well as the

blood supply in the main vascular territories of the brain is needed.

The goal of this thesis was to develop a novel modeling and imaging strategy, which combines the
complementary strengths of computational fluid dynamics (CFD) and arterial spin labeling MRI
(ASL) to characterize cerebral hemodynamics. While CFD provides a description of velocity and
pressure in the large cerebral arteries with high spatial and temporal resolution, ASL provides
information on the function of the distal vasculature by measuring tissue perfusion. We
hypothesize that our proposed strategy can provide a detailed insight in the complex cerebral

hemodynamics of patients with cerebrovascular disease and guide clinical assessment in the future.



1.2 Cerebral vasculature

The brain requires a constant supply of oxygen, representing approximately one fifth of the body’s
entire oxygen consumption. The main arteries in the neck responsible for the blood supply to the
brain are the right and left internal carotid arteries (ICA) (~80% of total cerebral blood flow) in
the anterior of the neck and the right and left vertebral arteries (VA) (~20% of total cerebral blood
flow) in the posterior of the neck. These arteries originate from the aortic arch and reach all the
way up into the cranium. At the base of the brain, the internal carotid and vertebral arteries form
an anastomotic circular structure called the circle of Willis (CoW) (Fig. 1.1). Branching off the
CoW, six main cerebral arteries supply all parts of the brain, namely the anterior, middle, and
posterior cerebral arteries (ACA, MCA, and PCA). The circular structure is completed in the front
of the brain by the anterior communicating artery, connecting the right and left hemispheres and
in the back of the brain through the right and left posterior communicating arteries, connecting the
ICAs with the posterior circulation. This system of communicating arteries functions as a network
of collateral pathways to maintain adequate blood supply to the brain in cases of flow reductions
in one of the main neck arteries. However, there is high variability in the anatomy of the CoW
among the population, with only approximately 50% having a complete circular structure[1].
Anatomical variations can have significant effects on the vasculature’s capacity to compensate for
changes in blood supply to the brain. Augmenting the collateral flow compensation, the cerebral
vasculature has the innate ability to maintain adequate blood supply to the tissue over a wide range
of cerebral perfusion pressures through cerebral autoregulation. Cerebral autoregulation controls
blood flow by dilating or constricting the arteriolar diameter, which changes the resistance of the

distal vascular.
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Fig. 1.1 Anatomy of the main cerebral arteries of the circle of Willis at the base of the brain'.

1.3 Cerebrovascular occlusive disease

Strokes are the third most common cause of death in the US, with cerebrovascular occlusive
disease (CVOD) being implicated in the pathology of 20-25% of all strokes [2]. CVOD is
characterized by the buildup of plaque inside the main brain-supplying arteries in the neck,
typically located at the carotid bifurcation. The buildup of plaque, also referred to as
atherosclerosis, is caused by the gradual deposit of fatty material and cholesterol on the inner lining
of the artery wall. With the progression of the disease, the affected arteries may become stiffer and
the vessel lumen reduces, thereby restricting blood flow to the brain (Fig. 1.2). A significant
reduction in luminal cross-sectional area, or stenosis, increases the risk of stroke through several
mechanisms. First, the stenosed vessel itself can result in a critical reduction in blood flow to the
ipsilaterally supplied tissue, especially in the absence of collateral blood supply, and result in brain
ischemia. Second, the rough surface of the plaque can cause the formation of thrombus, which can

block the remaining lumen or break off and block a small downstream vessel. Third, instable

! Image: https://cnx.org/contents/GqY HW4Z4@3/Circulatory-Pathways
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plaque can rapture and travel downstream to lodge in one of the smaller arteries, thereby blocking

flow to the brain tissue (emboli).
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Fig. 1.2 Left: Schematic of a typical internal carotid artery stenosis above the carotid bifurcation”. Right: Cerebral angiogram of
a carotid artery with stenosis®.

The diagnosis of CVOD is based on imaging the stenosed vascular segment with either doppler
ultrasound or CTA/MRA and calculating the degree of diameter reduction in the stenosis. The
degree of diameter reduction is calculated based on either the NASCET criteria (North American
Symptomatic Carotid Endarterectomy Trial) or ECST criteria (European Carotid Surgery Trial)
(Fig. 1.3). The stenosis based on NASCET is defined as stenosisysscer = (A — B)/A, where A
is the patent vessel diameter distally to the stenosis and B is the minimum vessel diameter in peak
stenosis. The stenosis based on ECST is defined as stenosisgcsr = (C — B)/C, where C is the
diameter of the original (unstenosed) vessel in peak stenosis. Alternatively, the degree of stenosis
can be derived from velocity measurements in peak stenosis using doppler ultrasound, where a
peak systolic velocity of 125 - 230 cm/s or an end diastolic velocity of 40-100 cm/s corresponds
to a diameter reduction of 50-69% (NASCET).

2 Image: https://iveivascular.com/en/ictus-prevention-treatment-of-carotid-stenosis
% Image: Courtesy of Dr. Criado, University of Michigan
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Fig. 1.3  Schematic describing the location of the diameter measurements used to calculate the degree stenosis based on the
NASCET and ECST*.

Treatment options for patients with CVOD range from medical therapy to revascularization,
depending on the severity of the stenosis and the presence/absence of symptoms. Symptomatic
patients with a history of transient ischemic attacks (TIAs) or ipsilateral stroke, who have a stenosis
of > 50% (NASCET) are recommended for revascularization [3][4][5]. In asymptomatic patients,
the stenosis threshold for revascularization is increased to > 60% (NASCET) [6][7]. Patients
without symptoms in combination with low-grade stenosis of less than 50% are treated with
medical therapy, which includes antiplatelet medication (e.g. aspirin), cholesterol-lowering statins,
and antihypertensive medication (e.g. beta blockers). For patients who are recommended for
revascularization, two options are available: Carotid endarterectomy (CEA) and carotid
angioplasty with stenting (CAS) (Fig. 1.4). CEA is an open surgery to remove the plaque. After
clamping the carotid artery proximal and distal to the stenosis, an incision is made, and the plaque

is peeled out. The artery is then closed with sutures and in some cases the closing is performed in

4 Image: https:/link.springer.com/chapter/10.1007/978-1-60327-125-7 18
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combination with patch angioplasty. In contrast, CAS is a minimally invasive endovascular
procedure, in which a catheter is inserted through the femoral artery. At the location of the stenosis,
a balloon is inflated to open the artery and compress the plaque towards the vessel wall. To keep
the artery open, a stent is placed over the compressed plaque. The efficacy of CEA versus CAS
was evaluated in the CREST study (Carotid Revascularization Endarterectomy vs. Stenting Trial)
and resulted in no significant difference in the estimated 4-year rates of the primary end points
(CAS = 7.2% and CEA = 6.8%, P=0.51) for both symptomatic and asymptomatic patients [§].

However, CAS is the preferred method in patients who are at high surgical risk.

CEA CAS

Fig. 1.4 Schematic illustration of carotid endarterectomy (CEA)® and carotid angioplasty with stenting (CAS)®

However, these guidelines for revascularization are based on randomized controlled trials dating
back 20 years. Especially in asymptomatic patients, the benefits of revascularization are highly
debated among physicians. Significant advancements have been made since in the fields of
medical therapy and carotid revascularization, prompting a re-evaluation of the guidelines.
Ongoing trials to investigate the benefits of revascularization versus medical therapy again include
CREST-2 (Carotid Revascularization and Medical Management for Asymptomatic Carotid
Stenosis Trial-2) and ACST-2 (Asymptomatic Carotid Surgery Trial-2).

5 Image: https://www.circulationfoundation.org.uk/help-advice/carotid/carotid-endarterectomy
® Image: https://mayfieldclinic.com/pe-carotidstenosis.htm
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1.4 Medical imaging of cerebral blood flow

A number of imaging tools for acquiring data on cerebral hemodynamics are available in the
clinical setting. The most commonly used tools include transcranial doppler ultrasound (TCD) and
phase contrast /4D flow MRI for measuring velocity, and digital subtraction angiography (DSA)
for imaging the intracranial blood supply. Information on blood pressure in the intracranial arteries
is generally not clinically available. Following, the advantages and limitations of these most

imaging tools are discussed in more detail.

1.4.1 Intracranial doppler ultrasound

TCD is a non-invasive method of measuring blood flow velocities in the main cerebral arteries.
Using the principle of the Doppler effect, ultrasound waves are transmitted through the skull and
reflected back by the moving blood cells inside the vessels. The frequency difference of the
transmitted and reflected waves is proportional to the velocity of the blood cells. The specific
parameters obtained from TCD in the large cerebral arteries include the peak systolic and end-
diastolic velocities and pulsatility index. Clinical applications of TCD include the diagnosis of
intracranial stenosis [9], detection of microembolic events [10], and prognostication of acute
ischemic stroke [11]. Furthermore, TCD in combination with acetazolamide-induced arteriolar
dilatation has been used to measure the cerebral vascular flow reserve in patients with carotid
stenosis [12]. While TCD provides velocity measurements with high temporal resolution,
measurements are limited to a velocity spectrum at selected locations along the vessel.
Furthermore, peak velocity measurements are highly sensitive to the angle between the ultrasound

probe and the vessel and can lead to significant errors (operator-dependency).

1.4.2 Phase-contrast/4D flow MRI

In phase-contrast (PC) MRI, velocity-encoded images are acquired by taking advantage of the
relationship between blood flow velocity and the phase of blood spins in the presence of a magnetic
gradient. Spins moving along the direction of a pair of bipolar gradients accumulate phase
proportional to their velocity. In standard 2D PC-MRI, spins are encoded orthogonal to the image
slice and time-resolved data is collected over multiple cardiac cycles using ECG-gating. More
recently, PC-MRI has been extended to include velocity encoding in all three spatial dimensions
in a volume of slices throughout the cardiac cycle, thus resulting in a time-resolved 3D velocity

field or 4D flow data. Clinical applications of 4D flow in the cerebral vasculature include the



evaluation of intracranial aneurysm [13][14], cerebral arteriovenous malformation [15], and
intracranial stenosis [16]. Beyond velocity, 4D flow data has also been utilized to derived a relative
pressure gradients in the cerebral arteries [17]. The main drawbacks of 4D flow for intracranial
applications are the long acquisition times necessary to cover the entire brain (5-20 min) and the
limited spatial resolution (~ 1 mm?) causing partial volume effects when imaging the small cerebral

arteries (2-3 mm in diameter).

1.4.3 Digital subtraction angiography (DSA)

DSA is a fluoroscopic technique used to visualize the anatomy of blood vessels. DSA is performed
by injecting a contrast agent via catheter into a target artery while acquiring x-ray images of the
distal vasculature. For intracranial applications, the catheter is typically placed in either the carotid
or vertebral arteries to visualize the blood supply in the brain. DSA is considered the gold standard
for detecting intracranial aneurysm [18], arteriovenous malformations [19], and collateral flow
patterns in the presence of stenosis [20]. While providing images with high spatial resolution, DSA
is an invasive procedure which has been associated with an increase in neurologic complications.

Furthermore, image analysis is typically limited to a qualitative assessment.

1.5 Arterial spin labeling MRI

Complementary to measuring cerebral hemodynamics at the level of the large cerebral arteries,
perfusion measurements at the level of the brain tissue provide valuable information about the
distal vasculature and the overall blood supply to the brain. Perfusion is defined as the process of
blood flow to a capillary bed in an organ tissue and subsequent exchange of oxygen across a
semipermeable wall. Perfusion is measured as volume of blood per unit of time and tissue mass.
In the brain, perfusion measurements provide important information about the functional and
metabolic status of the tissue. Traditional imaging techniques for clinical measurements of brain
perfusion include perfusion CT, single-photon emission computed tomography (SPECT), and
positron emission tomography (PET). However, all these methods are invasive and require the
injection of an exogenous tracer. Over the last decade, arterial spin labeling (ASL) has gained
popularity as a non-invasive MRI alternative. Relevant clinical applications of ASL include
neurovascular (e.g. stroke) [21][22][23] and neurodegenerative (e.g. Alzheimer’s, Parkinson’s)
disorders [24][25][26]. In ASL, the arterial blood itself'is used as an endogenous tracer by inverting

the magnetization of blood spins in the region of the neck. After a short transit delay to give the



bolus sufficient time to travel to the brain tissue, a volume of images is acquired in the brain. The
acquired “label” images contain signal from both the labeled blood water and the static water in
the brain. To extract the labeled blood water signal from the images, a set of “control” images is
acquired without prior labeling of the blood. Subtraction of the label from the control images
removes the signal from the static water and yields perfusion-weighted images (Fig. 1.5). The
signal of the labeled blood represents only about 1% of the total signal contained in the control
images. As a result, ASL images are generally low in signal-to-noise ratio (SNR). To ensure

adequate SNR, ASL is typically acquired with multiple averages and low resolution.

Perfusion-weighted
Image

Control Image Label Image

Fig. 1.5 Acquisition of ASL images. Perfusion-weighted images are generated by subtracting control (stationary spins) and label
(stationary spins + labeled blood) images.

1.5.1 Non-selective PCASL

There are two methods available for labeling the blood spins in the neck: pulsed ASL (PASL) and
pseudo-continuous ASL (PCASL). In PASL, a thick slab of blood spins is inverted simultaneously
using a short radiofrequency pulse (RF) [27]. However, the maximum bolus size in PASL is

limited by the available slab thickness, which significantly affects SNR. In contrast, PCASL
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overcomes this limitation by labeling blood spins continuously as they travel across a thin labeling
plane in the neck [28]. As a result, PCASL is the preferred labeling scheme for clinical applications
and will be the focus of this project. Please note that whenever the acronym ASL was used in this

thesis to describe perfusion imaging, it refers to a PCASL labeling scheme.

In PCASL, spins are labeled using the principle of flow-driven adiabatic inversion. During the
labeling period, a train of RF pulses is played in combination with a train of slice-selective gradient
pulses pointing in the direction of blood flow (Fig. 1.6a). The mean gradient amplitude between
RF pulses is non-zero, resulting in the accumulation of phase as the spins travel through the label
plane. In order to achieve inversion, spins need to maintain a spin-lock with the effective magnetic
vector of the RF pulse and the gradient vector. To achieve a spin-lock at the label plane location,

the phase of the nth RF pulse needs to match the accumulated phase of the spins

¢bn = z y G,At z (1.1)
n

with the gyromagnetic ratio y, the mean gradient in z-direction G,, the spacing between RF pulses
At, and the distance between the isocenter of the magnet and the label plane z. The same label
train is applied in the control acquisition, but the phase of the RF is shifted w every other pulse to
avoid a spin-lock but maintain the same magnetic transfer in the imaging volume. In this PCASL
label train, all spins traveling through the label plane regardless of their position within the label
plane, are inverted. The resulting perfusion images are a “non-selective” and represent the total

perfusion in each voxel in the brain from both vertebral and internal carotid arteries (Fig. 1.6b).
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Label train pulses Label plane neck Total perfusion brain
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Fig. 1.6 Non-selective PCASL sequence. (a) RF and gradient waveforms of the non-selective label train. The control RF pulses
are represented by the dotted line. (b) Generated label plane in the neck and the resulting total perfusion in a slice of the brain.

1.5.2 Vessel-selective PCASL

The PCASL label train can be further modified to acquire territorial perfusion maps by including
vessel-selective labeling properties to the label train. Territorial perfusion maps provide
information about the blood supply from individual arteries in the neck to the main brain territories.
Previous clinical applications include the measurement of collateral flow patterns in
cerebrovascular occlusive disease [29] and the identification of emboli sources in stroke [30].
Vessel-selective labeling is achieved by including additional in-plane gradient blips in the x- and
y-direction. To invert the spins at a target location within the label plane, the phase of the nth RF

pulse needs to account for the additional accumulated phase of the spins as following:

bp = yZ(GZAt z+ GepAtx + Gy ,Aty) (1.2)
n

where G, , and (fy'n are the mean gradients in x- and y- direction for the nth RF pulse and x and y
are the target location within the label plane. In vessel-encoded PCASL [31], the amplitude of the
additional gradient blips is kept constant throughout the label train to create a “stripe” pattern
across the label plane. Pairs of arteries are placed in label and control condition by creating a m-
phase shift between the arteries. Multiple combinations of artery pairs are acquired based on a

Hadamard encoding scheme to extract the perfusion contributions of each individual artery. More
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recently, super-selective PCASL (SS-PCASL) was introduced to directly label an individual artery
and to avoid complex post-processing [32][33]. In SS-PCASL, the additional gradient blips are
rotated each RF pulse, thereby creating a circular label spot, which can be moved to any artery
within the label plane (Fig. 1.7). By labeling all main neck arteries individually, combined
territorial perfusion maps can be created showing the contributions of each neck artery to the total
perfusion in the brain on a voxel-by-voxel basis. Furthermore, labeling in SS-PCASL is not

restricted to the neck and can be performed intracranially.

This thesis focuses on the SS-PCASL scheme for territorial perfusion imaging. The terms vessel-
selective (VS)-ASL and SS-PCASL are being used interchangeably in the remainder of the

manuscript.

(a) (b)

Label train pulses Label spot neck Territorial perfusion brain

Fig. 1.7  SS-PCASL sequence. (a) RF and gradient waveforms of the super-selective label train. The control RF pulses are
represented by the dotted line. (b) Rotation of the in-plane gradient blips creates rotating stripe pattern which effectively only labels
spins at the intersection of all stripes and hence creates a circular label spot. The resulting images show the perfusion territory of
the labeled artery.

1.6 Computational modeling of cerebral blood flow

Computational modeling has become an increasingly popular method of quantifying
cardiovascular hemodynamics and augment or in some cases even replace medical imaging. The
physics of blood flow in the cardiovascular system are governed by the pulsatile incompressible

Navier-stokes equations, which can be written as:
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Where v is the velocity vector, p the pressure, p the density, 4 the dynamic viscosity, and f is the
body force. The first equation describes the conservation of momentum and the second equation

the conservation of mass.

Different formulations of the Navier-stokes equations, ranging in complexity from 0D to 3D, have
been used for computational fluid dynamics (CFD) modeling cerebral blood flow. In the following,
a brief overview over these different modeling strategies and their applications in the cerebral

vasculature is presented.

1.6.1 0D models

0D models or “lumped parameter” models are derived from the analogy between electrical circuits
and blood flow. Electrical elements including the resistance R, the capacitance C, and the
inductance L can be used to describe the effects of vessel resistance, vessel compliance, and the
inertia of blood flow. These elements can be then used to model different segments of the arterial
tree, the compartments of the heart, the venous system, and the pulmonary system. 0D network
models have for example been used to study the effects of intracranial stenosis [34] and the
compensatory capabilities of the CoW [35]. 0D models have also been used in combination with
control mechanism to study the dynamic response of the cerebral vasculature in response to a

posture change [36].

1.6.2 1D models

In contrast to 0D models, 1D models can capture the pulse wave propagation and hemodynamic
changes along the arteries. 1D models use a simplified version of the Navier-stokes equations by
solving for cross-sectionally averaged velocity and pressure along the axial direction of the artery.
To make the system of equations solvable, an explicit algebraic relationship between pressure and
cross-sectional area needs to be defined [37]. Examples of 1D application in the cerebral
vasculature include the study of collateral recruitment patterns in the CoW [38], anatomical

variations on flow compensation [39], and cerebral vasospasm [40].
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1.6.3 3D models

While 0D/1D formulations of the Navier-Stokes equations allow to simulate the overall flow
distribution in the vascular system, a 3D formulation is needed to resolve local flow phenomena.
3D formulations are especially important when modeling the hemodynamics of stenosis or
aneurysm. A solution for velocity and pressure can be approximated by using the finite element
method (FEM). However, solving the full 3D formulations of the Navier-stokes equations requires
substantially higher computing effort compared to 0D or 1D formulations and are typically
performed on high performance computing systems. 3D applications in the cerebral vasculature

include studies of intracranial stenoses [41][42] and aneurysms [43][44][45].

In this work, we will be using the 3D formulation of the Navier-Stokes equations to model the
hemodynamics in the neck and brain arteries. Despite the increase in computation time, the 3D
formulations are necessary to model the complex hemodynamics around stenosis and to model the

blood supply of individual arteries in the neck to the brain.

1.6.4 CFD boundary conditions

An essential part of CFD modeling is the specification of boundary conditions on the 3D
computational domain. In this work, the boundaries comprise the inflow face at the ascending
aorta, the outflow faces of the descending aorta, subclavian arteries, external carotid arteries, and
the intracranial arteries, and the vessel walls connecting the inflow and outflow faces. In our CFD
analysis, we employed a Dirichlet boundary condition at the inflow of the ascending aorta by
prescribing a pulsatile velocity profile, derived from PC-MRI flow data. Each domain outflow was
coupled to a 3-element Windkessel model to capture the overall hemodynamic behavior of the

distal vascular bed (Fig. 1.8). The 3-element Windkessel model is a lumped-parameter model
comprised of a proximal resistance Rp, distal resistance R4, and compliance C. At the vessel walls,

a “no-slip” Dirichlet boundary condition was prescribed by setting the velocity on the boundary to
zero. One of the main challenges of patient-specific CFD modeling is to specify the parameters of
the boundary conditions, in particular the 3-element Windkessel model parameters, in a systematic

and physiologically meaningful way to accurately represent the patient’s true hemodynamics.
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3-Element Windkessel Model

Fig. 1.8 3-clement Windkessel model consisting of a proximal resistance Rp, distal resistance R4, and a capacitor C.

1.7 Structure of thesis

We first implemented a vessel-selective PCASL MRI sequence to acquire territorial perfusion
images. To maximize labeling efficiency and to optimize image quality, we investigated the effects
of off-resonance, pulsatility, and vessel movement in a group of healthy subjects (Chapter 2). We
then developed a novel strategy to calibrate patient-specific computational models of cerebral
blood flow using perfusion data from non-selective PCASL and flow information from PC-MRI.
The calibrated CFD models were validated against territorial perfusion data from vessel-selective
PCASL (Chapter 3). Following, the clinical feasibility of our calibrated CFD analysis to assess
the impact of carotid stenosis on cerebral hemodynamics, including collateral flow compensation,
was demonstrated in pre-operative patients with carotid stenosis (Chapter 4). Additionally, the
changes in cerebral hemodynamics following carotid revascularization were analyzed in one
patient. Next, we compared the performance of our proposed patient-specific CFD calibration
strategy against an allometric-based calibration approach commonly used in the literature

(Chapter 5). Finally, a general discussion and future work are presented (Chapter 6).
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Chapter 2: Territorial Perfusion Mapping in the Cerebral Circulation
Using Super-Selective Pseudo-Continuous Arterial Spin Labeling

2.1 Introduction

Perfusion measurements of vascular territories in the brain offer critical clinical information on
cerebrovascular function. In the presence of steno-occlusive cerebrovascular disease, vascular
territory maps can be used to identify and evaluate collateral flow pathways [46][47]. In
cryptogenic stroke, blood supply knowledge of individual arteries to different parts of the brain
can help identify the origin of the stroke and guide treatment [48]. The current clinical gold
standard for measuring brain vascular territories is digital subtraction angiography, an invasive,
non-quantitative procedure relying on the injection of a contrast agent which increases the risk of

neurologic complications [49].

In the last decade, the use of MRI Arterial Spin Labeling (ASL) has gained popularity as a
noninvasive and quantitative alternative for measuring brain tissue perfusion. Pseudo-continuous
labeling (PCASL) is the current preferred inversion scheme [50] in which blood spins flowing
through a label plane are continuously inverted to generate a bolus of label which can be measured
downstream in the tissue after a short transit time. More recently, the PCASL scheme was extended
to include vessel-selective labeling to map perfusion territories. Vessel-selective labeling generally
uses additional in-plane gradient blips (perpendicular to the slice-selective gradient) in-between
RF pulses and the tracking of the accumulated phase at the target location for the next RF pulse.
In vessel-encoded PCASL (VE-PCASL) [31], combinations of vessel pairs are placed in label and
control condition by in-plane gradients with a constant amplitude to generate a m-phase-shift
between vessel pairs. Contributions from individual vessels are estimated by acquiring multiple
combinations based on a Hadamard encoding strategy. To facilitate labeling of individual vessels
and to avoid lengthy post-processing procedures, Helle et al. [32] and Dai et al. [33], developed
super-selective PCASL (SS-PCASL). By applying gradient blips with time-varying amplitudes,

the SS-PCASL scheme generates a circular label spot with adaptable center location and size.
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While the ability to label intracranial arteries is one of the major advantages of SS-PCASL, the
focus of this work is on labeling in the neck vessels. There is considerable clinical interest in
mapping the perfusion territories of the main brain-feeding arteries due to the high anatomical
variability of the circle of Willis [51][52]. However, many of the issues and solutions investigated

are also applicable to intracranial territorial mapping as well as to VE-PCASL.

While the feasibility of SS-PCASL has previously been shown in a number of clinical applications
[46][53][54][55], SNR still remains a challenge [56]. PCASL is well known to be a low SNR
technique. In SS-PCASL, SNR is further reduced because of inherently lower labeling efficiency
[32], particularly noticeable in low-flow vessels such as the vertebral arteries. A reduction in
labeling efficiency can result in the erroneous conclusion that an artery is not contributing to the
perfusion of a region in the brain. Labeling efficiency can vary significantly within a scan session,
between vessels, and across subjects. Consequently, there is a need to maximize labeling efficiency
and to assess efficiency differences between vessels in order to produce accurate, quantitative
territorial perfusion maps. These challenges, together with the overall availability of the sequence,
must be addressed for SS-PCASL to become mainstream. In the following, the primary causes of

reduction in labeling efficiency and SNR, as well as our strategies to mitigate them, are outlined.

Field inhomogeneity (off-resonance): In the presence of off-resonance, the mismatch between
the applied RF phase increment and the phase gain experienced by the spins results in a weakened
spin lock, therefore reducing the efficiency of the flow-driven adiabatic inversion. Although rarely
used in current publications, a number of off-resonance compensation strategies for non-selective
PCASL have been proposed [57][58][59]. Here, we evaluate two compensation strategies for SS-
PCASL, a multi-phase pre-scan and a field map acquisition, to estimate the optimal off-resonance
phase compensation. While the field map measures field inhomogeneity directly, the multi-phase
pre-scan estimates the off-resonance indirectly from a set of perfusion images acquired over a

range of RF-phase correction increments.

Pulsatility: In PCASL, label and control images are acquired sequentially in a fixed interval (TR)
and therefore at different time points in the cardiac cycle. Variations in blood flow during the label
period can affect labeling efficiency. Furthermore, differences in the blood volume in the cerebral

arteries at the time of the acquisition can lead to significant artifacts when subtracting the label
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from the control images. Here, we explore the use of cardiac-triggered SS-PCASL to reduce the

effects of pulsatility based on the scheme for standard PCASL by Li et al. [60].

Label rotation scheme: The circular label spot in SS-PCASL is created by applying time-varying
in-plane gradient blips, which create a set of rotating inversion bands. The rotation scheme is
determined by the time course of the in-plane gradients. Previously proposed label rotation
schemes have shown a significant influence on labeling efficiency [32]. Based on Bloch-
simulations, we compare the labeling efficiency of multiple label rotation schemes in the absence

and presence of off-resonance.

Label spot size and position: The success of SS-PCAL depends on accurate positioning of the
label spot onto the vessel of interest. Any mismatch can result in a significant reduction in labeling
efficiency. The effects of vessel movement are explored via Bloch-simulations and compared to

in vivo vessel movement measurements.

This work is intended as a practical guideline for acquiring high quality territorial perfusion
fraction maps with SS-PCASL. Towards that goal, we first investigate the effects of off-resonance,
pulsatility, vessel movement, and rotation scheme on SS-PCASL labeling efficiency and overall
image quality. We evaluate strategies to mitigate different sources of error based on practicality
and effectiveness. Finally, we present a strategy to estimate the territorial perfusion fraction for

individual neck arteries based on direct measurements of labeling efficiency.

2.2 Methods

2.2.1 Bloch simulations

Simulations were performed in MATLAB to investigate the effects of off-resonance, label rotation
scheme, and vessel location on labeling efficiency. We simulated the inversion of the longitudinal
magnetization of spins flowing through the label plane subject to SS-PCASL RF and gradient
pulses. The flow of spins was modeled in a 4 cm slab centered around the label plane. Based on
the spatial mean velocity in the internal carotid artery (ICA) and vertebral artery (VA) (PC-MRI
data from study 2, see section 2.2), a parabolic velocity profile was generated for each of the 20
acquired temporal phases. The parabolic velocity profiles were discretized with a grid containing
30 points in the radial direction. For each point of the profile, Bloch simulations were repeated for

all cardiac phases. Based on the balanced version of PCASL, ’label” and ’control’ pulse trains were
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simulated with the same gradient waveform but with a 180° RF phase shift between RF pulses in

the control condition. Labeling efficiency of each spin was calculated as

_ MZ,Control - MZ,Label (2.1)

2 MZ,Control

where M7z coneror and Mz 1 4pe; are the longitudinal spin magnetizations at the end of the simulated
slab for the control and label conditions, respectively. The labeling efficiency was then averaged
over the cardiac cycle and subsequently velocity-weighted over the vessel cross-section to yield a
mean labeling efficiency. The parameters of the label train were set to match in vivo parameters
(see section 2.2). The amplitudes of the in-plane gradients are determined by a design-specific
rotation scheme. We focused on three schemes: constant clockwise, fully random, and pseudo-

random rotation [32]. All schemes were based on 32 evenly distributed angular gradient positions

and a constant effective in-plane gradient Gy,, , = Z/Gik + G}z,’k = 4 mT /m, which corresponds

to a label spot size of 18 mm (FWHM). T; and T, were set to 1650 ms and 250 ms, respectively.

Mean labeling efficiency was evaluated for different amounts of off-resonance, ranging from 0 to
400 Hz. The three label rotation schemes were simulated and compared to a non-selective label
scheme. The effects of vessel movement were simulated by moving the center of the vessel-cross-
section out of the label spot. Mean labeling efficiency was evaluated over a range of (0-10) mm

vessel movement.

2.2.2 Invivo imaging

Two in vivo studies were performed on a total of 12 healthy subjects (9 males, 3 females, mean
age 27.8). The study protocol was approved by the local Internal Review Board and written consent
was obtained from each participant. All scans were performed at 3T (GE Healthcare MR750,

Waukesha, WI) with a 32-channel receive-only head coil.

2.2.2.1 Study 1: Optimization of labeling efficiency
This study included 10 volunteers. The protocol started with a 2D time-of-flight (TOF) of the neck

to determine the optimal position of the label plane and the location of the arteries. A position
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slightly above the carotid bifurcation was selected, where both carotid and vertebral arteries run
perpendicular to the label plane and the distance between vessels is maximal. The sequence
parameters are: TR/TE = 12.7/2.4 ms, voxel size = 0.43 x 0.43 x 4 mm?, 20 slices, acquisition time
= 47 s. The image volume, not including the region of the label plane, was shimmed only once
before the first PCASL sequence using the standard GE pre-scan procedure. The table position

was kept fixed throughout the perfusion scans to avoid any change in the magnetic field.

Off-resonance calibration: Off-resonance was investigated by acquiring three sets of SS-PCASL
images of the left ICA, each with a different off-resonance calibration. The calibration strategies
consisted of a multi-phase pre-scan, a field map, and a scan without calibration. We performed the
three calibration strategies in randomized order, each followed by a cardiac-triggered SS-PCASL
scan (details below). In the multi-phase calibration, a non-selective PCASL perfusion pre-scan
(Gxy = 0 mT /m) was acquired with multiple phase corrections added to the RF pulse train. The
RF phase correction was increased in steps of 0.4 rad, covering a range of [-3.2, 3.2 rad], between
acquisitions of each label/control pair. The sequence consisted of a single-shot spiral acquisition
(slices = 16, voxel size = 3.75 x 3.75 x 7 mm?®, TR/TE = 4000/4 ms, label duration = 1800 ms,
post-labeling delay = 1400 ms, number of frames = 34 (17 phase increments), background
suppression, acquisition time = 2 min 40 s). The slice prescription and the remaining sequence
parameters were identical to the SS-PCASL scan (details below). The optimal off-resonance phase
correction was estimated on the fly by subtracting pairs of control and label, masking a slice in the
center of the image volume, averaging the signal intensity for each phase, and finding the
maximum of a least-squares curve-fit with a sine-function. Next, a field map was collected in the
same location as the PCASL label plane to measure the off-resonance directly. The acquisition
consisted of a spoiled gradient echo, single slice, TR = 18 ms, voxel size = 0.85 x 0.85 x 4 mm?>,
flip angle = 20°, and a ATE = 2.5 ms (which corresponds to an off-resonance frequency range of
+200 Hz). The phase correction was estimated by manually drawing a ROI around the vessel of
interest and calculating the average off-resonance. The vessel itself was excluded from the ROI to

avoid flow effects.

Cardiac triggering: Two sets of SS-PCASL images were collected with and without cardiac
triggering, using the phase calibration of the multi-phase pre-scan. For this comparison, the

dominant vertebral artery was labeled and the pulsatility artifacts, which are most dominant in the
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middle cerebral artery, were observed outside the posterior perfusion territory. In the cardiac-
triggered SS-PCASL perfusion scan, the balanced label/control pulse train was applied for 1800
ms (in-plane gradient amplitude Gy, =4 mT/m, slice-selective gradient amplitude G, =
6 mT /m, average slice-selective gradient G, 5,,, = 0.6 mT /m, 1ms time gap between RF pulses).
After a post-labeling delay of 1800 ms, 16 slices were collected with a 2-shot spiral acquisition
scheme (voxel size = 3.75 x 3.75 x 7 mm?). Six subtraction image pairs were collected. The
background suppression scheme included a saturation pulse right before the start of the RF label
train and 2 adiabatic inversion pulses during the transit delay, followed by a fat suppression pulse.
A cardiac-triggered scheme base on Li et al. [60] was used to trigger the start of the saturation
pulse, as measured by a peripheral pulse oximeter, attached to the subject’s index finger. After a
minimum TR of 4400 ms, the sequence waited for a trigger to start the next label period. A proton
density image was collected at the beginning of each perfusion scan. The total acquisition time for
the perfusion scan was 2 min :45 s = 10 s. In the non-triggered scan, the TR was fixed at 4400 ms.
All other sequence parameters were kept identical to the cardiac-triggered scan. A non-selective

perfusion scan with the cardiac-triggered, balanced PCASL scheme was collected as well.

Vessel movement: A single-slice 2D TOF was collected with the same TOF parameters in the
label plane before each perfusion scan to detect any subject movement and to update the vessel

location needed for accurate placement of the label spot (acquisition time = 2 s).

2.2.2.2 Study 2: Territorial perfusion fraction map

Territorial perfusion fraction maps were obtained in two additional healthy volunteers based on
the results of study 1. The protocol started with a 2D TOF and a multi-phase pre-scan followed by
a cardiac-triggered SS-PCASL of both carotid and vertebral arteries. The cardiac-triggered SS-
PCASL was then adjusted to estimate labeling efficiency of each vessel directly above the label
plane. Two image slices with a 18 cm FOV and 3mm slice thickness were positioned
approximately 2 cm above the label plane. The label time was 500 ms and the post labeling delay
10 ms. Background suppression was turned off except for the fat suppression pulse. For each
vessel, 2 pairs of label and control images were acquired with 4 interleaved shots using the same
off-resonance compensation. All four arteries were collected sequentially in a single scan, resulting

in a total acquisition time of ~2 min.
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At the end of the protocol, phase-contrast MRI (PC-MRI) was acquired with the same slice
prescription as the two slices used for labeling efficiency (gradient echo, TR/TE = 5.3/3.1 ms,
voxel size = 0.43 x 0.43 x 4 mm3, VENC = 100 cm/s, phase-encoding perpendicular to slice, 20
cardiac phases). Additionally, a 3D TOF of the circle of Willis was obtained for anatomical
reference (gradient spoiled echo, TR/TE = 21/2.5 ms, voxel size = 0.43 x 0.43 x 1.5 mm?, 2 slabs

with a total of 118 slices, ARC acceleration factor = 2, acquisition time = 2 min 48 s).

2.2.3 Image post-processing and analysis
Image post-processing and analysis were performed in MATLAB. All SS-PCASL images were
reconstructed to a 128-by-128 resolution via zero-padding in k-space. Label and control images

were averaged and subtracted.

2.2.3.1 Study 1: Optimization of labeling efficiency

Off-resonance calibration: Perfusion images were first normalized by the proton density image.
A relative labeling efficiency was calculated by dividing the vessel-selective by the non-selective
perfusion images and masking the territory of the left ICA. The mask, which included gray and
white matter, was created by manually defining the outline of the left ICA perfusion territory based
on the mean vessel-selective perfusion image. Finally, a histogram of the relative labeling
efficiency was least-squares fitted with a Gaussian function to estimate the mean relative labeling
efficiency. The difference between calibration strategies was analyzed using a non-parametric

Wilcoxon signed rank test with a significance threshold of 0.05.

Cardiac triggering: A quantitative comparison of the cardiac-triggered and non-triggered images
was performed by selecting a single slice in the center of the volume and creating two ROIs: An
“inside” ROI of the vertebral perfusion territory and an “outside” ROI of the small vessels distal
to the middle cerebral artery (MCA) to capture arterial pulsatility artifacts. We calculated a spatial
SNR (sSNR) and a temporal SNR (tSNR) in both ROIs. sSSNR was defined as the mean signal over
the spatial standard deviation outside the brain. tSNR was calculated as the mean signal over the
temporal standard deviation within the ROI based on six pairwise subtraction images. Successful
reduction of pulsatility artifacts was characterized by high SNR in the inside ROI and low SNR in
the outside ROI. Furthermore, a contrast-to-noise ratio (CNR) was defined as the difference
between the two ROIs divided by the temporal standard deviation outside the brain. A statistical

comparison was performed with a non-parametric Wilcoxon signed rank test with a significance
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threshold of 0.05. Additionally, a qualitative comparison was conducted by four expert observers.
Each observer rated the pairs of cardiac-triggered and non-triggered images without prior
knowledge of the acquisition method. Image quality was assessed by the delineation of the

perfusion territory and by the amount of pulsatility artifacts outside the perfusion territory.

Vessel movement: Vessel movement was quantified by measuring the vessel center locations in
each acquired 2D TOF image and calculating the absolute distance to the initial location at the

beginning of the protocol.

2.2.3.2 Study 2: Territorial perfusion fraction map

Labeling efficiency of individual arteries: The vessel-averaged labeling efficiency was obtained
by first calculating the labeling efficiency map @,eas based on the complex reconstructed SS-
PCASL images above the label plane (Eq. 1). The “true” labeling efficiency was calculated by
compensating for signal loss due to Ti-decay during transit on a voxel-by-voxel basis according

to

— . -1 -1
Atrue = Xmeas exp(Asl v Tl,art )' (22)

where Ag; is the distance between label plane and the image slice, chosen such that all 4 vessels
are intersected as perpendicularly as possible. The cardiac-averaged velocity field v was acquired
with PC-MRI and co-registered to the mean subtraction image above label plane. The T-relaxation
in arterial blood was set to T ;. = 1650 ms. Finally, each vessel was masked and a velocity-

weighted average labeling efficiency was calculated.

For validation, a relative labeling efficiency was defined as the ratio of vessel-selective to non-
selective vessel-averaged labeling efficiency. The relative labeling efficiency based on the
measurements in the neck was then compared to the relative labeling efficiency based on the
measured perfusion signal in the carotid territories of the brain (see section 2.3, study 1: off-

resonance calibration).

Territorial Perfusion fraction map: Vessel-selective perfusion images were first scaled
according to their average labeling efficiency. A median filter with a 4x4 window was applied to

remove noise. The perfusion fraction map was calculated by dividing the efficiency-scaled vessel-

23



selective images by the total perfusion on a voxel-by-voxel basis. Total perfusion was defined as
the sum of all efficiency-scaled vessel-selective perfusion images in order to yield a fraction sum
of one. The resulting combined perfusion image was then visually compared to the measured
perfusion image obtained with the non-selective method to ensure that all main feeding arteries
were included. For reference, a standard color-coded territorial perfusion map was created by

assigning each voxel a color based on the highest contributing artery.

2.3 Results

2.3.1 Off-resonance calibration

Fig. 2.1 shows the simulated mean vessel labeling efficiency for different label rotation schemes
over a range of off-resonance frequencies. The labeling efficiency is robust for small amounts of
off-resonance, but it significantly decreases for larger amounts of off-resonance. For an off-
resonance frequency greater than 250 Hz, which corresponds to a phase accumulation of /2, the
order of label and control switch (negative mean labeling efficiency). Overall, the vessel-selective
label schemes were more prone to a reduction in labeling efficiency due to off-resonance compared
to the non-selective label scheme. The constant clockwise rotation scheme showed the highest
labeling efficiency for small amounts of off-resonance. However, for larger amounts, the labeling
efficiency of the constant clockwise scheme decreased faster compared to other label rotation
schemes. The pseudo-random scheme offered the best results when large amounts of off-resonance
are present, but showed diminished maximal labeling efficiency at small amounts of off-resonance.
The fully-random scheme showed overall the lowest labeling efficiency. The constant clockwise
scheme was chosen for all following in vivo experiments, given its superior labeling efficiency in

combination with the proposed off-resonance compensation method.
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Fig. 2.1 Simulated mean labeling efficiency in the presence of off-resonance for different label rotation schemes. The close-up
shows the difference in labeling efficiency between label rotation schemes for small amounts of off-resonance.

In the first part of study 1, an in vivo comparison of two off-resonance calibration strategies was
performed. Fig. 2.2 illustrates the calculation of the off-resonance phase compensation based on a
multi-phase pre-scan (a) and a field map (b). The results of the off-resonance calibration
comparison are summarized in Fig. 2.3. Both multi-phase and field map calibrated SS-PCASL
scans yielded statistically significant increases in labeling efficiency (Wilcoxon signed rank test,
P =0.002 and P = 0.037, respectively) compared to the non-calibrated scan (Fig. 2.3a). The multi-
phase calibration consistently outperformed the field map calibration (Wilcoxon signed rank test,
P = 0.002). The left ICA perfusion territory of two subjects is illustrated in Fig. 2.3b for each
calibration strategy. For subject (1), both field map calibrated and non-calibrated scans had
significantly reduced labeling efficiency, which resulted in difficulties to distinguish between
perfusion signal and background noise. The multi-phase calibrated provided a clear image of the
perfusion territory. Subject (2) presented with an anatomical variation of the circle of Willis, where
the territory of the right anterior cerebral artery was perfused by the left ICA. This is an important
perfusion detail which was difficult to identify in the non-calibrated scan. Both the multi-phase
and field map calibrated scan achieved sufficient quality to identify the perfusion territory as well
as capture the anatomical variation. The measured off-resonance phase corrections based on the

multi-phase pre-scan and the field map are plotted in Fig. 2.4. A linear regression model revealed
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a constant offset between the off-resonance phase obtained from the field map and the multi-phase

pre-scan.
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Fig. 2.2 Off-resonance calibration. (a) In the multi-phase pre-scan, the perfusion signal is measured for different amounts of
added phase. Each column in the top image represents one phase increment, the rows correspond to different slice positions. The
optimal phase correction was determined by a least-squares curve-fit with a sine-function. The blue line represents the average
signal for each phase increment and the red line the curve-fit. (b) Based on the acquisition of a field map in the same location as
the PCASL label plane, off-resonance was measured around the vessel of interest. First, a ROI was drawn manually in the
magnitude image (top) and then applied to the frequency image (bottom).
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Fig. 2.3 (a) Quantitative comparison of the average relative labeling efficiency for three off-resonance calibration approaches
(multi-phase pre-scan, field map, no calibration) over all subjects. The asterisk (*) represents a value of P<0.05 with the Wilcoxon
signed rank test. The multi-phase calibrated scan consistently produced the highest signal, followed by the field map calibrated and
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the non-calibrated scan. (b) Left ICA perfusion territory of two subjects for different off-resonance calibration strategies compared
to a non-selective perfusion scan. Overall, the multi-phase calibrated scan yielded the highest amount of signal. Subject (1) yielded
overall low perfusion signal for the field map and the non-calibrated scans, only multi-phase calibration resulted in an adequate
representation of the territory. The same pattern was observed in subject (2), which presented with anterior collateral flow, best
visible in the multi-phase calibrated scan.

2.3.2 Cardiac triggering

The efficacy of cardiac triggering on reducing pulsatility effects and improving overall image
quality was investigated in study 1. A qualitative comparison of the cardiac-triggered and non-
triggered mean subtraction images resulted on average in improved image quality with cardiac
triggering (Fig. 2.5). A subject with improved outcome is shown in Fig. 2.6. The pairwise
subtractions of the non-triggered acquisition displayed pulsatility artifacts around the middle and
anterior cerebral arteries (white arrows), whereas the cardiac-triggered acquisition showed a
significant reduction in pulsatility artifacts. A quantitative analysis of the cardiac triggering
performance is shown in Fig. 2.7. Both sSSNR and tSNR did not result in a significant change inside
or outside the perfusion territory with cardiac triggering. However, there was a statistically

significant improvement in CNR with cardiac triggering.
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Fig. 2.4 Pairwise comparison of the off-resonance phase measured with the multi-phase pre-scan (mp) and the field map (fm).
Data was fitted with a linear regression model.
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Fig. 2.5 Qualitative comparison of cardiac-triggered and standard non-triggered SS-PCASL. Changes in the image quality with
cardiac-triggering were assessed by four expert observers and rated as improved, equal, or decreased.
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Fig. 2.6 Pairwise and mean subtraction images for a non-triggered and cardiac-triggered perfusion scan of the dominant vertebral
artery in the same subject. White arrows indicate pulsatility artifacts in the middle and anterior cerebral arteries caused by the
acquisition of control and label in different phases of the cardiac cycle.
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Fig. 2.7 Statistical comparison of cardiac-triggered and non-triggered SS-PCASL of the dominant vertebral artery. (a), (b) sSSNR
inside and outside the posterior perfusion territory showed no statistically significant improvement with cardiac triggering. (c), (d)
Cardiac triggering did not result in a significant improvement in the temporal variance, represented by tSNR. However, there was

statistically significant improvement (*) with cardiac triggering in CNR (e). (f) Inside and outside ROI placement based on mean
subtraction perfusion image of the vertebral artery.

2.3.3 Vessel movement

Fig. 2.8a shows the simulated mean labeling efficiency over a range of off-center vessel positions.
Both carotid and vertebral arteries experience a steep drop in labeling efficiency for a vessel
movement of more than 2mm relative to the center of the label spot. The maximum vessel
movement measured during the in vivo scanning protocol in study 1 is shown in Fig. 2.8b. The
median maximum movement measured over the group of subjects was below 2 mm, but half of

the subjects had at least one vessel with more than 2 mm movement during the protocol.
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Fig. 2.8 (a) Bloch simulation results showing the impact of vessel movement on labeling efficiency for both carotid and vertebral
arteries. (b) Maximal recorded vessel movement during in vivo scanning protocol over all subjects.

2.3.4 Territorial perfusion fraction map

Building on the results from the first in vivo study, we collected a full set of SS-PCASL images
and measured the labeling efficiency in two additional subjects in study 2. The Tl-decay
compensated labeling efficiencies and the relative labeling efficiencies of the main feeding arteries
in the neck are summarized in Table 2.1. The relative labeling efficiencies based on the measured
signal above the labeling plane and the perfusion signal in the brain tissue showed good agreement
for subject 1. For subject 2, there was an offset between the relative efficiencies. The post-
processed territorial perfusion fraction maps alongside standard color-coded territorial maps are
shown in Fig. 2.9. Subject 1 presented with ipsilateral perfusion patterns. The perfusion of the
posterior circulation was dominated by the left VA, which was of increased caliber as confirmed
by the TOF images. Subject 2 presented with an absent basilar artery. Perfusion to the posterior
circulation was solely provided by the right ICA artery through the right posterior communicating

artery. Again, these findings are in line with the anatomical data.

30



Table 2.1 Labeling efficiencies of the main feeding arteries in the neck. Measured and T1-decay compensated labeling efficiencies
were based on the non-selective (@yye ns) and vessel-selective (e ,,s) PCASL scan above the label plane. The relative labeling
efficiencies were defined as the ratio of vessel-selective to non-selective labeling efficiencies measured in the arteries (@y¢p qr¢) aS
well as the ratio of vessel-selective to non-selective perfusion signal at the tissue level (@t;.qp ¢iss)-

Subject 1 Subject 2
Vessel Xtruens Atruevs Arelart Rreltiss Xiruens Atruevs Arelart Xreltiss
Right ICA 0.79 0.48 0.60 0.63 0.80 0.35 0.44 0.28
Left ICA 0.79 0.46 0.59 0.64 0.81 0.46 0.56 0.39
Right VA 0.53 0.40 0.75 - 0.48 0.45 0.92 -
Left VA 0.89 0.82 0.92 - 0.46 0.40 0.86 -

2.4 Discussion and conclusions

In this paper, we discussed several factors that significantly affect the quality of SS-PCASL
acquisitions. We showed that off-resonance compensation, cardiac triggering, a constant clockwise
rotation scheme, and vessel location tracking improved labeling efficiency and overall image
quality. Furthermore, we presented a workflow to generate accurate territorial perfusion fraction
maps by maximizing labeling efficiency and accounting for differences in labeling efficiency

between vessels.

2.4.1 Off-resonance calibration

Study 1 revealed a significant increase in labeling efficiency for both the multi-phase and field
map compensation strategies. Theoretically, both methods should yield the same optimal phase
correction for off-resonance. However, the multi-phase calibration consistently yielded higher
labeling efficiency and increased perfusion territorial accuracy compared to field map calibration
scans. While the field map captures the presence of off-resonance due to BO-field inhomogeneity,
the multi-phase pre-scan also accounts for additional imperfections in the magnetic field induced
by the PCASL label train itself. This was reflected in the linear regression of the off-resonance
phase measured with the multi-phase pre-scan and the field map, which showed a constant phase
offset between the two methods. The most likely source for additional off-resonance is the
presence of eddy-currents, caused by the fast switching of the slice-selective and vessel-selective

gradients [61].
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Fig. 2.9 Territorial perfusion in two subjects. (a) Axial MIP of TOF angiogram. (b) T1-weighted anatomical image. (¢) Color-
coded perfusion map based on the following color-coding: green = right ICA, blue = left ICA, yellow = right VA, red = left VA.
(d) territorial perfusion fraction map of the neck arteries. Subject 1 presented with a posterior circulation dominantly perfused by
left VA. TOF confirms increased caliber of left VA (arrow). Subject 2 presented with absent basilar artery. Posterior circulation is
primarily perfused by right ICA (Arrow indicates the presence of the right posterior communicating artery with an increased
caliber).

The multi-phase pre-scan used in this work was derived based on previous work. Jung et al. [59]
proposed the acquisition of PCASL images over a range of phase increments with subsequent

curve-fitting to generate the final perfusion images. However, SNR efficiency was reduced due to
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a small number of averages per phase increment and the acquisition time was significantly
increased. Shin et al. introduced a pre-scan procedure based on a multi-phase PCASL acquisition
to estimate the ideal phase-correction for each vessel (OptPCASL) [62]. Additional to the
estimation of a global phase correction, the amplitude and direction of in-plane gradients to
compensate for off-resonance variations between vessels were calculated. However, this approach
required prior knowledge of the vascular territory map. Here, we used a multi-phase pre-scan based
on the estimation of an average phase correction over all vessels. In the presence of an off-
resonance gradient between vessels, the accuracy of the calibration will be reduced. However, in
our in vivo study, differences in off-resonance between vessels were negligible. As an alternative
to the multi-phase pre-scan, a field map was used in this work to measure the off-resonance in the
label plane directly. Jahanian et al. previously showed the benefits of estimating the off-resonance

compensation in standard PCASL based on a field map [57].

Despite notable increase in labeling efficiency, the multi-phase calibration has so far not found
widespread use in standard PCASL due to the additional time necessary for the acquisition (2:30
min) and post-processing (1 min) of the calibration scan. However, acquiring only a range of
should be sufficient to estimate the optimal phase correction in the future, which would cut the

acquisition time in half.

While non-selective PCASL label schemes typically produce clinically usable images, even in the
presence of moderate off-resonance, SS-PCASL label schemes are more susceptible to off-
resonance (see Fig. 2.2). In vivo experiments showed that in the non-calibrated SS-PCASL scan,
labeling efficiency was significantly decreased in some cases to the point where, the perfusion

signal disappeared in the background noise.

The amount of off-resonance in the labeling plane is highly dependent on the applied shimming
procedure. The standard pre-scan procedure, used in our protocol, only shimmed the image volume
without the region of the label plane. While label plane shimming isn’t available on our system, it
might be on other scanners, which could significantly decrease the amount of off-resonance in the
label plane and potentially eliminate the need for a calibration scan all together. Furthermore, when
the labeling plane is within the shimmed imaged volume (e.g. labeling of intracranial arteries), off-
resonance will also be significantly reduced. However, changes in the magnetic field induced by

the SS-PCASL label train itself still need to be compensated for. Therefore, the use of a calibration

33



scan for SS-PCASL is highly recommended in situations where the label plane is outside the

shimmed region.

2.4.2 Cardiac triggering

A qualitative inspection of the mean subtraction images showed a reduction in arterial artifacts
and an overall improvement in image quality with cardiac triggering. The statistical comparison
showed a significant improvement in CNR. However, no significant changes in temporal or spatial
SNR were observed. One limiting factor of the analysis was that the temporal variance was based
on only six pairwise subtractions. The success of cardiac triggering, more specifically the
suppression of pulsatility artifacts, is highly dependent on the stability of the heart rate. A change
in heart rate between label and control images can lead to imperfect subtractions and therefore
artifacts like those present in non-triggered sequences. Movement of the pulse oximeter clip during
the scan can further reduce the efficacy. Overall, Cardiac triggering increased the scan duration on
average by 10%, depending on the heart rate. The effects of the cardiac pulsatility on labeling
efficiency were previously studied by Verbree et al. [63]. The triggering of start-of-labeling as
well as the end-of-labeling showed no significant change in labeling efficiency. Although cardiac
triggering did not improve labeling efficiency, Li et al. showed that triggering the start-of-label
train reduced temporal variance in non-selective PCASL [60]. While pulsatility artifacts are less
visible in non-selective PCASL images, they do affect the accuracy of perfusion quantification. In
SS-PCASL, pulsatility artifacts have an even larger impact on the image quality and more

importantly the estimation of perfusion territories and fractional ratios.

2.4.3 Label rotation scheme

The constant clockwise rotation of the vessel-selective gradient blips between RF pulses resulted
in the highest labeling efficiency for small amounts of off-resonance. For larger off-resonance, the
pseudo-random rotation scheme, as recommended by Helle et al. [32], outperformed the constant
clockwise rotation scheme. We decided to use the constant clockwise rotation scheme for all in
vivo experiments since off-resonance was compensated. However, in scans without off-resonance

calibration, the pseudo-random rotation scheme would be preferable.
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2.4.4 Vessel movement

The success of SS-PCASL highly depends on the match between label spot and vessel position. A
label spot size of 18 mm (FWHM) was chosen based on a number of previous experiments, which
showed good selectivity for the majority of vessel anatomies in the neck. Generally, the label spot
size should be as large as possible to maximize labeling efficiency, but as small as necessary to
avoid labeling of neighboring vessels. For intracranial labeling, the label spot size will have to be
reduced by increasing Gy, to account for the proximity of cerebral arteries. Based on the label spot
size used in our setup, simulations showed a tolerance for a mismatch of approximately 2 mm.
These results are in line with simulation and in vivo results reported in [32]. Here, we wanted to
investigate vessel movement under realistic conditions. The acquisition of single-slice 2D TOFs
in the label plane allowed us to track vessel movement throughout the protocol. The median
maximum movement measured in the group of subjects was below 2 mm, but half of the subjects
had at least one vessel with more than 2 mm movement. Movement generally increased towards
the end of the scan, as subjects became less comfortable on the table. Vessel movement was only
measured within the label plane. Motion in the slice-selection direction was not measured directly
in this work. However, since the label plane was positioned in the part of the vasculature where
both carotid and vertebral arteries are relatively straight, movement in the z-direction was assumed

to have only minimal impact on the vessel location.

All the subjects in our study were healthy volunteers, capable of lying still for an extended time.
In the clinical setting however, these ideal conditions will likely not be met, and the expected
vessel movement will most likely be larger. It is therefore recommended to frequently update the

vessel position for the SS-PCASL scan throughout the protocol.

2.4.5 Territorial perfusion fraction map

The overall goal of vessel-selective PCASL is to detect the outline of the perfusion territory and
to calculate contributions of individual arteries to the overall perfusion in each voxel. Of particular
clinical interest are areas of mixed perfusion. Kansagra et al. previously presented a post-
processing method to calculate perfusion fractions of the carotid and basilar perfusion territories
based on VE-PCASL [64]. Images were scaled based on a relative labeling efficiency (ratio of
vessel-selective to non-selective perfusion signal) [31][64]. The method of calculating relative

labeling efficiencies was also used in study 1 to compare different off-resonance compensation
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strategies in the left ICA due to its straightforward calculation without the need for additional
scans. Unfortunately, this method is only suitable to estimate the labeling efficiency of the carotid
and basilar arteries. Due to the mixing of vertebral flow in the posterior cerebral arteries, the
relative efficiency of each vertebral artery cannot be calculated based on the perfusion images
alone. Here, we proposed a strategy to measure the labeling efficiency of all four vessels directly
by acquiring images slightly above the label plane while the inverted spins are still in the arteries.
Chen et al. [65] previously proposed a method to measure the labeling efficiency by tracking the
outflow of the bolus in the image plane over time using a look-locker acquisition, which was then
used to estimate the transit time in each voxel and to compensate for T1-decay. In this work, we
acquired a single time point, assuming that the bolus was still fully present in the image plane. The
bolus transit time was calculated based on direct measurements of velocity. The labeling efficiency
was calculated by first dividing the complex subtraction of control and label image by twice the
control image and then compensating for Ti-decay during transit. In order to minimize acquisition
time of the labeling efficiency sequence, we made the assumption that measured signal in the
arteries in the control image approximates the fully relaxed spin magnetization. This assumption
was based on previous simulations showing the magnetization in the control state was
approximately constant over a wide range of velocities. Furthermore, off-resonance was
compensated during the acquisition. A comparison of the relative inversion efficiencies in the
carotid arteries, obtained in the neck and at the tissue level, showed good agreement in subject 1
but resulted in an offset in subject 2. One possible explanation for this discrepancy is the temporal
variation between subtraction images, which is only captured by the relative labeling efficiency

based on the perfusion images.

Color-coded perfusion maps provide a straightforward illustration of the perfusion territories of
individual arteries. However, it is rather difficult to extract quantitative information on mixed
perfusion. Here, we calculated perfusion fractions by scaling the vessel-selective subtraction
images based on the labeling efficiencies and dividing by the total perfusion. The scaled and
smoothed territorial perfusion fraction maps showed the perfusion territory of each vessel clearly.
The results in mixed perfusion territories such as the posterior circulation were in line with the
anatomical properties revealed by the corresponding 3D TOF images. For accurate calculation of
the perfusion fractions, it is important to ensure that all brain feeding arteries are included in the

total perfusion. Here, we carefully inspected the TOF images for any anatomical variations or
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collateral pathways. Furthermore, we visually compared the total perfusion based on the combined

vessel-selective images with the non-selective perfusion images.

2.4.6 Intracranial labeling

While our investigation focuses on labeling the main brain-feeding arteries in the neck, SS-PCASL
can also be used to label intracranially. Perfusion territory mapping of cerebral arteries can offer
valuable clinical information for example in patients with intracranial stenosis or arteriovenous
malformation [53]. Many of the discussed issues and solutions may still be applicable, however,
there are some important differences to point out. First, with the label plane being within the
shimmed region of the brain, the amount of off-resonance will likely be reduced. Second, for
intracranial arteries the tolerance for movement may be different due to the smaller label spot size
typically chosen to distinguish between neighboring arteries. Finally, pulsatility artifacts due to
differences in blood volume during the acquisition will still be present. Therefore, some of the

strategies proposed for labeling in the neck could also be beneficial for intracranial applications.
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Chapter 3: A Combined Computational Fluid Dynamics and MRI Arterial
Spin Labeling Modeling Strategy to Quantify Patient-Specific Cerebral
Hemodynamics

3.1 Introduction

Cerebrovascular occlusive disease (CVOD), characterized by the presence of stenosis in the
arteries supplying the brain, is a major risk factor for ischemic stroke. Clinical diagnosis and
stratification of CVOD patients relies routinely on measuring the maximum narrowing of the
lumen based on duplex ultrasound or computed tomography angiography (CTA). However, the
degree of luminal stenosis is only one factor in the assessment of stroke risk. Plaque characteristics,
downstream brain perfusion, and patency of collateral pathways also play an important role in the
overall risk evaluation of cerebral ischemia [66][67][68]. Collateral flow in the circle of Willis
(CoW) has been associated with reduced stroke risk in patients with severe carotid stenosis
[69][70][71]. Collateral flow is highly dependent on the cerebral vasculature anatomy, availability
of collateral pathways, degree of stenosis in the arteries supplying the brain and, critically, the

condition of the cerebral microcirculation and its autoregulatory response [72][12].

The clinical gold standard for evaluating collateral flow is digital subtraction angiography (DSA).
Despite providing high-resolution images of blood supply in the cerebral arteries, the procedure is
invasive and strictly qualitative. MRI arterial spin labeling (ASL) has become an increasingly
popular method for measuring cerebral perfusion, and it provides a non-invasive quantitative
alternative to DSA. In non-selective ASL (NS-ASL), brain tissue perfusion is measured by
magnetically labeling blood in the neck arteries and acquiring a series of slices of the brain after a
short transit delay [50]. More recently, ASL has been extended to vessel-selective labeling to
measure the perfusion territory of individual arteries [32][73]. The diagnostic capabilities of
vessel-selective ASL (VS-ASL) have previously been demonstrated in patients with extracranial
stenosis and arteriovenous malformation [46][53]. Additionally, cerebral angiograms have been

performed based on VS-ASL to visualize blood supply in the cerebral arteries [74], rendering
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similar qualitative information on cerebral flow patterns as DSA. Nevertheless, the information

provided by VS-ASL on collateral flow patterns has thus far been qualitative.

Image-based computational fluid dynamics (CFD) provides a powerful tool for analyzing cerebral
hemodynamics. Compared to experimental approaches, CFD renders velocity, pressure, wall shear
stress, etc. throughout entire vascular territories with arbitrarily high spatial and temporal
resolutions. The feasibility of CFD to assess cerebral hemodynamics has been previously
demonstrated for intracranial stenoses [41][42] and aneurysms [43][44][45]. However, patient-
specific calibration of cerebral blood flow CFD models remains challenging. Previous studies have
heavily relied on literature data for determining flow splits in the CoW [75][76] or used simplistic

allometric scaling assumptions to calibrate outflow boundary conditions [77].

In this paper, we propose a novel strategy to quantitatively characterize regional cerebral blood
flow and perfusion using CFD in combination with PC-MRI and ASL data. First, a method to
calibrate the cerebral blood flow CFD model based on NS-ASL perfusion data is presented. The
calibration includes estimation of flow splits in the CoW from non-selective perfusion images and
total inflow to the CoW from PC-MRI, followed by tuning of the outflow boundary conditions to
match the estimated flow splits. Second, the calibrated CFD model is validated against territorial
perfusion maps from VS-ASL based on the blood supply to each cerebral territory using
Lagrangian particle tracking (LPT).

3.2 Material and methods

3.2.1 Patient details

Two CVOD patients and a healthy control subject were enrolled in a feasibility study and
underwent a research MRI exam. The protocol was approved by the local Institutional Review
Board and all subjects provided informed written consent (HUMO00114275 and HUMO00018426).
The reconstructed geometric models of the three subjects are illustrated in Fig. 3.1. The models
include the ascending and proximal descending thoracic aorta, its upper branches (brachiocephalic
trunk, left carotid and left subclavian), the main neck arteries (internal and external carotids,
vertebral arteries), and the main intracranial arteries including the CoW. The healthy control and
patient 1 were reconstructed based on magnetic resonance angiography (MRA) and patient 2 based

on CTA.
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The healthy control subject (male, 28 y/o) presented without evidence of CVOD. The CoW
anatomy was incomplete with both right and left posterior communicating arteries hypoplasia.
Patient 1 (female, 55 y/o) presented with an asymptomatic 70-99% stenosis (duplex ultrasound,
velocity criteria) in the right proximal internal carotid artery (RICA). The left internal carotid
artery (LICA) was patent with no evidence of hemodynamically significant stenosis. Patient 1 has
a complete CoW anatomy. Patient 2 (male, 64 y/0) presented with asymptomatic bilateral carotid
stenosis. The RICA revealed a tandem stenosis of 80-90% (CTA, ECST criteria), stretching from
the carotid bifurcation to the distal end of the carotid bulb. The LICA showed a 60% stenosis
(CTA, ECST criteria). Patient 2 has an incomplete CoW anatomy with right P1 segment and distal
right vertebral artery (RVA) hypoplasia.

3.2.2 Imaging data

All subjects underwent an MRI study to collect data on vascular anatomy, brain tissue perfusion,
and flow. The protocol was performed at 3T (MR750; GE Healthcare, Waukesha, WI) with a 32-
channel receive-only head coil for the head and neck and the scanner’s build-in coil for the upper
chest. At the end of the study, the subject’s blood pressure was measured in the upper arm in the

supine position.

3.2.2.1 Anatomy

Anatomical information from the ascending thoracic aorta to the carotid bifurcation level was
acquired with a 2D T1-weighted spoiled gradient echo sequence (voxel size = 0.58 x 0.58 x 2
mm3, TR/TE = 75/3.3 ms). The remaining anatomy from the neck to the CoW was acquired with
a 3D Time-of-Flight sequence (voxel size = 0.42 x 0.42 x 1.5 mm?, TR/TE = 21/2.5 ms).
Additionally, structural images of the brain were collected with a 2D T1-weighted spoiled gradient
echo sequence (voxel size = 0.46 x 0.46 x 7 mm3, TR/TE = 100/3.0 ms). For patient 2, an
additional CTA data of the neck and head vasculature was available (voxel size = 0.39 x 0.39 x
0.62 mm?). For patient 2, the CTA dataset was chosen over the MRA for reconstruction due to the

higher resolution.
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Fig. 3.1 3D-reconstructed geometric models of a healthy control and two CVOD patients. (a) For each patient, a close-up of the
stenosis is shown. The red arrows indicate the location of the stenosis. An axial cross-section of the stenosis illustrates a comparison
between image data and model contours (this comparison is also shown for the healthy volunteer). (b) Posterior view of the CoW.
The black arrows indicate variations in the CoW anatomy. RICA = right internal carotid artery; RECA = right external carotid
artery; LICA = left internal carotid artery; LECA = left external carotid artery. R and L indicate the right and left side from the
subject’s perspective.

3.2.2.2 Brain tissue perfusion

Using a pseudo-continuous ASL scheme, non-selective and vessel-selective cerebral perfusion
images were collected. Prior to image acquisition, an off-resonance calibration pre-scan was
performed to correct for BO-inhomogeneity in the label plane. For the NS-ASL acquisition,
sequence parameters were set following consensus recommendations [50]: Label duration = 1800
ms, post-labeling delay = 2000 ms, TR/TE = 4600/4, voxel size = 3.75 x 3.75 x 7 mm?, 3D spiral
acquisition, 18 slices, 8 pairs of label/control images. The slice prescription was the same as for
the T1-weighted structural images. The label plane was positioned above the carotid bifurcation
where the arteries of interest (carotid and vertebral) run perpendicular to the plane and with a
maximum distance between them. The start of the labeling period was cardiac-triggered to reduce
pulsatility artifacts. A proton density image was collected, followed by a non-selective perfusion

scan. Subsequently, four VS-ASL scans of the vertebral and carotid arteries were collected. The
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position of vertebral and carotid arteries within the label plane was determined from the Time-of-
Flight acquisition. Keeping all parameters of the NS-ASL scan unchanged, vessel-selective
labeling was performed based on a super-selective labeling scheme [32], whereby additional in-
plane gradients rotate clockwise every radiofrequency pulse to create a circular labeling spot.
Finally, the vessel-selective labeling efficiency was measured by collecting an image 2 cm above
the labeling plane 10 ms after labeling for 500 ms. Image reconstruction was performed in
MATLAB to a resolution of 128 x 128 using zero-padding in k-space. The ASL perfusion signal
was calculated by subtracting label and control images and averaging over all acquired pairs. A

detailed explanation of the sequence setup and parameters can be found elsewhere [73].

3.2.2.3 Flow

Volumetric blood flow waveforms were measured using 2D cardiac-gated phase-contrast (PC-
MRI) at the level of the ascending aorta (voxel size = 0.58 x 0.58x 5 mm3, TR/TE = 5.2/3.1 ms,
velocity encoding = 130 cm/s) and above the carotid bifurcation (voxel size =0.31 x 0.31x 5 mm3,
TR/TE = 6.0/3.7 ms, velocity encoding = 100 cm/s). The slice was positioned perpendicular to the
arteries of interest and velocity was encoded in the through-plane direction. PC-MRI data was

processed in MATLAB to calculate flow rates.

3.2.3 Computational modeling
The key computational modeling tasks, namely three-dimensional anatomical reconstruction,
mesh generation, boundary condition specification, and finite element analysis were performed

using the validated open-source computational hemodynamics framework CRIMSON [78].

3.2.3.1 Anatomical reconstruction and mesh generation

3D geometric models of the aorta and head and neck vessels, including the CoW, were
reconstructed from the anatomical imaging data. Briefly, centerlines and 2D vessel contours were
defined for each vessel of interest. Contours were then lofted to create an analytical representation
of each vessel and ultimately define a 3D geometric model of the vasculature [75]. This 3D model
was then discretized using linear tetrahedral elements. A mesh-adaptation algorithm [79] was used
to refine the mesh locally based on local velocity gradients. The final mesh sizes for healthy,
patient 1, and patient 2 consisted of 2.16x10°, 1.84x10°, and 2.39x10° elements, respectively.

Mesh-independence was evaluated for patient 1 by creating an additional highly-refined mesh with
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6.86x10° elements, which resulted in a difference of less than 1% for the flow rates at each outlet

and a maximum difference of 2 % for peak velocity in the center of the stenosis.

3.2.3.2 Boundary conditions

A pulsatile inflow waveform reconstructed from PC-MRI was mapped to a parabolic velocity
profile and prescribed at the inlet of the ascending aorta for each geometric model. Each vessel
outlet was coupled to a three-element Windkessel model, which consists of a proximal resistance
(Rp), a distal resistance (Ry), and a capacitor (C) [80]. For each subject, the total arterial resistance

1S

RT = Pmean/QT (3.1

where the mean pressure Byeqn = 1/3 Pgyseotic + 2/3 Paiastoric and Qr is total cardiac output.

The total arterial compliance is

CT = (QT,max - QT,min)/(Psystolic - Pdiastolic) * At (3.2)

where Q1 mqx and Qr i, are maximum and minimum values of aortic inflow, and At is the time
lapse between these values. Initial estimates for the Windkessel model parameters were obtained
by distributing R and C among the different outlets, to obtain R; and C; for vessel i = 1, ...,13,
as described in [81]. The Windkessel parameters were then iteratively adjusted following the
scheme described in detail in section 2.4. Lastly, a no-slip boundary condition was assigned to all

vessel walls.

3.2.3.3 Finite Element Analysis

Blood was modeled as an incompressible Newtonian fluid with a dynamic viscosity of 0.004 kg-m-
's'l and a density of 1,060 kg-m™. A stabilized finite-element formulation for the incompressible
Navier-Stokes equations was employed to solve for blood flow velocity and pressure in the models
[82]. Computations were performed using 80 cores on a high-performance computing cluster.
Simulations were run using a time step size of 0.1 ms until cycle-to-cycle periodicity was achieved,

typically after 5 cardiac cycles.
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3.2.4 Patient-specific calibration of outflow boundary conditions for the CFD models

3.2.4.1 Calculation of mean flow at model outlets

Intracranial arteries: The flow distribution among cerebral and cerebellar arteries was derived
from the NS-ASL perfusion images, a cerebral territory atlas, and the total inflow to the brain as
illustrated in Fig. 3.2. First, the NS-ASL perfusion images were mapped into a standardized
template space (Montreal Neurological Institute ch2better) using the toolbox SPM12 (Wellcome
Trust Center for Neuroimaging, London, UK). Next, the standardized perfusion images were
segmented using a vascular territory atlas. The vascular territory atlas was derived from a study by
Kim et al. [83], in which the perfusion territories of the main cerebral arteries were mapped based
on diffusion-weighted MRI in stroke patients. The atlas was extended to include the cerebellum.
This extended vascular territory atlas with a resolution of 370 x 301 x 316 is given as a NIfTI
dataset in the supplementary materials. In this work, we assumed the following relationship
between eight intracranial arteries and seven vascular territories (see Fig. 3.2): 1) RACA territory,
perfused by the RACA (yellow); 2) LACA territory, perfused by the LACA (magenta); 3) RMCA
territory, perfused by the RMCA (green); 4) LMCA territory, perfused by the LMCA (light blue);
5) RPCA territory, perfused by the RPCA (orange); 6) LPCA territory, perfused by the LPCA
(dark blue); 7) Cerebellum territory, perfused evenly by RSCA and LSCA (red). A perfusion split
psj was then calculated by dividing the sum of perfusion signal in each territory j = 1, ...,7 by the
sum of total perfusion signal over the entire brain. The total mean inflow to the CoW (Qoy/) Was
calculated from the PC-MRI data on left and right ICAs and VAs. Mean flow rates through each

intracranial vessel (étarget,i) were calculated as the product of the total mean inflow to the CoW

and the perfusion split ps; corresponding to the territory perfused by vessel i = 1, ...,8.
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Fig. 3.2 Workflow of calculating the flow split among the arteries of the CoW based on NS-ASL perfusion imaging, a vascular
territory atlas, and total inflow to the CoW from PC-MRI. RACA/LACA = right/left anterior cerebral artery, RMCA/LMCA =
right/left middle cerebral artery, RPCA/LPCA = right/left posterior cerebral artery, RSCA/LSCA = right/left superior cerebellar
artery.

Extracranial arteries: Mean flow rates in the external carotid arteries were calculated from PC-
MRI. In the subclavian arteries, we assumed a mean flow rate of 5.6% of cardiac-output [75].
Finally, the difference between inflow and intracranial, external carotid arteries, and subclavian

arteries flow was assigned to the descending thoracic aorta.

3.2.4.2 Calibration of Windkessel model parameters

Patient-specific calibration of the Windkessel model parameters for each outflow branch was
performed in three stages. Stage I: the distal resistance R; was iteratively adjusted during
simulation runtime using Python controller scripts [84] to match the target mean flow rates. At
each simulation time step, R; was adjusted proportional to the error between the current mean
flow and the target flow. Simulations were terminated once the flow at each outlet was fully
converged (error < 1%). Stage 2: The ratio of R,,/R; was adjusted for each cerebral and cerebellar
branch such that the computed and measured PC-MRI flow waveforms in the ICAs and VAs had
similar pulsatility. The total resistance R; = R, + Ry at each outlet was kept constant to preserve
mean flow. Stage 3: Measurements of brachial pressure (Psystoic and Pgjgstoric) Were matched by
adjusting Ry and Cr. The percentage change in Ry and Cr through the iterations was proportionally

assigned to R; and C; at each outleti = 1, ...,13.
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3.2.5 Validation of the calibrated CFD models

The calibrated CFD models were validated against VS-ASL by comparing the fractional blood
supply (FBS) in each vascular territory. We defined the fractional blood supply for a vascular
territory j from a neck artery k as FBS; x = Qj /X Qj » Where j = 1,..,7 is the vascular territory
index and k = 1,..,4 is the neck artery index (1:RIVA , 2:RVA, 3:LVA, 4.LICA), and Q;  is the
flow contribution from the neck artery & to the vascular territory j. The process for calculating

FBS; ;. from VS-ASL and CFD data is described next.

3.2.5.1 Fractional blood supply based on VS-ASL

The process for calculating FBS;; from VS-ASL images is outlined in Fig. 3.3. The perfusion
signal in the VS-ASL images is determined by the blood supply from a single neck artery to the
vascular territories. The signal in the VS-ASL images was first scaled based on the measured
labeling efficiency. Then, scaled VS-ASL images were transformed into the standardized template
space (panel 1). The sum of all scaled VS-ASL images produces the total perfusion image. The
FBS; ;. maps were then calculated by dividing each scaled VS-ASL image by the total perfusion
image on a voxel-by-voxel basis (panel 2). Then, the FBS; ; maps were segmented into different
territories using the vascular territory atlas. Lastly, due to noise in the raw ASL data, negative
values of FBS; ;. distribution are possible on a given voxel. Therefore, we characterize the FBS;

distribution by its median (M) and median absolute deviation (MAD) (see panel 3).

3.2.5.2 Fractional blood supply based on CFD Lagrangian particle tracking

To validate the CFD results using the VS-ASL data, one must develop a method to assess the
fractional blood supply of the intracranial arteries/territories and compare it with the median (M)
of the FBS; . obtained with VS-ASL for each artery/territory. This can be achieved via a further
post-processing analysis on the CFD data, known as “Lagrangian particle tracking” (LPT),
whereby virtual boluses of blood are created by seeding mass-less particles in different regions of
the vasculature and advected by the velocity field over multiple cardiac cycles. This is an

established technique with multiple applications in cardiovascular flows [85] [86] [87] [88] [89].
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Fig. 3.3 Processes to calculate FBSj . from VS-ASL images, illustrated for the LICA. (1) Scaled VS-ASL perfusion images in
standardized template space. (2) Calculation of spatial FBS;; maps. (3) Segmentation of territories using a vascular territory atlas
and calculation of median (M) and median absolute deviation (MAD) from the FBS; distribution in each territory.

In this work, we performed four individual LPT simulations, one for each carotid and vertebral
artery. In each of the LPT simulations, a bolus was created by seeding particles continuously at
the base of the corresponding neck artery (Fig. 3.4). To achieve continuous seeding, a small
volume of particles was re-injected every 40 particle tracking steps. The volume of particles was
defined by a disk with the radius of the seeding vessel and a height of approximately 2mm. The
volume was discretized with a fine mesh, where each mesh vortex represents the seeding location
of a particle. Particles were seeded and tracked over 4 cardiac cycles with a particle tracking time

step size of 0.2 ms. After reaching the intracranial arteries, particles were counted at each outlet.
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Once cycle-to-cycle periodicity in the number of counted particles was achieved, the total number
of particles collected per intracranial vessel over a full cardiac cycle was extracted. The final
particle count of each LPT simulation was scaled proportional to the flow rate of the seeding artery.
This scaling step is necessary to keep the blood volume represented by a single particle constant

across LPT simulations.

Lastly, for each intracranial vessel, assigned to a vascular territory j, itsfractional blood supply

FBS; ;. from each neck artery k was calculated by dividing the particle count of the LPT analysis

for neck artery k£ by the sum of the particle counts of each of the four LPT analyses of the neck

arteries.

Fig. 3.4 Continuous seeding and advection of Lagrangian particles in the vertebral and carotid arteries at four time points.

3.3 Results
3.3.1 Validation fractional blood supply: CFD LPT versus VS-ASL

3.3.1.1 Qualitative analysis:

A qualitative comparison between FBS obtained from VS-ASL and CFD LPT is illustrated in Fig.
5. The VS-ASL images (Fig. 3.5a) show the perfusion territories of the four neck arteries, from
the inferior region of the cranium (bottom row slices) to the superior region (top row slices). Each
image voxel was color-coded based on the FBS of the neck arteries. For visualization purposes,
we limited the FBS in each voxel to positive fraction values between 0 and 1 (cf. Fig. 3.3 panel 3).
LPT analyses results (Fig. 3.5b) show maps of the advection of particles, color-coded based on the
seeding artery in the neck, as well as temporal histograms of particles collected at the outflow of

selected intracranial arteries.
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1.

Middle cerebral arteries: The VS-ASL data revealed that the perfusion territories of the RMCA
(arrow 1) and LMCA (arrow 2) were primarily supplied by the ipsilateral carotid artery for all
subjects regardless of the degree of stenosis. This perfusion pattern was also replicated in the
LPT analyses, where particles exiting the RMCA primarily originated in the RICA (green
particles) and particles leaving the LMCA predominantly originated in the LICA (blue
particles).

Anterior cerebral arteries: All three subjects displayed flow compensation from the LICA to
the RACA territory (arrow 3) in the VS-ASL images. The LPT analysis also reproduced this
flow compensation in the RACA via the anterior communicating artery (AComA) for all
subjects. The histograms of LPT RACA particles illustrate clear differences in the amount of
compensation among subjects. The healthy control subject revealed significant blood supply
from the LICA (blue particles) to the RACA, despite the absence of stenosis. The severe RICA
stenosis in patient 1 resulted in the RACA being predominantly supplied by the LICA. In
contrast, the severe stenosis in the RICA and the mild stenosis in the LICA in patient 2 only
led to a small amount of collateral flow in the RACA.

Posterior cerebral arteries: The VS-ASL images revealed large differences in blood supply in
the RPCA (arrow 4) and LPCA (arrow 5) territories between subjects. These differences in
blood supply were also replicated in the LPT analyses. In the healthy control subject, the
posterior circulation received mixed supply from both vertebral arteries as seen in the LPCA
histogram. In patient 1, the RPCA territory was predominantly perfused by the LVA whereas
the LPCA territory was predominantly perfused by the RVA (see histogram). The VS-ASL
data revealed a switch in blood supply to the posterior circulation between right and left
hemisphere, a switch also mirrored in the LPT analysis which shows vortex-like flow patterns
in the basilar artery resulting in crossing of particles originating in the VAs. In patient 2, the
posterior circulation was supplied by the ipsilateral carotid arteries. In this patient, the VAs did
not contribute to cerebral blood flow. Instead, the LVA supplied most of the cerebellum flow

with some small contribution from the LICA, as also apparent in the VS-ASL data (arrow 6).
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Healthy control Patient 1 Patient 2

RVA

Fig. 3.5 Qualitative comparison between FBS obtained from VS-ASL and CFD LPT (a) VS-ASL images show the perfusion
territories of the main neck arteries from the inferior of the cranium (bottom row slices) to the superior (top row slices). The images
were created by color-coding the FBS maps of the main neck arteries on a voxel-by-voxel basis. For visualization purposes, we
limited the fractional contributions of each neck artery to a positive range between 0 and 1. The arrows indicate the vascular
territories of the 1) RMCA, 2) LMCA, 3) RACA, 4) RPCA, 5) LPCA, and 6) cerebellum. (b) LPT analyses show the advection of
particles in the large arteries of the CoW. Particles are color-coded based on the artery of origin in the neck. Histograms demonstrate
mixed supply in the RACA and LPCA over the cardiac cycle T.

3.3.1.2 Quantitative analysis

A quantitative comparison of FBS; . obtained with VS-ASL and CFD LPT is summarized in Fig.
3.6. For each vascular territory j, the percentage supply contributions from the neck arteries %,
obtained from VS-ASL (red bars) and LPT (blue bars), are shown. VS-ASL data includes the
median absolute deviation. Due to noise in the VS-ASL signal, FBS results show small negative
values in territories for which the perfusion contribution from a given neck artery & is small.

Conversely, the LPT data is “noise-free” and given by a single value of FBS, instead of by a
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distribution. Overall, VS-ASL and LPT estimates of FBS; ; agreed well for all subjects. The LPT
analysis correctly identified the artery contributing the largest % of perfusion in vascular territories
predominately perfused by a single neck artery in all subjects (e.g. LACA, LMCA, RMCA).
Furthermore, the magnitude of flow compensation from the LICA to the RACA territory was
correctly reflected in the LPT analyses for all subjects. The main sources of perfusion in the RPCA
and LPCA territories were correctly identified by the LPT in both patients and only partially
matched in the healthy control subject.
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Fig. 3.6 Comparison of the FBS; ., obtained from VS-ASL and LPT, in each vascular territory j and for each neck artery k. For
VS-ASL, values of FBS; represent the median of the FBS;; distribution in each vascular territory. The error bar represents the
median absolute deviation. For LPT, values of FBS;, were calculated based on the particle count at each outlet of the CoW.
RACA/LACA = right/left anterior cerebral artery, RMCA/LMCA = right/left middle cerebral artery, RPCA/LPCA = right/left

posterior cerebral artery, SCA = superior cerebellar arteries, RVA/LVA = right/left vertebral artery, RICA/LICA = right/left
internal carotid artery.

A correlation coefficient of FBS; , between VS-ASL and LPT was calculated for each subject over
all vascular territories j and neck arteries & (Fig. 3.7). The correlation coefficients were R = 0.92,

R = 0.94, and R = 0.95 for the healthy subject, patient 1, and patient 2, respectively.
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Fig. 3.7 Correlation of FBSj between VS-ASL and LPT. For each subject, the correlation coefficient and linear fit of FBSj
over all territories j and neck arteries & was calculated.

3.3.2 Validation flow: CFD versus PC-MRI
Mean flow rates from the calibrated CFD model were compared to PC-MRI flow data in the
vertebral and carotid arteries above the carotid bifurcation. The difference in mean flow rates in

each neck artery was smaller than 10% for all subjects.

3.4 Discussion

3.4.1 Patient-specific calibration of outflow boundary conditions

We presented a strategy for calibrating patient-specific outflow boundary conditions in the CoW.
Our strategy relies on deriving mean flow splits in the main arteries of the CoW using ASL
perfusion data, and on knowledge of the total flow to the head given by PC-MRI data in the neck
arteries. The perfusion data in the different cerebral territories is the result of the spatial distribution
of blood supply to the brain tissue, which is determined by the overall distal microvascular
resistance and potentially cerebral auto-regulatory effects that seek to compensate deficits in flow
in a region of the brain. Therefore, the calibrated outflow boundary condition parameters include
the effect of all these mechanisms. Cerebral auto-regulatory compensation was apparent in patient
1, where the ASL-derived flow rates in the right and left MCA of the CoW were comparable
despite a severe RICA stenosis. To match the ASL-derived mean flow rates in the CFD analysis,
the distal resistance of each Windkessel model for the vessels in the CoW was iteratively adjusted
during stage 1 of the calibration (cf. section 3.2.4.2). The calibrated RMCA resistance was
significantly lower than its LMCA counterpart. This finding points to a substantial vasodilation of

the distal vasculature of the RMCA to maintain adequate blood supply to the brain tissue.
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Previous CFD modeling studies of cerebral blood flow have relied primarily on assumptions on
the flow distribution in the CoW, either based on literature data of healthy vasculatures [75][76]
or allometric scaling laws [77]. However, in situations of cerebrovascular disease, the distribution
of flow between the different vessels of the CoW may be substantially different from that given
by idealized allometric scaling principles based on healthy data. Ultimately, incorrect values of
flow in the vessels of the CoW will affect the quality of the CFD results. Zhang et al. [90]
previously presented a calibrated 1D-0D computational model of cerebral blood using single
photon emission computed tomography (SPECT) to estimate the flow distribution in the CoW
[91]. In this work, we built on this approach by acquiring non-invasive and non-radioactive NS-
ASL perfusion images and using 3D models of blood flow, given by the incompressible Navier-
Stokes equations, which are essential to capture complex hemodynamics around the stenosis and

in the small and tortuous vessels of the CoW.

3.4.2 Validation of calibrated CFD model

In this work, we demonstrated that our CFD calibration strategy of using NS-ASL perfusion
images, in combination with a vascular territory atlas and PC-MRI, can accurately characterize
flow in the main arteries of the CoW in a small group of subjects. The LPT analysis performed
using the calibrated CFD model was validated using VS-ASL data by comparing their respective
values of FBS in each vascular territory. Results showed an overall good agreement between LPT

and VS-ASL with high correlation coefficients.

Bockman et al. [77] developed a CFD model of the vertebrobasilar system with outflow boundary
conditions defined via allometric scaling on healthy subjects without flow-altering CVOD. They
studied the agreement in the laterality of the VA blood supply for the cerebral and cerebellar
circulations between CFD and vessel-encoded ASL. ASL perfusion data was therefore not used to
calibrate the outflow BC of the CFD model. Here, we modeled the entire CoW and validated blood
supply to each vascular territory in both healthy and CVOD subjects. Furthermore, we
demonstrated that the calibrated CFD models captured the collateral flow observed in the VS-ASL
data.
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3.4.3 Limitations

Vascular territory atlas: Estimating the flow splits between the main arteries of the CoW and,

consequently, calibrating the corresponding outflow Windkessel models, relies on the
segmentation of non-selective ASL perfusion images using a vascular territory atlas. The atlas was
derived from a large population study and represents a map of the average vascular territories in
the brain. Although the size of border zones between territories appears to be much narrower than
previously assumed [83], a degree of variability in the vascular territories between patients is
expected. Furthermore, leptomeningeal collaterals can form between the distal branches of the
CoW to augment flow compensation in cases of severe stenosis [92], thereby altering the vascular
territories of the main cerebral arteries. To assess the accuracy of the atlas in the subjects of our
study, we could qualitatively compare their boundaries against the outlines of the perfusion VS-

ASL data, see Fig. 3.3, maps of territorial atlas and FBS; ; ;4 for slice 160.

VS-ASL: Perfusion quantification from ASL images is challenged by its inherently low signal-to-
noise ratio, pulsatility artifacts, and sensitivity to bolus arrival time variation. Although NS-ASL
is rapidly gaining acceptance in the clinic, quantification of perfusion is not readily available in all
scanner platforms and the technique is generally used qualitatively in the clinical setting [50]. In
VS-ASL, these challenges can lead to artifacts in the territorial perfusion maps [73]. For example,
signal fluctuations between label and control images can result in spurious perfusion signal in
vascular territories not perfused by the labeled neck artery, and consequently lead to errors in the
calculation of the FBS. To account for the spatial variability of FBS within a vascular territory, we

included the median absolute deviation in the data as shown in Fig. 3.6.

3.5 Conclusion

In this work, we presented a strategy to quantify cerebral hemodynamics using CFD in
combination with ASL and PC-MRI data. We demonstrated that our calibrated CFD model
accurately reproduced the fractional blood supply to the vascular territories, as obtained from VS-
ASL. In particular, the flow compensation between hemispheres was captured well by the

calibrated CFD models.
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Chapter 4: Patient-Specific Computational Modeling of Cerebral
Hemodynamics in Patients with Carotid Stenosis

4.1 Introduction

Clinical assessment of patients with carotid stenosis generally relies on categorizing the severity
of the stenosis based on the degree of diameter reduction. Yet, hemodynamic factors, including
the patency of collateral flow compensation and the cerebral vascular flow reserve, are also known
to play an important role in the pathophysiology of Transient ischemic attack (TIA) and ischemic
stroke [51]. Strokes in patients with high level stenosis (80%-99%), especially in combination with
inadequate collateralization, are more likely to have a hemodynamic etiology due to critical
reduction in ipsilateral blood supply to the brain tissue exceeding the limits of the cerebral vascular
flow reserve [93]. Furthermore, cerebral hemodynamics might play a key role in the prevention of
embolic stroke, as the presence of patent collaterals has been associated with a reduced risk of
hemispheric stroke and TIA in symptomatic patients [69][71][70]. While the pathophysiology is
not fully understood, it has been hypothesized that collateral flow and overall adequate cerebral
perfusion are beneficial in the clearance or washout of emboli [94]. Given the complexity of the
cerebral vasculature and the mechanisms of flow compensation, a better understanding of cerebral

hemodynamics is needed.

Unfortunately, clinically available imaging modalities provide only a snapshot of cerebral
hemodynamics and are limited to velocity measurements (transcranial doppler, 4D flow). To
evaluate patency of collateral flow compensation, collateral vessels are typically graded based on
anatomical data (computed tomography angiography (CTA), magnetic resonance angiography
(MRA), digital subtraction angiography (DSA)). However, quantitative information about the
blood supply to the vascular territories of the brain and the collateral flow contributions are

currently not available.

The aim of this study is to demonstrate a novel method of quantifying cerebral hemodynamics

using computational fluid dynamics (CFD) combined with medical imaging data. We previously
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presented a strategy of calibrating patient-specific CFD models using brain perfusion data obtained
from arterial spin labeling (ASL) MRI, which was validated in a small cohort of subjects [95].
Here we perform patient-specific CFD analysis to characterize the preoperative cerebral
hemodynamics in two patients with carotid stenosis and to investigate the hemodynamic impact
of anatomy, stenosis progression, and collateralization. Additionally, the changes in cerebral

hemodynamics following carotid revascularization are assessed in a single patient.

4.2 Methods

4.2.1 Patient history

Two patients with carotid stenosis were recruited from the vascular surgery unit at the University
of Michigan Hospital. The study was approved by the local Institutional Review Board and all
subjects provided informed written consent (HUMO00114275).

Patient 1 (female, 55 y/o) presented with a symptomatic 70-99% stenosis of the proximal right
internal carotid artery (RICA) based on duplex ultrasound (DUS). The left internal carotid artery
(LICA) was patent with no evidence of stenosis following carotid endarterectomy (CEA) one year
prior to this study. Patient 1 presented with a complete Circle of Willis (CoW) anatomy. CEA with
patch angioplasty was performed on the RICA

Patient 2 (male, 64 y/0) presented with an asymptomatic 80-90% tandem stenosis of the proximal
RICA and an asymptomatic 60% stenosis of the proximal LICA, based on CTA. This patient had
an incomplete CoW anatomy with a missing right P1 segment and an atretic distal right vertebral

artery (RVA). CEA with patch angioplasty was performed on the RICA.

4.2.2 Imaging data

The two patients underwent an MRI study to acquire data on vascular anatomy, flow, and brain
tissue perfusion. Patients 1 and 2 received preoperative MRI scanning 46 days and 12 days prior
to undergoing right CEA, respectively. Patient 2 received an additional MRI scan 56 days post

operation.

Anatomical information of the vasculature of the thoracic aorta and complete cerebral vasculature
was acquired with a combination of 2D T1-weighted spoiled gradient echo and 3D Time-of-Flight.
Additionally, CTA data of the neck and head region was acquired preoperatively as part of the

clinical treatment of patient 2. Flow rates were measured in the ascending aorta and in the main
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cervical arteries above the carotid bifurcation via phase-contrast (PC) MRI. Brain tissue perfusion
data was collected using ASL MRI. The ASL sequence included a standard non-selective labeling
scheme to acquire total perfusion maps [50] and a vessel-selective labeling scheme to acquire the
regional perfusion territories of the main neck arteries (carotid and vertebral arteries) [32][73]. At
the end of the MRI protocol, non-invasive cuff pressure measurements of the right upper extremity
were acquired while in the supine position. Further details about the imaging protocol are described

in chapter 3.2.2.

4.2.3 Patient-specific computational modeling

Image-based CFD allows for the analysis of hemodynamics in patient-specific geometries by
solving the governing equations of flow motion. In this work, CFD analysis of cervical and
cerebral hemodynamics was performed in preoperative models of patients 1 and 2 and in a
postoperative model of patient 2. Computational modeling was performed using the validated
open-source computational hemodynamics framework CRIMSON [78]. The modeling steps and
parameters have been described in detail in chapter 3.2.3. Briefly, 3D geometric models of the
cervical and cerebral vasculature were reconstructed using the preoperative anatomical MRI data
of patient 1 and the CTA data of patient 2. The postoperative geometric model of patient 2 was
created by adapting the preoperative geometric model in the region of the right carotid bifurcation
based on the postoperative anatomical MRI data to reflect the anatomical changes following CEA.
Patient-specific boundary conditions were specified at each model inflow and outflow. A
volumetric flow waveform, reconstructed from PC-MRI, was imposed at the inflow of the
ascending aorta. 3-element Windkessel models, representing the resistance and compliance of the
distal vasculature, were assigned at each outflow. To calibrate the Windkessel model parameters,
the mean flow rates in the intracranial arteries were derived from ASL perfusion and PC-MRI data
using a previously proposed calibration strategy [95]. Briefly, ASL perfusion images were
segmented into the vascular territories, corresponding to the anterior cerebral artery (ACA), middle
cerebral artery (MCA), posterior cerebral artery (PCA), and superior cerebellar artery (SCA), using
a vascular territory atlas and a perfusion split over the vascular territories was calculated. The final
mean flow rates were calculated by distributing the total mean inflow to the CoW, obtained from
PC-MRI, among the vessel of the CoW proportionally to the derived perfusion splits. The mean
flow rates in the subclavian arteries were assumed to be 5.6% of cardiac-output [75] and the mean

flow rates in the extracranial carotid arteries were calculated directly from PC-MRI. The mean
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flow rate in the descending aorta was defined as the difference between the inflow at the ascending
aorta and the cervical and cerebral outflows combined. Finally, the Windkessel model parameters
were iteratively tuned to match the CFD flow rates to the calculated target mean flow rates and the
pulsatility of the PC-MRI waveforms above the carotid bifurcation. The Windkessel model
parameters were further tuned to match the cuff pressure measurements. The final Windkessel
model parameters for each patient model are summarized in Table 4.1. Blood was modeled as an
incompressible Newtonian fluid with a dynamic viscosity of 0.004 kg:m™-s*! and a density of
1,060 kg-m™. Computations were performed using the CRIMSON Navier-Stokes Flow solver on
80 cores at the University of Michigan high-performance computing cluster ConFlux. Simulations
were run using a time step size of 0.1 ms until cycle-to-cycle periodicity was achieved, typically

after 5 cardiac cycles. Velocity and pressure fields were extracted for the last cardiac cycle.

To visualize and quantify the blood supply from the cervical arteries to the CoW, a further post-
processing analysis on the CFD data, known as “Lagrangian particle tracking” (LPT) was
performed [85][86]. Virtual boluses were created by seeding massless particles continuously at the
root of each cervical artery and advecting the particles with the velocity field over multiple cardiac

cycles. Particles were counted at each outlet over the last cardiac cycle.
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Table 4.1 Parameters of the calibrated 3-element Windkessel models for patients 1 and 2. Each Windkessel model consists of a
proximal resistance Ry, distal resistance Ry, and compliance C. RECA/LECA = right/left external carotid artery, RACA/LACA =
right/left anterior cerebral artery, RMCA/LMCA = right/left middle cerebral artery, RPCA/LPCA = right/left posterior cerebral
artery, RSCA/LSCA = right/left superior cerebellar artery, RVA = right vertebral artery.

Patient 1 Patient 2
Outlet Rp Rq C R, Rq C
(10°Pasm=3)  (10°Pasm™®)  (107°m*Pa’h) (10°Pasm=3)  (10°Pasm™®)  (107°m*Pa’h)
Descending 0.01 0.23 63.72 0.01 0.26 54.52
Aorta
R. subclavian 0.13 2.68 5.50 0.17 3.24 443
L. subclavian 0.13 2.63 5.50 0.17 3.24 443
RECA 0.49 5.69 2.44 0.42 4.90 2.89
LECA 0.85 10.01 1.42 0.64 7.46 1.89
RACA 2.38 2.38 2.09 472 8.01 118
LACA 2.11 2.11 2.42 5.76 6.23 1.26
RMCA 0.15 1.55 531 2.10 3.54 2.76
LMCA 1.27 1.27 5.60 2.61 2.83 2.86
RPCA 4.22 4.57 1.62 7.51 12.63 0.77
LPCA 437 473 1.55 8.61 9.33 0.86
RSCA 1.32 14.59 0.91 6.11 15.79 0.69
LSCA 132 14.03 0.91 6.14 15.85 0.69
Tel;‘:,‘g‘al ; i i 7.09 17.09 0.61

4.3 Results

4.3.1 Geometric patient models

The reconstructed geometric models of the main arteries from the thoracic aorta to the CoW are
illustrated in Fig. 4.1 for patients 1 and 2. A cross-sectional comparison of geometric model at
peak RICA stenosis revealed a remaining luminal diameter of 1.4 mm and 3.0 mm for patients 1
and 2 respectively. The lumen of the proximal RICA was fully restored following CEA of patient
2.
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Fig. 41  3D-reconstructed geometric models. (a) Close-up of the stenosed carotid bifurcations. The red arrows indicate the
location of peak stenosis. An axial cross-section illustrates the comparison between image data and model contours. (b) Posterior
view of the CoW. The black arrows indicate variations in the CoW anatomy. RICA = right internal carotid artery; RECA = right
external carotid artery; LICA = left internal carotid artery; LECA = left external carotid artery. R and L indicate the right and left
side from the subject’s perspective.

4.3.2 Preoperative hemodynamic analysis

After establishing the accuracy of our CFD-ASL modeling strategy against VS-ASL and PC-MRI
data (see chapter 3.3), we investigated its clinical feasibility to assess preoperative hemodynamics
in patients with carotid stenosis. Specifically, we quantified pressure and flow waveforms, the
hemodynamic impact of the carotid stenoses, and the resistances of the distal cerebral vascular

territories.

Fig. 4.2 shows pressure and flow waveforms in six arteries of the neck and head for patient 1. The
mean pressure gradient over the stenosis was defined as AP = Py — Pyjse, Where Pyyoy and Py
are the mean cross-sectional-averaged pressures 2 cm proximal and distal to the maximum
diameter reduction, respectively. The mean pressure gradient over the RICA was APgjcy =

26.25 mmHg, compared to a APg;c4, = 0.58 mmHg mean pressure gradient over the unstenosed
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LICA. Another metric of the hemodynamic significance of the stenosis is given by the fractional
flow (FF) index [68][41][96], defined as FF = Py;s;/Pyrox. This index produced FFgicp =
0.71 and FF;;c4 = 0.99. The stenosis resulted in a substantial difference in flow between the
RICA and LICA, with mean flow rates of Qg;ca = 3.25mL/s and Qpyca = 6.79 mL/s. In the
CoW, the RMCA and LMCA exhibit substantially different mean values of pressure (Pgpcas =
47.62 mmHg, Pyca = 74.91 mmHg, mean difference: 27.29 mmHg). Despite the pressure
difference between hemispheres, the mean flow rates in the RMCA and LMCA were comparable
with Qgpca = 3.74 mL/s and Qpuca = 3.92 mL/s. This preservation of flow at the RMCA was
achieved through a reduction in the total resistance of its distal vasculature, resulting in Rgpca =

1.7 - 10° Pa s m~3 compared to R, 4 = 2.54-10° Pa s m™3 at the contralateral LMCA.
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Fig. 4.2  Velocity and pressure fields at peak systole for patient 1. Flow and pressure waveforms are evaluated in the internal
carotid (ICA), vertebral (VA), and middle cerebral arteries (MCA). The flow waveforms in the neck arteries are compared to PC-
MRI measurements above the carotid bifurcation (dotted lines). The mean pressure gradient AP = I_’pmx — P45 Was calculated
over the RICA stenosis and the same vessel segment in the LICA.
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Fig. 4.3 shows the pressure and flow waveforms for patient 2. The mean pressure gradient over
the stenoses and FF indices in the RICA and LICA were APg;cq = 1.75 mmHg, AP ;04 =
0.71 mmHg, FFg;cq = 0.98, and FF; ;-4 = 0.99, respectively. The mean flow rates in the RICA
and LICA were Qg;ca = 4.00 mL/s and Qy;c4 = 5.25 mL/s. Despite the severe RICA stenosis
and moderate LICA stenosis, the mean pressure at the RMCA and LMCA were similar (Pgpcy =
106.42 mmHg, Py ¢4 = 106.37 mmHg, mean difference: 0.05 mmHg). The mean flow rates, as
well as the corresponding total resistances, at the outlets of the RMCA and LMCA were
comparable with Qgpca = 2.50mL/s and Qppca = 2.60 mL/s, and Rgpyca = 5.64 -

10° Pas m™3 and Ry ;04 = 5.44 - 10° Pa s m™3, respectively.

For comparison, the pressure and flow results for the healthy control subject from chapter 1 are
shown in Fig. 4.4. A pressure gradient and fractional flow over the patent right and left carotid
bifurcations were calculated analog to the patient examples for reference, yielding APgcs =
0.77 mmHg and AP;;c, = 0.55 mmHg and correspondingly FFg;c4 = 0.99 and FF;;c, = 0.99.
The flow rates in the RMCA and LMCA were similar with Qgpca = 3.71 mL/s and Qppyca =

3.62 mlL/s and the pressure difference between these outlets was APy, = 3.61 mmHg.
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Fig. 4.3 Velocity and pressure fields at peak systole for patient 2. Flow and pressure waveforms are evaluated in the internal
carotid (ICA), vertebral (VA), and middle cerebral arteries (MCA). The flow waveforms in the neck arteries are compared to PC-
MRI measurements above the carotid bifurcation (dotted lines). The mean pressure gradient AP = I_’pmx — P45 Was calculated
over the RICA and LICA stenosis.
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Fig. 4.4 Velocity and pressure fields at peak systole are shown for the healthy control subject. Flow and pressure waveforms are
evaluated in the internal carotid (ICA), vertebral (VA), and middle cerebral arteries (MCA) and compared to PC-MRI
measurements in the neck arteries. The mean pressure gradient AP = I_’pmx — P i Was calculated over the RICA and LICA
bifurcation.

A Comparison of the flow waveforms in the main cervical arteries (above the carotid bifurcation)
obtained from CFD with in-vivo PC-MRI data showed an overall good agreement in both patients

and the healthy control subject and resulted in differences in mean flow rates of less than 10%.
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The blood supply from the main cervical arteries to the CoW, obtained with LPT, is illustrated in
Fig. 4.5. Patient 1 exhibited a large amount of flow compensation between hemispheres with the
RACA (#2) being predominately supplied by the LICA (80.31%) via the anterior communicating
artery. In contrast, patient 2 revealed only a small amount of collateral flow from the LICA to the
RACA (20.05%). The MCAs (#3, #4) were predominately supplied by the ipsilateral ICA in both
patients. Significant differences in the supply of the posterior territory were observed between
patients. Patient 1 revealed a swirling motion of vertebral flow in the basilar artery, resulting in
dominant supply of the LPCA (#5) from the RVA and dominant supply of the RPCA (#6) from
the LVA. The posterior territory of patient 2 was supplied ipsilaterally by the ICAs and the
cerebellum was supplied by the LVA. The CFD-derived blood supply of the main intracranial

arteries matched well the territorial perfusion obtained from vessel-selective ASL.

Patient 1 Pre-op Patient 2 Pre-op
(large compensation between hemispheres) (small compensation between hemispheres)

Fig. 4.5 Analysis of blood supply in the CoW with Lagrangian particle tracking. Particles are color-coded based on the originating
cervical artery. Histograms show the particle count over a full cardiac cycle at each outlet. The results of Lagrangian particle
tracking are compared to territorial perfusion maps from vessel-selective ASL.
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4.3.3 Postoperative hemodynamic analysis

Changes in blood supply following revascularization in patient 2 are illustrated in Fig. 4.6. The
preoperative collateral flow from the LICA to the RACA disappeared postoperatively. The
direction of Flow in the anterior communicating artery was reversed, resulting a minor flow

contribution from the RICA to the LACA (7.24%).

| LVA_

(V)

Patient 2 Pre-op Patient 2 Post-op

Fig. 4.6 Comparison of the preoperative and postoperative blood supply in the CoW with Lagrangian particle tracking. Particles
are color-coded based on the originating cervical artery. Histograms show the particle count over a full cardiac cycle at the right
and left ACA. A close-up of the flow in the anterior communication artery is shown.

To further assess the hemodynamic changes following revascularization, the mean pressure
gradient and fractional flow FF were calculated over the stenosis (Fig. 4.7). Patient 2 exhibited a
preoperative mean pressure gradient of APg;¢ apre = 1.8 mmHg over the severely stenosed RICA
and APy apre = 0.7mmHg over the mildly stenosed LICA. Following revascularization, the
mean pressure gradient in the RICA was reduced to APgjc4 pose = 0.1 mmHg. The mean pressure
gradient over the LICA did not change postoperatively. However, contrasting these values to the
preoperative mean pressure gradient in the RICA of patient 1 of APg;c4 = 26.3 mmHg, the
pressure gradient of the RICA in patient 2 was neglectable. The minor impact of the procedure on
the pressure gradient was further demonstrated by the fractional flow changing from FFg;c4 pre =

0.98 preoperatively to FFgicapost = 0.99 postoperatively.
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Fig. 4.7 Evaluation of the mean pressure gradient over the stenosis in patients 1 and 2. The pressure distribution in the vasculature
is shown at peak systole for both patients. The mean pressure gradient was calculated as the difference between the mean pressures
2cm proximal and distal to the peak stenosis.

The changes in mean flow rates in the cervical and cerebral arteries following revascularization of
patient 2 are summarized in Fig. 4.8. Flow in the RICA and LMCA increased postoperatively, but

changes in the flow distribution among the main arteries were overall small.
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Fig. 4.8 Comparison of preoperative and postoperative mean flow rates in the main arteries. Mean flow rates were normalized
with the cardiac output (CO).

4.4 Discussion

4.4.1 Clinical assessment of patients with carotid stenosis

The current paradigm of diagnosing and stratifying patients with carotid stenosis is centered
around assessing the degree of stenosis. While a reduced long-term stroke risk following carotid
revascularization has been demonstrated in symptomatic patients with stenotic lesions of >50%
[31[4][5], the long-term benefits of revascularization in asymptomatic patients are an ongoing topic
of debate. Based on current guidelines, asymptomatic patients with stenotic lesions of > 60 %
should be considered for revascularization [97]. However, these guidelines were derived from
clinical trials dating back two decades [98][99]. Significant advancements have been made since
in the areas of medical therapy and carotid revascularization, prompting new clinical trials to re-
evaluate the benefits of revascularization in asymptomatic patients (CREST-2, ACST-2).

However, the question of how to best identify patients who benefit from revascularization remains.

Over the past decade, there has been a shift towards a hemodynamic-driven assessment of stenotic
lesions in coronary artery disease. Intervention guided by fractional flow reserve (FFR) has been
shown superior to anatomic-based intervention by reducing myocardial ischemia, rate of death,
and revascularization [100][101]. While a similar strategy has been proposed for carotid stenosis
[68], studies so far have only established feasibility [96][42]. Furthermore, there are significant
differences between the cerebral and coronary vasculatures, including the presence collateral flow
compensation and the pathology of ischemia and infarction. To further explore the role of
hemodynamics in cerebrovascular occlusive disease and the risk of stroke, a better understanding

of the complex flow phenomena in the cerebral vasculature is needed.
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4.4.2 Computational modeling

Image-based computational modeling for characterizing complex hemodynamics has found
increasing use in the cardiovascular field due to its ability to provide velocity and pressure data
with a high spatial and temporal resolution. The capabilities of image-based CFD analysis to assess
cerebral hemodynamics have previously been demonstrated for intracranial stenosis [41][42] and
aneurysm [43][44][45]. However, previous CFD studies of cerebral hemodynamic have generally
relied on modeling assumption about the flow distribution in the CoW, either based on literature
flow data or allometric scaling laws, which severely limit patient-specific applications. To
overcome these shortcomings and produce patient-specific models of cerebral blood flow, we
previously presented a CFD calibration strategy based on perfusion data from ASL data [95]. In
this work, we demonstrated the advantages of our calibrated CFD analysis to characterize cerebral

hemodynamics in two patients with carotid stenosis.

4.4.2.1 Pre-operative CFD analysis

Using the calibrated and validated CFD model, we performed an in-depth quantification of
preoperative hemodynamics in the two patients with carotid stenosis. Both patients presented with
a severe RICA stenosis (70-99% diameter reduction) according to the velocity criteria (Patient 1),
which correlates the peak systolic velocity measured with Duplex Ultrasound to a percentage
diameter reduction, and the ECST criteria (Patient 2), which is defined as the diameter reduction
relative to the original vessel diameter based on CTA. Despite similar degrees of clinical stenosis
severity, the cerebral hemodynamics varied significantly between these two patients. In patient 1,
the RICA stenosis led to severe ipsilateral pressure gradient and flow reduction compared to the
contralateral unstenosed LICA. Despite the pressure difference between right and left hemisphere,
there was no significant difference in flow between the right and left MCA due to collateral flow
compensation and vasodilation of the distal vasculature. In contrast, the RICA stenosis in patient
2 did not result in a notable ipsilateral pressure gradient or flow reduction. Consequently, the flow
compensation between hemispheres was small. The difference in flow compensation between the
two patients is explained by the much smaller stenosis diameter of patient 1 (1.4 mm in our
geometric model, 74.7% diameter reduction relative to the distal diameter) compared to patient 2
(3.0 mm, 52.3% diameter reduction relative to distal diameter), see Fig. 4.1. Flow compensation
is highly dependent on accurate characterizations of the degree of stenosis, the cerebral anatomy,

and the cerebrovascular reserve and can vary significantly between patients.
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Medical imaging used for cerebral hemodynamics assessment (e.g. Transcranial Doppler, 4D Flow
MR, etc.) only provide information on velocity. However, the above results (similar cerebral flow
between the two subjects while having substantial differences in pressure) highlight the
shortcomings of describing the hemodynamic significance of stenotic lesions purely from the
perspective of velocity. In contrast, blood pressure is highly sensitive to changes in vascular
resistance induced by the stenosis, as illustrated in patient 1. Therefore, substantial changes in
cerebral blood pressure may be a more sensitive marker for diminished vascular flow reserve.
While pressure catheter measurements are commonly acquired in other vascular territories (e.g.
coronary arteries), cerebral blood pressure is generally not acquired during clinical assessment of
patients with carotid stenosis due to increased stroke risk. While there have been efforts to derive
pressure gradients from 4D Flow MRI data, application in the small and tortuous CoW arteries
remains challenging due to limited spatial resolution [17]. In contrast, patient-specific CFD

overcomes these shortcomings by providing highly resolved velocity and pressure.

To quantify the stenosis hemodynamic significance, we calculated the fractional flow index,
defined as the ratio of the pressures distal and proximal to the stenosis under baseline flow
conditions (e.g., non-hyperemic). The fractional flow in the RICA stenosis was FFg;c4 = 0.71 for
patient 1 and FFg;-4 = 0.98 for patient 2. Using a threshold of FF = 0.8 [96], only the RICA
stenosis in patient 1 would be deemed to be hemodynamically significant. While the clinical metric
of diameter reduction resulted in a similar value of 70-99% in the RICA for both patients, the
fractional flow index captured better the large differences in cerebral hemodynamics between the

patients.

4.4.2.2 Post-operative CFD analysis

The postoperative analysis of patient 2 revealed overall minor hemodynamic changes following
carotid endarterectomy. While a small reduction in pressure gradient and increase in flow in the
RICA was observed, the hemodynamic impact of stenosis was preoperatively small and did

therefore not substantially change following revascularization.

Since the procedure did not improve hemodynamics, was did the patient still receive a benefit?
One could argue that the primary purpose of revascularization is to restore blood flow and pressure
in the cerebral vasculature. However, it is important to point out that only a small fraction of all

ischemic strokes is caused directly by the reduction in flow due to the stenosis. The majority of
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ischemic strokes are caused by embolic events, either from plaque rapture or thrombus formation
around the stenosis. By removing the plaque during carotid endarterectomy, the risk of embolic
stroke can be reduced. However, not every plaque is at risk for rupture. Unfortunately, evaluating

plaque vulnerability is challenging and a focus of current research.

Interestingly, hemodynamics also seem to play a significant role in the rapture vulnerability of
atherosclerotic plaque [102]. While wall shear stress is known to be a key player in the formation
and progression of carotid plaque, tensile stress seems to be relevant in the risk of plaque rapture
[103]. CFD analyses of tensile stress in carotid bifurcations have shown that the pressure gradient
over the stenosis is correlated with the tensile stress induced at the site of the thinnest fibrous cap
[102]. Unfortunately, the relationship between hemodynamics and risk of embolic stroke is still

mostly unknown and requires further investigation.

4.4.3 Future clinical applications

The blood supply to the main territories of the CoW, obtained from CFD and LPT, provided
important information about collateral flow in the anterior circulation and mixed VA supply in the
posterior circulation. Beyond flow compensation, the blood supply to the cerebral vascular
territories can provide clinically relevant information about the etiology of embolic stroke. Even
after thorough diagnostic evaluation, the cause of embolic stroke remains uncertain in one third of
cases [104]. It is common that multiple atherosclerotic lesions within the same patient are
identified. Evaluation of the blood supply in the region of the stroke could help to determine the

source of emboli and ultimately guide clinical treatment.

4.4.4 Limitations

This study was limited by the small sample size. While the results were validated against in-vivo
data, performing the same CFD analysis in different patients with carotid stenosis might result in
different outcomes. This initial work is therefore intended as a feasibility study to demonstrate the
capabilities of a patient-specific CFD analysis to characterize cerebral hemodynamics and extract

clinically meaningful data.

The CFD models of cerebral blood flow presented in this work did not take into account any
secondary collateral pathways including ophthalmic and leptomeningeal vessels. The anatomical

data of the two patients was carefully studied and did not show any visible secondary collaterals.
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However, it is worth noting that secondary collaterals could be integrated into the geometric

models if they are detectable on the imaging data.

4.5 Conclusions

In this work, we presented a patient-specific CFD modeling strategy to characterize cerebral
hemodynamics in patients with carotid stenosis. We demonstrated that our CFD analysis can
provide detailed and quantitative information about hemodynamic impact of carotid stenosis and
collateral flow compensation in the circle of Willis. Analysis of two patients with similar clinical
classifications of RICA stenosis severity showed significant differences in cerebral hemodynamics
and flow compensation which was not apparent from anatomical data alone. Comparison of
preoperative and postoperative hemodynamics in one patient example resulted in only minor
changes following revascularization despite severe carotid stenosis. We further illustrated the
advantages of CFD-based pressure data for assessing the hemodynamic significance of carotid
stenosis. Future studies are needed to investigate the benefits of using of a hemodynamic-based
metric (fractional flow) versus an anatomy-based metric (diameter reduction) for the risk

assessment of CVOD patients.
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Chapter 5: Comparison of Qutflow Boundary Condition Calibration
Strategies: ASL-Based vs. Allometric-Based

5.1 Introduction

The cerebral vasculature consists of a complex network of arteries supplying all regions of the
brain with blood. To ensure optimal blood supply, the cerebral vasculature is equipped with a set
of collateral pathways forming the circle of Willis (CoW), which allows for flow compensation
between hemispheres. Cerebral autoregulation of the distal vascular bed further helps to maintain
adequate blood flow to the brain. The compensatory capabilities are however highly subject-
specific due to the anatomical variability of the cerebral vasculature. A complete CoW anatomy is
only present in approximately 50% of the population [1]. These flow compensating capabilities
become most relevant in the presence of cerebrovascular occlusive disease, where plaque buildup
inside the lumen, or stenosis, of the main brain supplying arteries can result in significant flow

reductions.

Quantitative information on cerebral blood flow obtained from conventional imaging modalities
are generally limited to either peak velocity measurements at selected locations (Transcranial
Doppler Ultrasound) or a low-resolution velocity field (4D Flow MRI). Image-based
computational fluid dynamics (CFD) has become an increasingly popular method of non-
invasively quantifying complex cerebral hemodynamics due to its high spatial and temporal
resolution. Previous CFD modeling studies of cerebral flow in the CoW have investigated the
impact of anatomical variations on collateral flow compensation in the absence of stenosis

[105][106] and in the presence of stenosis [107][108].

One of the main challenges of modeling cerebral hemodynamics using CFD is to define
physiologically meaningful boundary conditions at the outlets of the CoW that represent the
subject’s true hemodynamics. Due to the general absence of in-vivo flow and pressure data in the
intracranial arteries, previous studies have relied heavily on modeling assumptions about the flow

distribution in the CoW. One commonly used modeling approach is allometric-scaling, where total
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arterial resistance assigned to the intracranial arteries is distributed across the CoW outlets
proportional to the outlet’s cross-sectional area [77][75]. Alternatively, population-averaged
intracranial flow rates obtained from PC-MRI studies in healthy subjects have been used to assign
outflow boundary conditions [76]. While these modeling assumptions might lead to reasonable
results in healthy subjects, in situations of cerebrovascular disease, the distribution of flow between
the different vessels of the CoW may be substantially different from that given by idealized
allometric scaling principles or literature data. To avoid modeling assumptions, previous studies
have also used 4D flow MRI data to directly assign flow rates at the CoW outlets [109][110].
However, due to the limited spatial resolution of clinically available 4D flow (typically 1 mm?),

accurate measurements of flow in the cerebral arteries (approx. 2-3mm in diameter) is challenging.

To overcome these limitations, we recently presented a strategy to calibrate outflow boundary
conditions in the CoW using brain perfusion data obtained from arterial spin labeling (ASL) MRI,
in combination with PC-MRI data [95]. This patient-specific approach measures the blood supply

to the main cerebral vascular territories and accounts for changes in the distal vascular bed.

In generally, there has not been consensus in the literature on how to best specify boundary
conditions in the CoW to produce patient-specific CFD results. It appears that in most cases the
choice of boundary condition specification is primarily guided by the availability or unavailability
of clinical data. Furthermore, the impact of modeling assumptions on cerebral hemodynamics is

not well studied, particularly in subjects with flow-altering disease or anatomical variations.

The goal of this work is to investigate the impact of outflow boundary conditions on cerebral
hemodynamics in subjects with carotid stenosis. We are comparing the performance of two
outflow boundary conditions calibration strategies, an ASL-based and allometric-based, to model
patient-specific cerebral hemodynamics. The blood supply to the main arteries of the CoW is
evaluated using Lagrangian particle tracking and the fractional flow distribution is validated

against vessel-selective ASL data.
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5.2 Methods

5.2.1 Computational modeling of cerebral hemodynamics

Cerebral hemodynamics were assessed in three subjects with varying degrees of carotid stenosis:
Subject 1) healthy volunteer without evidence of stenosis, but with an incomplete CoW (both
posterior communicating arteries were missing); Subject 2) patient with bilateral carotid stenosis,
80-90% (3.0 mm remaining luminal diameter) in the right and 60% (5.4 mm remaining luminal
diameter) in the left proximal internal carotid artery (ICA). The patient’s CoW was Incomplete
(right posterior communicating artery missing) and the right vertebral artery (VA) was atretic;
Subject 3) patient with a 70-99% stenosis in the right ICA (1.4 mm remaining luminal diameter)
and a complete CoW. The protocol was approved by the local Institutional Review Board and all

subjects provided informed written consent (HUMO00114275 and HUMO00018426).

Information on anatomy, flow, and perfusion was acquired with MRI at 3T (MR750; GE
Healthcare, Waukesha, WI). Anatomical data of the vasculature from the aorta to the CoW was
collected with a combination of 2D T1-weighted spoiled gradient echo and 3D Time-of-Flight.
Flow rates were measured at the ascending aorta and the main neck arteries above the carotid
bifurcation using 2D cardiac-gated phase-contrast (PC) MRI. Information on brain tissue perfusion
was acquired with ASL. First, a standard non-selective labeling scheme was performed to measure
the total perfusion in the brain tissue [50]. Second, a vessel-selective labeling scheme was
performed to measure the perfusion territories of the main neck arteries (carotid and vertebral
arteries) [32][73]. Following the MRI protocol, non-invasive cuff pressure measurements of the
right upper extremity were acquired while the subject remained in the supine position. A more

detailed description of the imaging protocol can be found in chapter 3.2.2.

3D geometric models of the vasculature from the aorta to the CoW were reconstructed from the
anatomical imaging data using the validated open-source computational hemodynamics
framework CRIMSON [78]. The model reconstruction consisted of the following steps: 1)
Defining the centerlines of each vessel, 2) 2D segmentation of vessel contours perpendicular to
the centerlines, 3) Lofting of the vessel contours to create an analytical representation of each
vessel, 4) Blending of vessels to create a 3D model of the vasculature. The final 3D geometric
models are shown in Fig. 5.1. The geometric models were then discretized using linear tetrahedral

elements. The mesh was optimized based on the local velocity-gradients using a mesh-adaptation
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algorithm [79]. The final meshes for subjects 1-3 consisted of 2.16x10°, 2.39x10°, and 1.84x10°
elements, respectively, with a minimum and maximum element length of 0.1 mm and 1.0 mm.
Mesh-independence was demonstrated for subject 3 by creating an additional highly refined mesh
with 6.86x10° elements. The increase in mesh elements resulted in a difference in mean flow rates

of less than 1% and a maximum difference in peak stenosis velocity of 2%.
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Fig. 5.1 3D geometric models of all 3 subjects. Close-ups show a sagittal view of the right carotid bifurcation and a posterior
view of the CoW. Red arrows indicate the location of stenosis. Black arrows indicate missing segments in the CoW anatomy.

At the inlet of the ascending aorta, a parabolic velocity profile was prescribed based on the pulsatile
PC-MRI data. At each model outlet, a 3-elements Windkessel parameter model was prescribed to
represent the distal vascular bed. The 3-element Windkessel model consists of a proximal
resistance (R, ), a distal resistance (R;), and a capacitor (C) [80]. A non-slip boundary condition

was assigned to all vessel walls.

Blood was modeled as an incompressible Newtonian fluid with a dynamic viscosity of 0.004 kg-m-
's'l and a density of 1,060 kg-m™. A stabilized finite-element formulation for the incompressible
Navier-Stokes equations was employed to solve for blood flow velocity and pressure in the
discretized model domain [82]. Computations were performed using 80 cores on a high-
performance computing cluster. Simulations were run using a time step size of 0.1 ms until cycle-

to-cycle periodicity was achieved, typically after 5 cardiac cycles.
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5.2.2 Outflow boundary condition calibration

Initial estimates for the Windkessel model parameters were obtained by first calculating a total
arterial resistance as Ry = Pyeqn/Qr, Where Qr is the total mean inflow at the ascending aorta
and Ppean = 1/3 Psystotic + 2/3 Paiastolic 15 the mean pressure. Similar, a total arterial
compliance was calculated as C; = (QT,max - QT'ml-n) / (Psystolic - Pdiastolic) * At, where
Q1 max and Qr pin are the maximum and minimum of the inflow waveform at the ascending aorta
and At is the time difference between these values. Following, R and C; were distributed among
the different outlets, to obtain R; = R,,; + Ry ; and C; for vessel i = 1, ...,13, as described in [81].

The proximal resistance R, ; was initially set to 5% of the total outlet resistance R; for the

p,i
descending aorta and the subclavian arteries and to 8% for all remaining outlets. Two calibration
strategies, an ASL-based and allometric-based, were employed to specify the 3-element

Windkessel parameters at the outlets. The details are described in the following sections.

5.2.2.1 ASL-based calibration

In this strategy, the flow distribution across the main intracranial arteries in the CoW was estimated
based on non-selective ASL perfusion images in combination with PC-MRI data and a vascular
territory atlas. A detailed description can be found in chapter 3.2.4. Briefly, the perfusion images
were segmented into the vascular territories corresponding the main intracranial arteries of the
CoW using a vascular territory atlas. A perfusion split across territories was then calculated based
on the integrated perfusion signal in each territory. Finally, a mean target flow was calculated for

each outlet by scaling the total inflow to the CoW, obtained from PC-MRI, with the perfusion split.

The mean flow rate in the subclavian arteries was assumed to be 5.6% of the total inflow at the
ascending aorta [75]. In the external carotid arteries, the mean flow rate was directly derived from
PC-MRI data. To maintain mass-conservation, the mean flow rate at the descending aorta was
prescribed as the difference between the total inflow at the ascending aorta and the outflow of all

extracranial and intracranial artery outlets.

To match the calculated mean target flow rates in the CFD model, the distal resistance R, ; at each
vessel outlet i was dynamically tuned during simulation runtime using controller scripts [84]. At
each time step, the difference between the mean target flow rate and the current mean CFD flow

rate (averaged over the last cardiac cycle) was calculate for each outlet i and R;; was
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proportionally adjusted (Fig. 5.2). Once all mean CFD flow rates were converged towards the

mean target flow rate (< 1%), the simulation was terminated.
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Fig. 5.2 Flow chart describing the controller script to adjust distal resistance R ; at each outlet during simulation runtime. R ;
was iteratively changed each time step n proportionally to the difference in calculated mean target flow rate and the current mean
CFD flow rate. An example of the convergence of the mean flow rate (blue line) towards the mean target flow rate (red dashed
line) over the simulation time steps and the corresponding change in distal resistance is shown for the RACA.

Next, the ratio of R, /R4 of the Windkessel models in the CoW were further adjusted to match the
pulsatility of the CFD flow waveforms in the main cervical arteries to the flow waveforms obtained
from PC-MRI above the carotid bifurcation. The total resistance R; at each outlet was kept constant
to maintain the previously match mean target flow rates. Finally, the cuff pressure measurements
Pgystotic and Pyiqseoiic at the right subclavian artery were matched in the CFD model by adjusting
the total arterial resistance R and the total arterial compliance Cy. The changes in Ry and C were

distributed among the outlets proportional to R; and C;.
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5.2.2.2 Allometric-based calibration

In this calibration strategy, we assumed that no prior information about the flow split in the CoW
was available. This represents a typical clinical scenario, where intracranial flow data is
unavailable. However, the flow data in the extracranial arteries from PC-MRI and the cuff pressure

data was still included in this approach.

The total arterial resistance Ry was first distributed among the main territories including the
descending aorta, subclavian arteries, external arteries, and CoW based on the previously
calculated mean flow rates from PC-MRI. The total resistance allocated to the CoW was then
distributed among the main intracranial arteries proportional to the cross-sectional diameters of
each outlet and kept constant. As with the ASL-based calibration, the mean target flow rates of the
extracranial outlets were matched in the CFD model using the controller scripts. Following, the
pulsatility of the PC-MRI waveforms and the cuff measurements were matched in the CFD model

as described in section 5.2.2.1.

5.2.3 Fractional blood supply

The blood supply to the main intracranial arteries was visualized and quantified using Lagrangian
particle tracking (LPT). LPT was performed for each neck artery individually by seeding mass-
less particles continuously at the base of the artery and transporting the particles based on the
velocity field obtained from the calibrated CFD model over multiple cardiac cycles. Once cycle-
to-cycle periodicity was achieved in the CoW, particles were counted at each outlet over a full
cardiac cycle. To quantify the blood supply at each intracranial artery, a fractional blood supply
(FBS) was calculated. FBS was defined as the ratio of counted particles from each neck artery to
the total number of particles from all neck arteries combined. The FBS based on LPT was then
validated against the FBS measured with vessel-selective ASL. In vessel-selective ASL, blood in
each neck artery was magnetically labeled (analog to the seeding of particles in LPT) and the
labeled blood was measured in the brain tissue. The post-processing steps to extract the FBS from

the vessel-selective ASL images are described in chapter 3.2.5.1.
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5.3 Results

5.3.1 Flow comparison in neck arteries

Comparison of the mean flow rates in the main neck arteries above the carotid bifurcation revealed
a good match between the PC-MRI data and the ASL-calibrated CFD with maximum errors across
the neck arteries of 6.85%, 8.99%, and 5.75% in subjects 1-3, respectively (Fig. 5.3. The
allometric-based CFD analysis resulted in larger discrepancies compared to the pc-MRI data with
maximum errors of 13.94%, 13.66%, and 55.39% in subjects 1-3, respectively. The largest

differences were observed in subject 3 using the allometric-based strategy.
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Fig. 5.3 Comparison of mean flow rates in the neck arteries above the carotid bifurcation for subjects 1-3. The mean flow rates
of the ASL-based and allometric-based calibrated CFD validated against the mean flow rates obtained from PC-MRI. RICA =right
internal carotid artery, LICA = left internal carotid artery, RVA = right vertebral artery, LVA = left vertebral artery.

5.3.2 Flow comparison in CoW arteries

A comparison of the mean flow rates in the cerebral arteries obtained from the ASL-based and

allometric-based calibrated CFD analyses are shown in Fig. 5.4. The two calibration strategies
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resulted in significantly different mean flow distributions in the CoW. The ASL-based calibrated
CFD analyses resulted in an overall symmetric flow distribution between hemispheres with a
difference between right and left MCA of 2.30%, 3.66%, and 4.58% for subjects 1-3. In contrast,
the allometric-based calibrated CFD analyses resulted in flow differences between right and left
MCA 0f 26.86%, 24.51%, and 47.44% for subjects 1-3. A similar trend was observed in the ACA
and PCA territories. Furthermore, the allometric-based calibration resulted in a consistently higher
flow to the posterior circulation (right and left PCA combined) compared to the ASL-based
calibration, with an average difference of 44.95%, 49.88%, and 117.20% for subjects 1-3.
Conversely, the allometric-based calibration resulted in consistently lower flow to the MCA
territories (right and left MCA combined) compared to the ASL-based calibration, with an average
difference of 18.55%, 25.41%, and 36.36%.
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Fig.5.4 Comparison of mean flow rates in the cerebral arteries of the CoW for subjects 1-3 between the ASL-based and allometric-
based calibrated CFD. RACA = right anterior cerebral artery, LACA = left anterior cerebral artery, RMCA = right middle cerebral
artery, LMCA = left middle cerebral artery, RPCA = right posterior cerebral artery, LPCA = left posterior cerebral artery.
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5.3.3 Fractional blood supply comparison in CoW

The FBS obtained with the ASL-based CFD resulted in an overall good match with the FBS
obtained from vessel-selective ASL (Fig. 5.5). The FBS obtained from the allometric-based CFD
analysis resulted in similar FBS values as the ASL-based CFD in territories primarily perfused by
a single neck artery but lead to large differences in territories perfused by multiple neck arteries.
These differences were most noticeable in the RACA, which received mixed contributions from
the ipsilateral RICA and the contralateral LICA in all 3 subjects. Based on the FBS obtained from
vessel-selective ASL, the RICA contributed 50.07%, 51.36%, and 7.21% to the RACA in subjects
1-3. In the ASL-based CFD analysis, the ipsilateral flow contributions to the RACA resulted in
51.91%, 79.95%, and 14.7% in subjects 1-3. In contrast, the allometric-based CFD analysis
resulted in flow contributions of 66.77%, 92.35%, and 71.24% to the RACA in subjects 1-3. The
allometric-based calibration was unable to capture the collateral flow compensation accurately,

especially in the subject 3, who had the highest amount of collateral flow due to the severe stenosis.
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Fig. 5.5  Fractional blood supply (FBS) in the main intracranial territories. FBS was obtained from the ASL-based CFD and
allometric-based CFD in combination with LPT and compare to the FBS obtained from VS-ASL. For VS-ASL, values of FBS
represent the median of the FBS distribution in each vascular territory. The error bar represents the median absolute deviation. For
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CFD, values of FBS were calculated based on the particle count at each outlet of the CoW. RACA/LACA = right/left anterior
cerebral artery, RMCA/LMCA = right/left middle cerebral artery, RPCA/LPCA = right/left posterior cerebral artery, SCA =
superior cerebellar arteries, RVA/LVA = right/left vertebral artery, RICA/LICA = right/left internal carotid artery.

To further evaluate the match between the FBS obtained from the two CFD analyses and VS-ASL,
the correlation over all intracranial territories and labeled neck arteries was calculated for each
subject. Fig. 5.6 shows a scatter plot of the FBS and the linear fit for each subject. Overall good
correlation between both CFD calibration strategies and VS-ASL was achieved. However, the
ASL-based calibration consistently outperformed the allometric-based calibration. The difference

in correlation coefficient was most significant in subject 3.
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Fig. 5.6 Correlation between the FBS obtained from CFD and VS-ASL for both ASL-based and allometric-based calibrations.
For each subject, the correlation coefficient and linear fit of FBS over all territories and neck arteries was calculated.

Fig. 5.7 shows a comparison of the blood supply in the CoW of subject 3 using LPT for the ASL-
based CFD and the allometric-based CFD analyses. In the ASL-based CFD analysis, the RACA
was predominately supplied by the LICA (blue particle), which was also apparent in the vessel-
selective ASL data (see Fig. 5.5 bar plots of FBS). In contrast, the allometric-based CFD analysis
resulted in the RACA being predominately supplied by the ipsilateral RICA (green particles) with
only a small collateral flow contribution from the LICA. Furthermore, in the ASL-based CFD
analysis, flow in the left posterior communication artery (arrow) was transporting vertebral
particles (red, yellow) from the posterior circulation to the anterior circulation. In the allometric-
based CFD analysis, the flow direction was reversed and LICA particles (blue) were supplied to

the posterior circulation.
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Fig. 5.7 Comparison of the blood supply in the CoW of subject 3 for the ASL-based and allometric-based CFD analysis in
combination with LPT. The particles were color-coded based on the originating cervical artery. Histograms show the particle count
over a full cardiac cycle at the RACA. Arrows indicate the left posterior communicating artery.

5.4 Discussion

Image-based CFD is becoming an increasingly popular method of non-invasively quantifying
cerebral hemodynamics. Clinical applications of CFD have included hemodynamic assessment of
cerebral aneurysm [43][44][45] intracranial stenosis [41][42]. To provide clinically meaningful
results with CFD analysis, patient-specific computational models are needed. Unfortunately, the
word “patient-specific” is not well-defined in CFD modeling and different interpretations have
been used in the literature. In general, there has not been a consensus on what constitutes as a

patient-specific CDF model of cerebral hemodynamics.

Previous studies have used a wide range of outflow boundary conditions, ranging from directly
assigning flow or pressure [107][106][109] to lumped parameter models of the distal vasculature,
including Windkessel models [105][75]. The calibration of outflow boundary conditions has also
varied significantly between studies and has included strategies based on literature data [111]
[108], allometric-scaling [77][75], and in-vivo data [90][112]. Yet, the impact of these modeling

assumptions on cerebral hemodynamics is not well studied. The goal of this work was to
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investigate the impact of boundary conditions parameter calibration on cerebral hemodynamics in

patients with carotid stenosis.

We evaluated the performance of two strategies, an ASL-based and allometric-based, for the
calibration of intracranial outflow boundary conditions in 3 subjects with varying degrees of
stenosis. The comparison of mean flow rates in the neck arteries showed good agreement between
the ASL-based calibrated CFD analysis and the PC-MRI data. The allometric-based calibrated
CFD analysis resulted in larger differences in mean flow rates compared to the PC-MRI data. The
amount of error seemed to increase with the amount of collateral flow between the hemispheres
rather than the degree of stenosis. In the example of subject 2, flow was relatively symmetric
between hemispheres with only minor amounts of collateral flow despite the severe RICA stenosis,

which was well captures by both calibration strategies.

The differences in mean flow rates between the two calibration strategies increased significantly
at the level of the CoW. The ASL-based calibration estimated an overall higher flow to the MCAs
and lower flow to the PCAs compared to the allometric-based calibration. More importantly, the
ASL-based calibration resulted in an approximately even flow distribution between right and left
hemisphere, which reflects the even distribution of perfusion between hemispheres measured with
non-selective ASL. In contrast, the allometric-based calibration resulted in large differences
between right and left hemisphere. The main reason for these differences in flow between
hemispheres is that the allometric-based calibration does not capture the adaptation (cerebral
autoregulation) of the distal vasculature, necessary to maintain flow to the vascular territory. Since
the resistances were assigned based on allometric-scaling and kept constant, flow to the territories
ipsilateral to the carotid stenosis was reduced. The ASL-based calibration on the other hand

captures the changes in the distal vasculature and adapts the resistances accordingly.

Quantification of the fractional blood supply of the main intracranial arteries using Lagrangian
particle tracking revealed an overall good match between the ASL-based calibrated CFD and
vessel-selective ASL data. Differences in FBS between the ASL-based and allometric-based
calibration were most noticeable in vascular territories with mixed supply from multiple brain-
supplying arteries. The allometric-based calibration was unable to capture the collateral flow from

the LICA to the RICA accurately. With increasing amounts of flow compensation between
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hemispheres or asymmetry of blood supply to the brain, the importance of a physiological based

calibration strategy becomes increasingly important to capture the true cerebral hemodynamics.

The strategy of outflow boundary condition calibration for CFD models of the cerebral vasculature
has historically been driven mainly by the availability of clinical data. While strategies based on
allometric scaling or literature-based flow distributions provide easy implementation without the
need to acquire flow data, applications in subjects with complex cerebral hemodynamics are
limited. The ASL-based calibration strategy on the other hand could capture well the flow in the
CoW, in particular the flow compensation between hemispheres. Tissue perfusion imaging
captures the adaptation of the distal vascular bed, which is represented by the derived flow split
from the imaging data. Furthermore, the ASL-based calibration can detect hypoperfusion in
subjects with severe stenosis in combination with exhausted cerebral vascular reserve. However,
the ASL-based strategy requires the acquisition of non-selective ASL perfusion images in addition
to flow measurements (PC-MRI) and anatomical data (Time-of-Flight MRI). While ASL data is
generally not acquired as part of clinical protocols for cerebrovascular disease, the clinical use of

ASL in general has been steadily increasing due to its quantitative and non-invasive properties.

5.5 Conclusions

In this work, we compared two outflow boundary condition calibration strategies, an ASL-based
and an allometric-based, for CDF modeling of cerebral blood flow. The ASL-based calibrated
CFD analysis captured the flow compensation between hemispheres as measured with vessel-
selective ASL and overall lead to an approximately symmetrical flow distribution in the CoW in
all three subjects. In contrast, the allometric-based calibrated CFD analysis was unable to capture
the collateral flow compensation, which resulted in large differences in flow between hemispheres.
Due to the assignment of distal resistance at the intracranial outflow boundary conditions based on
the cross-sectional outflow area in the allometric-based calibration, the adaptation of the distal
vasculature (cerebral autoregulation) is not accounted for. The ASL-based calibration accounts for
the adaptation of the distal vasculature by deriving a flow split across the main intracranial arteries
based on brain tissue perfusion measurements, which allows to capture the complex cerebral

hemodynamics in patients with carotid stenosis.
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Chapter 6: Discussion and Future Work

6.1 General discussion

In this thesis, we developed a novel strategy to characterize cerebral hemodynamics in patients
with carotid stenosis. This project was motivated by the complexity of the cerebral vasculature and
its ability to compensate flow in the presence of cerebrovascular disease. Cerebral hemodynamics
vary significantly among patients due to differences in vascular anatomy, cerebral vascular flow
reserve, and disease progression. Cerebral hemodynamics are known to play a major role in the
pathophysiology of cerebrovascular disease and the risk of ischemic stroke. Yet, clinically
available imaging tools only provide a limited snapshot of cerebral hemodynamics and flow
compensation. In this project, we used CFD in combination with ASL perfusion imaging to model

cerebral hemodynamics non-invasively and with high spatial and temporal resolution.

We first implemented a vessel-selective PCASL sequence on a 3T MRI system to measure the
perfusion territories of the brain-supplying arteries in the neck. The acquisition of vessel-selective
PCASL images is challenging due to a reduction in labeling efficiency compared to non-selective
PCASL labeling schemes. To maximize labeling efficiency and improve overall image quality, we
investigated the effects of off-resonance, pulsatility, and vessel movement in a group of 10 healthy
subjects. We found that the use of a multi-phase off-resonance calibration pre-scan significantly
improved the labeling efficiency compared to the uncalibrated vessel-selective perfusion scan and
is worth the extra scan time. To reduce the effects of pulsatility during the image acquisition, we
also investigated the application of a cardiac-triggering scheme. While there was a statistically
significant increase in CNR, overall impact of cardiac-triggering on image quality was small.
Lastly, we examined the effects of vessel movement on labeling efficiency and found a threshold
of 2mm based on simulation. In-vivo, we found that 50% of the subjects had more than 2mm
movement in at least one of the neck arteries during MRI protocol, demonstrating the importance

of frequently measuring the vessel location within the labeling plane during the protocol.
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Next, we modeled the hemodynamics in the large cervical and cerebral arteries using CFD
analysis. To overcome the limitations of using allometric-scaling approaches or literature-based
flow distributions to specify outflow boundary conditions, commonly used in CFD studies, we
developed a patient-specific calibration strategy using ASL perfusion data. We estimated the flow
distribution in the main intracranial territories using non-selective PCASL images in combination
with a vascular territory atlas and flow data in the neck arteries. We then calibrated the outflow
boundary conditions to match the estimated flow distribution in the CFD model. Validation of the
FBS obtained from CFD LPT in 3 subject models (one healthy subject and two patients with
carotid stenosis) against FBS measurements derived from vessel-selective PCASL resulted in an
overall good match. The CFD model was able to reproduce the collateral flow observed in the

anterior territory and the mixing of vertebral flow in the posterior circulation.

To further analyze our patient-specific calibration strategy, we performed additional CFD analyses
in the same subject models but using an allometric-scaling approach to calibrate intracranial
outflow boundary conditions. The comparison showed that the allometric-based calibrated CFD
model was unable to accurately capture the collateral flow between hemispheres correctly. In
contrast to the allometric-based calibration, the ASL-based calibration accounts for the adaptation
of the distal vasculature to maintain cerebral blood flow, which is needed to accurately capture the

flow compensation in the CoW.

The feasibility of our proposed CFD-ASL modeling strategy to assess cerebral hemodynamics in
patients with carotid stenosis and to gain clinically relevant information was demonstrated in two
preoperative patient examples. Despite similar severity of the RICA stenosis, large differences in
cerebral hemodynamics and flow compensation were observed. Additional to a calibrated velocity
field, The CFD models produced an absolute pressure distribution, which is not clinically
available. The pressure gradient over the stenosis revealed important information about the
hemodynamic impact of the stenosis, which was not captured by a anatomical-based assessment
alone. We further investigated the changes in hemodynamics following revascularization in one
patient example. Due to the minor hemodynamic impact of the stenosis preoperatively, the
hemodynamics did not change significantly postoperatively. This patient illustrated an example

where the anatomical assessment indicated a severe stenosis but the CFD analysis revealed only a
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minor hemodynamic impact. While further studies are necessary, this examples illustrates the

importance of a hemodynamic assessment.

6.2 Future work

In the future, we want to expand our clinical study and include more patients with carotid stenosis.
One of the main limitations of our work was the small sample size of the study. While we were
able to demonstrate the feasibility and validity of our combined computational and imaging
modeling strategy, we were unable to draw general conclusions about the patient population. With
a larger sample size, we could investigate the relationship between anatomical variations, stenosis
severity, and collateral flow patterns. A detailed analysis of cerebral hemodynamics in a large
group of patients could help to identify new clinical metrics to better stratify patients for

revascularization.

Another future application of our CFD-ASL modeling strategy is the assessment of the relation
between embolism source and embolus distribution to the CoW in patients with embolic stroke.
Stroke is a heterogeneous clinical entity with various different pathophysiologic mechanisms
including large vessel atherosclerosis, cardioembolism and small vessel disease. Optimal
secondary stroke prevention would select preventive therapy based on a clear understanding of
disease mechanism. Yet, even after thorough diagnostic evaluation, the cause of embolic stroke
remains uncertain (cryptogenic) in one third of cases [104]. It is relatively common that multiple
separate pathophysiologic mechanisms may be identified in the same patient. For example, an
apparently small vessel (i.e. lacunar) infarct may be identified on imaging, but accompanied by a
moderate stenosis in the perfusing carotid and/or a high risk cardioembolic source. A key question
to answer is thus: Given the location of the infarction, what is the most likely path the embolus
traveled? The transport of emboli from the cervical arteries to the CoW has previously been studied
using CFD analysis [76][113]. However, the scope of these previous studies was limited to
assessing the impact of emboli size, shape, and density on the distribution across the CoW arteries.
While the CFD analysis was performed in geometric models derived from anatomical data,
boundary conditions were not calibrated patient-specifically. Based on the findings in our study,
the specification of boundary conditions has a profound impact on the flow distribution in the CoW
and therefore the transport of emboli. Out proposed ASL-based calibration strategy could be used

to further assess the transport of emboli in a patient-specific setting. To achieve this goal, further
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technical developments would be needed on the particle tracking code (e.g. inclusion of mass

properties).

Lastly, our computational model of cerebral blood flow could be extended to include models of
cerebral autoregulation. Our current CFD model consists of static boundary conditions which
allow us to only match the patient’s hemodynamic state at the time of the data acquisition. The
effects of autoregulatory control on the distal vasculature and the resulting cerebral blood flow are
indirectly captured in our strategy by acquiring tissue perfusion images. However, it would be very
useful to predict the autoregulatory response of the distal vasculature and the changes in cerebral
hemodynamics following revascularization solely on preoperative imaging data. To achieve this
goal, a set of new boundary condition models need to be implemented that allow the dynamic
adaptation of the distal resistance based on the autoregulatory response curve and the remaining
vascular flow reserve. We previously implemented a lumped parameter model (0D) of cerebral
blood flow regulation to study the effects of carotid endarterectomy on collateral flow [114]. A 0D
parameter model based on Poiseuille’s Law was implemented to account for the large cerebral
arteries, arterioles, venous side, and cerebrospinal fluid circulation. The 0D-model was coupled to
a phenomenological-based autoregulation model to dynamically adapt the vessel properties of the
small arteries based on changes in cerebral blood flow. The next step would be to couple our
patient-specific 3D model of cerebral blood flow to the lumped parameter model of cerebral
autoregulation. The netlist functionality in CRIMSON provides a framework to include the
dynamic control of lumped parameter models. This functionality was used in this work to calibrate
boundary condition parameters dynamically during simulation runtime and could be adapted to

model the autoregulatory response.
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