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Abstract

Cerebral arteriovenous malformations (AVMs) are a type of vascular malformation in the
brain vasculature, characterized by an abnormal direct connection between the arteries and
veins. These malformations commonly form a tangled network of blood vessels that bypass
the capillary beds. This creates a high-flow, low-resistance shunt that alters normal cerebral
hemodynamics and increases the risk of hemorrhage, seizures, and other neurological deficits.
A commonly used treatment strategy is endovascular embolization, a minimally invasive pro-
cedure in which a liquid embolic agent is injected through a microcatheter to occlude the
AVM and establish a safer hemodynamic state. A widely used embolic agent is Onyx, a sus-
pension of ethylene-vinyl alcohol copolymer dissolved in dimethyl sulfoxide. The procedural
outcomes are operator-dependent and might be influenced by the clinician’s experience in
controlling factors such as catheter placement and injection velocity. Therefore, quantitative
tools like computational fluid dynamics (CFD) are valuable for simulating embolic agent
behavior and evaluating the impact of different parameters. One key parameter expected
to influence outcomes is the Onyx injection rate, which is currently not routinely monitored
during procedures, despite Food and Drug Administration (FDA) guidelines recommending a
rate of 0.16 ml/min and setting a strict upper limit of 0.30 ml/min (due to angionecrosis and
vasospasm observed in animal studies). This thesis examines the influence of the injection
rate through CFD modeling, using a multi-phase Volume-of-Fluid approach to simulate both
blood and Onyx. Simulations were performed on a patient-specific AVM geometry segmented
based on 3D rotational angiography images, with boundary conditions derived from literature
and patient-specific digital subtraction angiography data. Preliminary results indicate that
injection rate significantly affects Onyx distribution and local hemodynamics. Higher injec-
tion rates appear to accelerate Onyx progression, modify its distribution within the AVM,
and lead to slightly increased local pressure differences, with maximal values of 0.44 Pa in
the absence of Onyx injection and 4.47 Pa, 5.95 Pa, and 8.85 Pa for injection rates of 0.08,
0.16, and 0.32 ml/min, respectively. This study highlights the potential of patient-specific
CFD modeling to quantify embolization behavior and suggests that the injection rate of
Onyx is a critical parameter warranting closer clinical attention. However, further research
with improved boundary conditions, expanded patient cohorts, and experimental validation

is required to confirm and generalize these findings.

Key words: Arteriovenous malformations — Endovascular embolization — Onyx injection

velocity — Computational Fluid Dynamics — Multi-phase flow
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Abstract — Cerebral arteriovenous malformations are
complex vascular abnormalities characterized by abnormal,
direct connections between arteries and veins, disrupting
normal blood flow and posing risks such as hemorrhage [1].
Endovascular embolization with Onyx, a liquid embolic
agent, offers a minimally invasive method to occlude these
malformations. Its success, however, depends on operator-
controlled parameters [1]. Onyx injection velocity is
hypothesized to be such an important parameter, but is
currently not routinely monitored during procedures. This
thesis examines how various Onyx injection velocities affect
hemodynamics in a patient-specific case via computational
fluid dynamics simulations with a Volume-of-Fluid approach
for multi-phase modeling. Results indicate that the Onyx
injection rate affects Onyx progression, distribution within
the vasculature, and local pressure differences, highlighting
it as a key parameter for further investigation. Additional
research with expanded patient cohorts and experimental
validation is required to generalize these findings.

Key words — Arteriovenous malformations, Endovascular
embolization, Onyx injection velocity, Computational Fluid
Dynamics, Multi-phase flow

|. ENDOVASCULAR EMBOLIZATION TREATMENT FOR
ARTERIOVENOUS MALFORMATIONS

Cerebral arteriovenous malformations (AVMs) are abnormal
tangles of cerebral vessels, creating a direct artery-to-vein
connection, bypassing the capillaries (Figure 1). They resultin
a high-flow, low-resistance shunt that disrupts normal
hemodynamics and increases the risk of hemorrhage,
seizures, headaches, and other neurological deficits [1].

a) (i) Artery

(ii) Capillaries

(iii) Vein

b) (i) Feeding artery

(ii)) AVM nidus

(iii) Draining vein

Figure 1. a) Normal situation: (i) arteries, (ii) capillaries, and
(iii) veins. b) AVM.: (i) feeding artery, (ii) nidus (core vessels),
and (iii) draining vein. (Adapted from [2])
Endovascular embolization is a treatment method in which a
liquid embolic agent, typically Onyx (an ethylene-vinyl
alcohol copolymer (EVOH) dissolved in dimethyl sulfoxide
(DMSQ)), is injected into the AVM to solidify there, and
consequently occlude blood flow to the AVM to create a safer

hemodynamic situation [1].

[I. COMPUTATIONAL MODELING FOR ENDOVASCULAR
EMBOLIZATION

Clinical outcomes of embolization are dependent on the
operator's experience in controlling parameters, such as the
catheter placement and injection velocity [3]. This drives
interest in quantification of certain procedural parameters,
for which computational fluid dynamics (CFD) modeling is
promising. Although the Food and Drug Administration (FDA)
recommends an Onyx injection rate of 0.16 ml/min and
states an upper limit of 0.30 ml/min (due to risks for
angionecrosis and vasospasm observed in animal studies),
injection velocity is not routinely monitored [4]. This thesis
investigates the influence of the Onyx injection rate on
embolic agent distribution and local hemodynamics in a
patient-specific AVM through multi-phase flow CFD
modeling.

[ll. GEOMETRY SEGMENTATION AND MESH GENERATION

The patient-specific AVM geometry was segmented based on
3D rotational angiography images using Mimics (Materialise
NV, Leuven, Belgium). The feeding arteries and draining veins
were determined from the patient’s treatment reports and
digital subtraction angiography images. There were two
feeding arteries: one branch from the anterior cerebral artery
(pericallosal artery, inletl), and one branch from the middle
cerebral artery (inlet 2); and two draining veins: one for deep
venous drainage towards the great cerebral vein (outlet 1),
and one for superficial venous drainage via a cortical vein
towards the superior sagittal sinus (outlet 2). Two catheters
were implemented using ANSYS Discovery (ANSYS Inc.,
Canonsburg, PA, USA) replicating their actual position during
embolization. An optimal mesh was created using 3-Matic
(Materialise NV, Leuven, Belgium) and Fluent Meshing
(ANSYS Inc., Canonsburg, PA, USA), applying boundary layers
(for fine sampling near the walls) and refinement around
catheters. The final model is depicted in Figure 2.

Onyx injection site
(from catheter 1)

QOutlet 2
(superficial venous drainer)

Inlet 2
(branch from middle
cerebral artery)

Inlet 1
(branch from anterior
cerebral artery)

Outlet 1
(deep venous drainer)

Figure 2. Final model for the patient-specific AVM with
catheters.



IV. SIMULATION SETUP

Simulations for various Onyx injection rates were conducted:
0.08, 0.16 (FDA-recommended), and 0.32 ml/min. Table 1
outlines the key simulation settings. Multi-phase flow was
modeled using ANSYS Fluent’s Volume-of-Fluid method to
represent blood and Onyx as immiscible phases. Onyx was
assigned properties of Onyx-18 (6m% EVOH and 94 m%
DMSO; with material properties defined as the mass-
weighted averages of EVOH and DMSO properties).

Table 1. Settings for simulations
Onyx Density: 1103.9 kg/m3, viscosity: 0.018 kg/(m-s)
Blood | Density: 1063.0 kg/m3, viscosity: 0.004 kg/(m-s)
| Boundary conditions
Blood | velocity profiles from literature

inlet 0.25
= [n"\ —— Inlet 1 (branch from ACA)
E 0.20 ,.' \ === Inlet 2 (branch from MCA)
—_ A
i
2 0.151 !
[®)
o
2 o104
g oo

00 01 02 03 04 05 06 07 08
Time [s]

Onyx Constant injection rate: 0.08, 0.16, or 0.32 ml/min
inlet (0.16 ml/min is FDA-recommended [4])
Outlet | Outlet 1: -16.30 Pa, Outlet 2: -70.91 Pa
Patient-specific pressures from a single-phase
simulation using outflow fractions derived from digital
subtraction angiography

(as outflow fractions as boundary condition are not
compatible with the Volume-of-Fluid method [5])
Walls | No-slip, rigid walls
|Assumptions

Fluid Incompressible and Newtonian fluid

Flow Laminar

Multi-phase flow: Onyx-blood interactions

Model | Volume-of-Fluid model

V. RESULTS & DISCUSSION

A. Onyx Progression over Time for Various Injection
Rates

To evaluate how the Onyx injection rate affects its
progression and distribution within the AVM, Figure 3
visualizes the Onyx progression over time for three injection
rates (0.08, 0.16, and 0.32 ml/min). Additionally, Table 2
guantifies the cumulative percentage of Onyx mass flowing
through two downstream branches (branch 1 and 2 defined
as indicated in Figure 3) over the period of one, two and three
blood flow cycles.

Figure 3illustrates that higher injection rates result in further
Onyx progression over a certain time period. Qualitatively
from Figure 3 and quantitatively from Table 2, it is also
evident that for all injection rates, Onyx initially flows
predominantly into branch 1, while over time a growing
fraction is redirected toward branch 2. The initial favoring of
branch 1 is likely due to the catheter position within the
geometry, which is more oriented towards branch 1. The shift
towards more flow going to branch 2 is likely due to an
accumulation of Onyx in branch 1, leading to an increased
flow resistance because of the higher viscosity of Onyx
compared to blood, causing more flow towards branch 2, as
flow follows the path of least resistance. This can be

intuitively understood via Hagen-Poiseuille’s law, which
indicates that increased viscosity corresponds to increased
vascular resistance (Equation 1 [6]).

Hagen-Poiseuille’s law for resistance:

This law assumes steady, laminar flow of incompressible,
Newtonian fluid through a cylindrical tube. However, the
described relationships between these variables still provide
valuable insights into the real blood flow dynamics in vessels,
despite the strict assumptions not being satisfied.

= (€Y
With R vascular resistance [Pa - s/m?, r vessel radius [m], n
dynamic viscosity [Pa - s], and L vessel length [m].

The Onyx injection rate influences the timing and extend of
this redistribution: higher rates lead to faster Onyx
accumulation in branch 1, and thus, a more rapid and
pronounced redistribution to branch 2. Table 2 quantifies this
trend: for example, after two cycles for a higher injection rate
of 0.32 ml/min, the majority (57.93 %) of injected Onyx went
to branch 2. In contrast, at the lower rate of 0.08 ml/min,
branch 1 still received the majority (82.43 %) of injected Onyx
over two blood flow cycles. These findings suggest important
clinical implications. They highlight the Onyx injection rate as
an important parameter thatinfluences the Onyx progression
and distribution over downstream branches. This suggests
that uncontrolled or excessively high injection rates could
potentially increase the risk of non-target embolization. So,
both the catheter location and Onyx injection velocity are
important parameters that need to be well-controlled for
optimal embolization outcomes.

0.08 ml/min | 0.16 mi/min | 0.32 ml/min

— Onyx
— Catheter 1

! - Branch1
— Branch 2

_ Region of AVYM
displayed on figures

Inlet2 7 He Outlet2
. '
v N

’ Inletl
Outletl

Figure 3. Progression of Onyx over time for various injection

rates (0.08, 0.16, and 0.32 ml/min). The vessels of the AVM

are seen in light blue and are made transparent to visualize

Onyx in dark red and catheter 1 (from where Onyx is injected)

in dark blue. The red color indicates cells that contain Onyx,

but are not necessarily fully filled with Onyx: the criterion to
indicate the cells red was a volume fraction for the Onyx
phase greater than 10°°. Branch 1 and 2 are indicated in

black. On the bottom right, the zone of the AVM depicted in

the pictures in the table is indicated.



Table 2. Mass distribution through branches after one, two
and three blood flow cycles for different Onyx injection rates.

0.08 ml/min ).16 ml/min 0.32 ml/min

Branch 1|Branch 2|Branch 1|Branch 2|Branch 1|Branch 2,

Aft(%rslocg/)cle 93.66 %| 6.34 % |76.60 %|23.40 %|51.86 %|48.14 %

Aft‘(?{ %5!?95 82.43 %|17.57 %(57.78 %|40.22 %|42.07 %|57.93 %

Aﬁz—‘; Zoqsles 74.35 %|25.65 %|51.02 %|48.98 %|39.06 %|60.94 %

B. Local Pressure Differences for Various Injection Rates

Figure 5.aindicates a small zone downstream of the injection
site over which the pressure difference is determined (as the
facet-averaged static pressure in plane 1A minus thatin plane
1B), while Figure 5.b shows the pressure differences over this
region over time for various injection rates.

Across all injection rates, pressure differences were
consistently higher than in the baseline case before Onyx
injection. This increase is likely attributed to the viscous Onyx
occupying space within the vessel, raising local flow
resistance, and consequently increasing pressure differences
over the region. The increased vascular resistance because of
increased viscosity can again be intuitively understood via
Hagen-Poiseuille’s law (Equation 1), while the increased
pressure difference as a consequence of increased vascular
resistance is supported by Ohm’s law (Equation 2 [7]).

The fluid mechanical equivalent of Ohm’s law:

r=2f (2)
T Q

With R flow resistance [Pa - s/m3], AP pressure difference
[Pa], and Q volumetric flow rate [m3/s].

a)
Plane 1B
W A Plane 1A
/\/ Outlet2 L /
Inlet2
Outlet1
Catheterininlet 1
Inlet1
b)
\’ —— Before Onyx injection
8 | —— Onyx injection at 0.08 mi/min
| — onyx injection at 0.16 mi/min
e Onyx injection at 0.32 mi/min
=
D.G n
3 f
= |
L4
"
n
g
)
B 4 s £ 3 i 3 kS -
0.0 0.4 0.8 12 1.6 20 24

Time [s]

Figure 5. a) Two planes closely downstream of the injection
site delimiting the zone over which the pressure difference is
calculated. The yellow arrow indicates a distance of 4 mm. b)

The pressure difference over zone in panel a) over time for
the case before Onyx injection (black) and for various Onyx
injection rates: 0.08, 0.16, and 0.32 ml/min (blue, green, and
orange, respectively). The results are shown for three blood
flow cycles (0.8 s each), with yellow vertical lines marking the
end of each cycle, and the red and blue arrows on the time-
axis marking the start of systole and diastole, respectively.

From Figure 5.b, it is evident that higher rates produce higher
pressure differences, likely because more Onyx is introduced
in a shorter time, increasing local resistance more rapidly. So,
higher injection rates might challenge procedural safety, as
elevated pressures are associated with hemorrhagic risks in
this clinical context [4]. However, the absolute pressure
differences remain small (maximum of 8.85 Pa for the highest
injection rate), well below the accuracy limits of typical
intracranial pressure transducers in the order of 100 Pa [8].
Perhaps this is partially due to the short simulation time
(2.40s) and limited length of the zone (4 mm). Future
simulations over longer durations, considering larger zones,
and including Onyx solidification might capture more
pronounced and clinically relevant effects.

VI. LIMITATIONS & FUTURE WORK

This study presents valuable insights into the impact of Onyx
injection rate on hemodynamics during AVM embolization;
however, several limitations must be acknowledged. Model
reconstruction was limited by the imaging resolution and
inevitable geometric alterations introduced during
segmentation and meshing. Moreover, boundary conditions
should be further optimized in future work. Blood inlet
velocity profiles were based on literature due to the lack of
patient-specific dynamic imaging (e.g. 4D flow MRI [9]) or
imaging frame rate data for the digital subtraction
angiography, which could otherwise enable intensity-based
mean velocity estimation in the feeding arteries [10]. Vessel
walls were assumed rigid, although Fluid-Structure-
Interaction would provide a more realistic representation
[11]. Fixed outlet pressures were applied, but ideally time-
varying pressures or flow-distribution-based outlet profiles
would be used for greater physiological accuracy. Next, Onyx
was simplified as a single-phase fluid without solidification.
Future models should simulate its two-phase behavior (EVOH
and DMSO) and viscosity increase as DMSO diffuses to
improve realism. Moreover, several setup simplifications
(e.e. Newtonian blood flow, laminar flow, and
incompressibility) were deemed reasonable but inevitably
limit realism. Future work should explore alternative
workflows and validate them through in-vitro experiments
with patient-specific 3D phantoms. Finally, validation across
a larger number of patient-specific AVM cases is essential to
ensure generalizability of the findings and clinical
applicability.

VIl. CONCLUSION

The findings confirm that Onyx injection rate is a critical
parameter influencing embolic spread and local
hemodynamics during AVM embolization. This suggests that
Onyx injection rate is a clinically relevant factor to further
examine and perhaps also monitor in the clinic. Overall, the
results suggest that CFD modeling is a valuable tool for
guantification in this clinical context, and in the long term has
potential for patient-specific pretreatment planning, to
optimize treatment efficacy and safety, by minimizing
potential complications such as non-target embolization,
suboptimal Onyx distribution, or vessel rupture. However,
additional research with larger patient cohorts, optimized
simulation protocols, and experimental validation are
needed to generalize these findings and translate them into
clinical practice.
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Chapter 1

Arteriovenous Malformations

1.1 Cerebral Arteriovenous Malformations

1.1.1 Introduction to Cerebral Arteriovenous Malformations

Vascular malformations are abnormalities in blood vessel development that result from errors
in vascular morphogenesis, of which arteriovenous anomalies are one type, alongside venous
malformations, cavernous malformations, and telangiectasia |[10-12]. Arteriovenous anoma-
lies—vascular malformations involving abnormal connections between arteries and veins—are
broadly categorized into arteriovenous malformations (AVMs) and arteriovenous fistulas
(AVFs). AVFs are direct connections between arterial and venous systems without a complex
network of vessels |[11,|13H15]. AVMs, on the other hand, are abnormal complexes of arteries
and veins that are directly connected through a network of tangled vessels (Figure .b)7
rather than through the intervening capillary beds, as usual (Figure[1.1}a) [10H12]. Although
precise epidemiological data on the prevalence of cerebral AVFs versus cerebral AVMs are
missing, the literature suggests that AVMs are more prevalent, and they also constitute the
primary focus of this thesis [1114,15]. Moreover, several sources indicate that fistulous lesions
are more commonly observed in pediatric populations, while complex network AVM lesions
are more frequently encountered in adults, although precise statistics are lacking |11}|14}/15].
Vascular malformations, including AVMs, pose an ongoing threat to the patient (hemor-
rhage is the most common symptom, but also headaches, seizures, or neurological deficits)
and should be treated if possible, for instance, by endovascular embolization [4,/10,11}16,/17].

The arterial system carries oxygen-rich blood from the heart to the tissues in the body,
whereas the venous system returns deoxygenated blood from the tissues back to the heart.

Typically, these two systems only communicate through the capillaries, where oxygen and



nutrient exchange takes place. Direct communication between these systems is typically
prevented by regulatory mechanisms (e.g. the vascular endothelial growth factor (VEGF)
signaling pathway) that inhibit vascular malformations, but in some individuals, errors in
these control systems lead to the formation of AVMs [11}[18]. AVM formation leads to a high-
flow, low-resistance shunt between the arterial and venous systems, bypassing the capillary
network and disrupting normal blood circulation [10].

Structurally, an AVM consists of three main components: (i) the feeding arteries, (ii)
the nidus, and (iii) the draining veins (Figure [l.1lb). The nidus is the central part of the
AVM, consisting of abnormal tangles of blood vessels directly connecting the arteries and
veins ,. The feeding arteries (also called feeders) are typically enlarged vessels that
supply blood to the AVM. These can be classified as direct feeding arteries, which end in
the AVM, or indirect feeding arteries, which continue to supply blood towards normal brain
tissue [1[11]. Lastly, draining veins (or drainers) are typically dilated vessels that drain blood

from the AVM .
a) b)

(i) Artery (i) Feeding artery
(i) Capillaries (i) AVM nidus
(iii) Vein (iii) Draining vein

Figure 1.1: a) Normal situation: (i) the artery delivers oxygenated blood, (ii) which flows
through the capillaries, the site of nutrient and gas exchange, before (iii) draining into the
vein for return to the heart. b) AVM: an abnormal connection where (i) the feeding artery
delivers blood directly into (ii) the nidus, a tangled network of vessels that bypasses
capillaries, and then into (iii) the draining vein, resulting in a high-flow, low-resistance
shunt between the arterial and venous systems.
(Figure adapted from [1].)

The precise pathogenesis and pathophysiology of AVMs remain not fully understood.
However, they were believed to be congenital (i.e. present from birth) malformations for a
long time. It is hypothesized that malformations may result from disruption in vascular com-
munication during embryogenesis, when the arteries and veins are in direct contact. AVMs

develop if this abnormal connection remains after birth due to atypical vascular maturation.



Another hypothesis is that structural defects or signaling errors caused by underlying genetic
abnormalities contribute to AVM formation. However, some studies opposed a family risk
factor [10,/11], leading to ongoing debate regarding the role of genetics in AVM formation.
Another potential cause of AVMs is injury or trauma [10}/11].

The sizes of AVMs can vary widely, ranging from small AVMs of less than 1 cm in diameter
to giant AVMs that occupy multiple lobes within the brain [10]. AVMs may appear in the
brain or in the spinal cord. Cerebral AVMs are most commonly located in the cerebral
hemispheres, although they can also appear in the cerebellum or brain stem [10]. For the

remainder of this work, ‘AVM’ will always refer to cerebral AVMs.

1.1.2 Epidemiology

The worldwide incidence (i.e. the number of new cerebral AVM cases occurring in a given
population over a specific time period) is estimated to be between 0.9 and 1.4 per 100 000
person-years over various population-based studies [10,/11,/17,/19-24], while the prevalence
(i.e. the total number of existing cases in the population at a given time) is determined to be
in the range of 5 to 50 per 100 000 individuals [10,11}[17,20]. The rarity of cerebral AVMs and
consequent lack of large-scale epidemiological research pose challenges in accurately deter-
mining the true incidence and prevalence of the condition [10,19]. However, recent advance-
ments in diagnostic magnetic resonance imaging (MRI) and other high-resolution imaging
techniques, such as computed tomography angiography (CTA) and digital subtraction an-
giography (DSA), have facilitated the detection of unruptured and asymptomatic AVMs [11],
while the incidence of ruptured AVMs has always been rather stable over time (around 0.51
to 0.55 per 100 000 person-years) |10}11}21},24,25].

Although AVMs are generally present at birth, most natural history studies indicate that
they are often diagnosed in younger adults of 20 to 40 years [10}/11},/19,26].

Most studies suggest there is no significant sex dependency in the occurrence of AVMs,
as men and women are equally likely to develop these malformations [10,/11,/19].

Hemorrhage associated with AVMs has mortality rates ranging from 10 to 30 % and
morbidity rates ranging from 20 to 30 % [10,|11,127-29]. Various factors such as previous
rupture, deep location (e.g. nearby the basal ganglia, thalamus, or insula), deep venous
drainage (i.e. when some or all drainage is through deep veins such as the internal cerebral

veins, basal veins, or precentral cerebral vein), associated aneurysms, and pregnancy can

considerably decrease the survival rates (see Section [1.1.3||Clinical Symptoms) [10,/11130-32].

Furthermore, significant morbidity (e.g. seizures, headaches, and neurological deficits) is



linked to AVMs, even in unruptured cases (more on this in Section (1.1.3||Clinical Symptoms).

1.1.3 Clinical Symptoms

AVMs cause a wide range of clinical symptoms because of their heterogeneity in location,
size, and other features.

Hemorrhage is the most common (initial) clinical presentation associated with AVMs;, oc-
curring in approximately 50 % of patients [10,/11,|17,33]. Although AVMs are relatively rare,
they are a major cause of hemorrhage in young, otherwise healthy individuals, accounting
for up to 33 % of all hemorrhagic strokes in this group [10,24,34]. AVM-related hemor-
rhages typically present as intracerebral hemorrhages and less commonly as subarachnoid or
intraventricular bleeding [10,/35].

The annual bleeding risk for patients with previously unruptured AVMs is around 1 %, but
prior hemorrhage increases this risk significantly, particularly in the first year after hemor-
rhage, when the re-rupture rates can range from around 6 to 15.8 % [10,11,[36]. However, the
influence of this factor on the hemorrhage risk gradually diminishes again over time |10}|11].

Pregnancy is generally considered a risk factor for AVM-related hemorrhage [10,137.|3§].
While the precise mechanisms are unclear, Can et al. (2017) hypothesized that significant
physiological alterations of the cardiovascular, hormonal, and hemostatic-thrombotic systems
play a role [10]. Furthermore, deep location of the AVM is associated with increased hemor-
rhage risk, as well as deep venous drainage, which leads to increased pressure gradients over
the AVM due to the fewer venous pathways causing a reduced drainage area [10,/11}35/,39,/40].
Moreover, associated aneurysms are also proven to be a risk factor. These aneurysms can
be found in the nidus, in feeding arteries or draining veins, or even in surrounding ves-
sels [10,/11,|17,40]. While some debate exists regarding risk factors for AVM-related hem-
orrhage, age and sex are generally not considered to significantly influence the likelihood
of bleeding [10}39,40]. Although certain studies suggest that older age may be associated
with increased hemorrhage risk, robust evidence from large-scale studies is lacking. However,
elderly patients may experience poorer outcomes following treatment [10].

Seizures are the second most common (first) clinical manifestation of AVMs with an
occurrence ranging from 17 to 31 % [10}|11}/17,35]. The exact mechanisms by which seizures
are caused by AVMs remain unclear. Various studies have suggested larger AVM size as a
risk factor. Also, frontal, temporal, or superficial location, as well as prior hemorrhage, are
considered risk factors for presenting with seizures as a clinical manifestation [10}3341].

In addition, headaches appear (as the first symptom) in approximately 6 to 14 % of



patients with AVM, while focal neurologic deficits and ischemia manifest (as the first clinical
manifestation) in approximately 3 to 10 % of patients [10,[11,|17,35].

Some other less prevalent clinical symptoms include cognitive dysfunction and disordered
behavior, movement disorders, and pulsatile tinnitus [10]. Neurological deficits, such as
cognitive or motor disorders and seizures, and the psychological burden of having an AVM
can severely influence the quality of life of patients, for example, by causing anxiety or the

inability to live independently in their daily life [10,/11].

1.1.4 Diagnosis

Accurate diagnosis and characterization of AVMs rely on medical imaging techniques, which
are essential to visualize the nidus, feeding arteries, draining veins, and adjacent brain tissue.
The most used diagnostic tools include computed tomography (CT), MRI, and angiography.
Figure depicts the AVM under investigation for this thesis with various imaging modal-
ities. The principles and strengths of each modality are briefly discussed in the following

paragraphs.

a) b) c)

't

Figure 1.2: The AVM under investigation for this thesis visualized by various imaging
modalities: a) CT, b) MRI, specifically a T2-weighted turbo spin echo image, and c)
angiography.

1.1.4.1 Computed Tomography

CT imaging creates a pixel-by-pixel map of X-ray beam attenuation in Hounsfield units (HU)
by rotating an X-ray source around the patient. X-ray measurements are taken from multiple

angles, each representing a projection of the beam through the body at a specific orientation.



Typically around 1000 projections are taken over a whole rotation, which are then processed
to reconstruct detailed cross-sectional images (or slices) of internal structures [42,43].

CT imaging is mostly utilized as a first-line imaging modality in emergency settings when
acute intracranial hemorrhage is suspected (typically in patients with acute headaches or
loss of consciousness), as CT scans are faster and more readily available than other imaging
methods [11,24]. Furthermore, also in non-urgent cases where MRI is contraindicated (e.g. in
patients with non-MRI-compatible implants), CT is the imaging modality of choice [11},24].

If bleeding is confirmed by the CT scan, C'T angiography can be subsequently performed,
using injection of contrast dye to identify the AVM’s architecture, the precise region of
hemorrhage, and potentially aneurysms or other vulnerable sites [11},24,35]. If the source of
bleeding cannot be detected from CT or CT angiography, DSA can be conducted to identify
the location of bleeding and the features of the AVM [24]. After discovering hemorrhage,
the main goal is to detect the sensitive sites and secure these (typically by endovascular
embolization) [24]. However, if these imaging modalities do not indicate bleeding but an
AVM is nonetheless expected, MRI will be conducted [24].

Perfusion CT is a special case of CT imaging involving rapid repeated CT scans and
the use of a contrast dye. This modality enables visualization of brain perfusion and can
point out various abnormal perfusion patterns in the adjacent brain tissues. For example,
functional steal (redirection of blood flow from surrounding brain tissue towards the AVM,
often associated with seizures) is shown by reduced cerebral blood flow, cerebral blood volume
and mean transit time; ischemic steal (redirection of blood flow towards the AVM causing a
lack of oxygen towards surrounding brain tissues, often associated with neurological deficits)
is shown by decreased cerebral blood flow and cerebral blood volume, but by increased mean
transit time; and venous congestion (accumulation of blood in the venous system causing
venous hypertension) is shown by increased cerebral blood volume and increased mean transit
time [111124].

1.1.4.2 Magnetic Resonance Imaging

MRI is a non-invasive imaging technique to visualize soft tissues using strong magnetic fields
(typically 1.5 or 3 T) and radio waves (wavelengths around 4.7 meters for 1.5 T or 2.3 meters
for 3 T systems) to exploit the magnetic properties of hydrogen atoms in the body [44]. When
placed in a strong magnetic field, hydrogen nuclei align with the field; radio-frequency pulses
then disturb this alignment, and the nuclei emit signals when they return to their original

state, which can be detected and converted into images [11}/45].



MRI is a popular imaging modality for initial detection of AVMs or to investigate AVMs
and the surrounding parenchymal tissue due to its non-invasive nature and ability to visualize
soft tissues. In particular, MRI can be used to discover evidence of potential prior hemor-
rhage or brain edema [11,[24]. A special type of MRI, magnetic resonance venography, uses
intravenous contrast dye to assess venous outlet obstruction and sinus thrombosis (i.e. blood
clot formation in the brain’s venous sinuses [46]). MRI is typically used for patients with
suspected AVMs experiencing non-acute symptoms, for example, unexplained headaches,
seizures, or neurological deficits, but will not be the method of choice in acute hemorrhagic

situations due to long acquisition times [11].

1.1.4.3 Angiography

Angiography provides high-resolution, real-time imaging of the vasculature in the brain us-
ing X-rays and injection of contrast agents via a catheter [47]. Angiography is the most
invasive modality of the ones mentioned here, but it also provides additional insights and
superior spatial resolution (typically in a range of 0.2 to 0.6 mm) [7,11,48]. A specific type
is DSA, which subtracts images acquired prior to contrast injection (called a mask) from
the angiography images during contrast injection to visualize progression of the contrast
(typically iodine-based contrast) with superior spatial resolution (in the range of 0.25 to 0.5
mm) [24,49-51].

Angiography is used during endovascular treatment or to map the vasculature for surgical
planning. In particular, angiography, or more specifically DSA, is used to assess the nature
(direct or indirect) and number of feeding arteries, the nature (deep or superficial) of venous
drainage, and the presence of aneurysms, and to get insights into the flow patterns within
the AVM [7],11,24,48].

1.1.5 Pathophysiology

The presence of AVMs can significantly alter the blood flow dynamics in surrounding vessels.
However, there is considerable uncertainty when it comes to the exact mechanisms that are
at the base of certain pathophysiological changes due to AVMs. In this section, the main
phenomena of the pathophysiology of AVMs are discussed, being high-flow shunt, vascular

steal, venous hypertension, and disrupted autoregulation [11].

High-flow shunt: An AVM is a tangle of vessels directly connecting arteries and veins,

bypassing the normal capillary bed. Since the diameters of nidal vessels (in the order of



0.1 to 10 mm [52,53]) are bigger than those of capillaries (around 2 to 5 pm [54]) and
flow resistance is inversely related to vessel diameter (Equations to [55-57]), the
nidus presents lower blood flow resistance compared to a healthy situation. This makes an

AVM a high-flow shunt between the arterial and venous systems, which can significantly

disrupt normal cerebral blood flow and increase hemorrhage risks (see Section
Symptoms)) |11}58].

Ohm’s law for fluid flo(w:

AP
R="0 (1.1)

With R flow resistance [Pa-s/m?], AP pressure difference [Pa], and @ volumetric flow

rate [m3/s].

Hagen—Poiseuille’s law:
Theoretical assumptions of this law are steady, laminar flow of incompressible, New-
tonian fluid through a tube with a uniform circular cross-sectional area. However, the
principles of the relationship between pressure, flow, and resistance still provide valu-
able insights into the real blood flow dynamics in vessels, despite the strict assumptions

not being satisfied.

_AP-7T~T4

Q=1 (1.2)

With AP pressure difference [Pal, r vessel radius [m], 7 dynamic viscosity [Pa - s], and

L vessel length [m].

Resistance from Hagen—Poiseuille’s and Ohm’s law:

(1.3)

With R flow resistance [Pa-s/m?], n dynamic viscosity [Pa-s|, L vessel length [m], and

r vessel radius [m].

Vascular steal: As AVMs are low-resistance, high-flow shunts, they draw blood away from
nearby vessels, thereby reducing perfusion to surrounding brain tissue, as flow follows the
path of least resistance [59]. These surrounding brain regions are at risk of hypoperfusion

(i.e. inadequate blood flow resulting in insufficient delivery of oxygen and nutrients), which



is referred to as the steal phenomenon, since AVMs ‘steal’ the blood flow that was actually

destined for healthy brain parenchyma in the surroundings [11].

Venous hypertension: AVMs directly link the high-pressure arterial and low-pressure
venous systems, causing venous hypertension (i.e. increased pressure in the veins), diverting

more cerebral blood flow towards veins, and causing vein enlargement [8}|58].

Autoregulation: Autoregulatory mechanisms that maintain a stable blood flow in the
cerebral vasculature despite fluctuations in blood pressure [60], can be disrupted by the
presence of AVMs |61-63]. For instance, if blood pressure rises, vascular resistance should rise
as well, by vasoconstriction (i.e. reduction in diameter) of arteries and arterioles to stabilize
the blood flow (see relationship between resistance and vessel diameter in Equation .
Normal values for the mean arterial pressure (MAP, i.e. the average arterial blood pressure
during a single cardiac cycle) are 70 to 100 mm Hg [64], for the cerebral perfusion pressure
(CPP, i.e. net pressure gradient that drives blood flow to the brain) these lie between 60
and 80 mm Hg [64], and for intracranial pressure (ICP, i.e. the pressure within the skull)
these range between 5 and 10 mm Hg [64], while normal average cerebral blood flow (CBF)
is around 50 ml/100 g/min [65,/66]. The relationship between these pressures is given by
CPP = MAP - ICP, so CPP expresses how much effective pressure is available to drive blood
through the brain. In healthy individuals, autoregulation can maintain normal values for
CBF and CPP for MAPs ranging from 50 to 150 mm Hg [64]. However, vessels surrounding
AVMs are often enlarged, fragile, and prone to rupture or aneurysms, potentially resulting

in impaired autoregulation [61-63].

1.1.6 Treatment

The main therapeutic goal of any approach to AVM treatment is complete obliteration of the
malformation. Treatment that results in only partial obliteration not only puts the patient
at risk of rupture and bleeding but also subjects them to treatment-related risks (e.g. blood
loss or damage to surrounding brain tissue for microsurgery, radiation damage to healthy
surrounding neuronal tissue for radiosurgery, hemorrhage, ischemia, or vessel perforation due
to catheter maneuvering for endovascular embolization, etc.) [11,/17]. However, sometimes
several treatment sessions are necessary to achieve full occlusion or resection of the AVM in
order to avoid drastic changes to the hemodynamics by altering the situation too much in

one procedure [67-69)|.



Current treatment options for AVMs include observation with medical management, treat-
ment by microsurgical resection (Section[1.1.6.1[Microsurgery), radiosurgery (Section[1.1.6.2[Ra-
[diosurgery)), endovascular embolization procedures (Section [I.1.6.3|[Endovascular Emboliza]
, or a combination of these approaches. Treatment selection is generally done by a

multidisciplinary team (consisting of neurosurgeons, radiotherapists, and interventional ra-
diologists), based on established grading systems, mainly considering the size and location of
the AVMs [24,33]. A thorough understanding of the disease’s natural history is imperative, as
the spontaneous rupture risk must be carefully weighed against potential treatment-related

risks for various treatments [24,33].

Grading systems: To minimize complications and optimize treatment outcomes, several
grading systems have been proposed to help the multidisciplinary team determine the com-
plexity of AVMs and assess the safety and feasibility of various interventions by considering
relevant criteria for AVM complexity and intervention-related risks [11}24].

The Spetzler-Martin (SM) grading system is the most widely used classification method
to evaluate AVMs. This grading system was developed by Dr. Spetzler and Dr. Martin in
1986 [70] and is based on three key features: size (< 3 cm: 1 point, 3-6 cm: 2 points, > 6 cm:
3 points), eloquence or functional importance of adjacent brain tissue (non-eloquent area:
0 points, eloquent area: 1 point), and venous drainage pattern (superficial/ into cortical
veins: 0 points, deep drainage/ into deep structures: 1 point) (Table [I.I). The resulting
score—by adding up the points for these three categories—indicates a grade from I to V,
with a lower grade indicating reduced peri- and postsurgical complication risks, such as
hemorrhage [11}/17]24,(70].

Table 1.1: SM grading system for AVMs based on AVM size, eloquence of adjacent brain
tissue, and type of venous drainage. The summation of the points per category results in an
SM grade from I to V.

Feature Category Points
< 3 cm 1
AVM size 3-6cm 2
> 6 cm 3
. . Non-eloquent area 0
Eloquence of adjacent tissue Eloquent area 1
Venous drainage Superficial/ Cortlca'l veins 0
Deep venous drainage 1
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In addition to the SM grading system, other grading systems have been developed. For
instance, the Lawton-Young grading system also accounts for age, hemorrhagic presentation,
and compactness [71},72]. The Buffalo score is used to estimate the endovascular treatment
complication rate for AVMs and incorporates features that complicate an angiographic ap-
proach (e.g. number of arterial pedicles (i.e. an artery directly supplying blood to AVM,
which can be branch of a larger artery), diameter of pedicles, and the eloquence of brain
tissue at the nidus) [17,24,73]. Furthermore, a three-tier system is often used for treatment
decisions, with class A (SM grades I and II; suitable for microsurgical resection), B (SM
grade III, suitable for multimodal treatment), and C (SM grades IV and V, suitable for
observation) [11,17,24].

Microsurgery and radiosurgery are considered for AVMs of SM grades I and II, while,
typically, endovascular embolization is considered a safe and effective treatment for AVMs
of SM grade III, which can be performed as a stand-alone treatment or in combination
with microsurgical resection or radiosurgery [10}|11,[24]. For AVMs of SM grades IV and
V, generally, observation with medical management is the preferred method in case of no
imminent rupture risk, as interventions are associated with too high risks (e.g. treatment-
related thrombosis or hemorrhage) compared to the potential benefits in these specific cases
[10,11,24]. In these cases, symptoms are controlled (e.g. with pain medication for headaches
or anti-epileptic drugs for seizures), and, in some cases, the patient is advised to avoid
activities associated with increased ICP and increased risks for head traumas or injuries
[10,/11,1244|74].

Treatment evaluation: To evaluate the outcome of an intervention, imaging techniques
are standard practice to confirm obliteration of the AVM and to rule out posttreatment
hemorrhage. The most important imaging modality for incomplete obliteration detection
is angiography, which provides detailed images of the resulting vascular architecture, but
MRI and CT angiography are also valuable for evaluation. Typically, patient follow-up
involves a control MR, angiography, and/or CT one day after intervention, followed by a
repeat MR and XA 6 months later. After complete obliteration is confirmed, it is standard
practice to conduct an MRI annually and an angiography two or three times a year |11}24].
Upon awakening of the patient in the recovery room or, in some cases, in the intensive care
unit, functional outcomes and the overall recovery of a patient are evaluated. Scales like the
Modified Rankin Scale, which measures disability or dependence in daily activities from 0 (no
disability) to 6 (death), and the Glasgow Outcome Scale, which measures overall functional

recovery from 1 (death) to 5 (good recovery), can be utilized [11].
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1.1.6.1 Microsurgery

Microsurgery, or microsurgical resection, is a first treatment possibility for AVMs. This
modality used to be the gold standard in the past and is still quite often used, either as
a stand-alone treatment or in combination with, for example, embolization. Microsurgery
is today still often used for AVMs with SM grades I and II, located in the cerebellum,
subarachnoid cisterna, and pial surfaces of the brain stem [75]. Surgery comes with inher-
ent risks (including intraoperative or postoperative hemorrhage, vascular complications, and
seizure development), so sufficient operator experience and skill are crucial for successful
treatment [17].

Preoperative planning involves advanced imaging techniques such as CT, MRI, or angiog-
raphy to map the critical vasculature (feeding arteries, draining veins, nidus, and surrounding
vasculature) in sufficient detail. During surgery, the patient is under general anesthesia, and
via a craniotomy, the cortical surface of interest is exposed. Figure [I.3] illustrates various
steps during the microsurgical resection procedure [11]. First, subarachnoid dissection (step
1) and definition of the feeding arteries and primary draining vein—which need to be pre-
served until the end of the procedure—take place. Next, pial dissection (step 2) occurs. After
this, the feeding arteries are closed and the secondary draining veins are trimmed (step 3).
During parenchymal dissection, perinidal brain tissue is carefully dissected to free the AVM
(step 4). Finally, ependymal or deep dissection takes place if necessary to avoid residual vas-
cular malformations. For the final resection, the nidus is removed (step 5), and the primary

draining vein is occluded [11].
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Figure 1.3: Illustration of various steps during microsurgical resection of AVMs. Via a
craniotomy, the cortical surface of interest is exposed. Subarachnoid dissection (step 1) and
pial dissection (step 2) take place. The feeding arteries and draining veins are closed off or
clipped (step 3). The perinidal brain tissue is carefully dissected (step 4), and the nidus is

then removed (step 5).
(Figure adapted from [2].)
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1.1.6.2 Radiosurgery

Secondly, radiosurgery can be performed alone or in combination with, for example, em-
bolization to treat AVMs. Generally, radiosurgery is considered for AVMs with SM grades
I and II, in cases where the AVM is located superficially and the surrounding brain tissue
is non-eloquent, because of radiation risks (e.g. brain edema and radiation necrosis) [76].
Specifically, AVMs less than 3 cm in diameter are suited, as larger AVMs would require too
high doses causing radiation risks |76,(77]. For larger AVMs, for example embolization is
needed prior to the radiosurgery [11},24.|76.77].

Radiosurgery uses precise, image-guided delivery of a radiation dose to the vessels com-
posing the AVM to obliterate it by damaging the vessels by slowly inducing fibrosis and
thickening and shrinkage of these vessels to close them off over time [78]. Because of these
gradual radiation-induced biological changes, complete obliteration of the AVM typically
takes 2 to 4 years |11,/17,[24]. So, because radiation dose is limited to protect surrounding
brain tissue, the therapeutic effect takes longer to develop, making radiosurgery unsuitable
for urgent cases [11},/17,24].

Gamma knife radiosurgery is a typical radiosurgery procedure to obliterate AVMs, where
the patient’s head is placed inside a helmet, and stereotactic frame placement is used to
deliver targeted gamma radiation to the AVM (Figure [3,/79,80].

The goal is to achieve low healthy tissue damage but high obliteration rates; therefore,
careful pretreatment planning and high-resolution imaging are crucial. Two key principles
are applied in practice to maximize damage to the target while preserving healthy tissue (i.e.
minimizing radiation necrosis): 1) volume-staged radiosurgery: large AVMs are divided into
smaller parts that are treated sequentially in various sessions using relatively lower doses,
2) dose-staged radiosurgery: large AVMs are treated by hypofractionated radiosurgery, i.e.
division of radiation dose into multiple consecutive lower doses applied to the entire volume

(typically a number of approximately four fractions is standard) [11},79,81].
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Figure 1.4: Illustration of radiosurgery for AVM treatment. A typical approach for
radiosurgery is using narrow beams of gamma radiation focussed on the AVM nidus that
will in the long term (2 - 4 years) cause damage to the vessels of the AVM and will

eventually close these vessels, if treatment is successful.

(Figure from [3].)

1.1.6.3 Endovascular Embolization

Finally, endovascular embolization treatment will be discussed, which is a minimally invasive
procedure. This thesis focuses on AVMs treated by this specific procedure.

Currently, minimally invasive procedures have gained significant popularity because of rel-
atively low complication rates (3.9 % rate of death or permanent damage per patient based on
the Brain Vascular Malformation Study Group database from the University of Toronto )
and faster patient recovery times (hospitalization of 1-2 days for endovascular emboliza-
tion compared to 3-15 days for microsurgery [87,88]) . Reasons for reduced complica-
tion rates associated with minimally invasive interventions include reduced tissue trauma, a
more targeted approach, reduced blood loss compared to open surgery, and a more immediate
effect compared to radiosurgery ,. In the field of neuro-interventions, catheter-based
procedures such as embolization have become standard therapeutic approaches for AVMs of
SM grade III (as a stand-alone procedure or combined with other modalities) [90H93).

Despite the benefits, these kinds of procedures still present some challenges. Catheter
navigation in the small and tortuous brain vasculature is a very complex process that re-
quires a high level of operator skill and experience. Difficulties in catheter navigation cause

prolonged procedure times and result in an associated increased radiation exposure from
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imaging [94-96]. Furthermore, suboptimal catheter positioning can increase the risks of in-
complete embolization, recanalization (i.e. reopening of previously occluded vessels), reflux
(i.e. retrograde flow of embolic agent), and even rupture [17]. These complications can alter
the hemodynamics (for example, properties such as flow and wall shear stress (WSS)) within

the AVM and its surroundings |17].

Embolization procedure: Endovascular embolization is performed as both a planned
or an emergency procedure. Detailed preoperative imaging is imperative for vasculature
mapping. In emergency settings, only a CT is done preoperatively, but for a planned pro-
cedure, a combination of a CT, angiography, and/or MRI is commonly conducted. During
the procedure, the patient is sedated, and an anesthetist is present throughout the whole
procedure [97]. Generally, the patient is brought to hypotension (i.e. MAP below 70 mmHg)
during the procedure to avoid high pressures on the wall, reduce risks for hemorrhage, and
reduce shunting of embolic agent towards the veins [975100].

Catheter insertion is performed under angiographic guidance using one of two approaches:
1) the trans-arterial route (Figure [L.5la), or 2) the trans-venous route (Figure [L.5|b) [4,[11]
17,24]. The trans-arterial route used to be the standard approach, typically via the femoral
artery [11},/17,24], but nowadays the trans-venous approach has gained popularity [101H104].
The choice between trans-arterial or trans-venous depends on the specific AVM geometry
and accessibility [11}/17].
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Figure 1.5: a) Endovascular embolization procedure performed using the trans-arterial
route. b) Endovascular embolization procedure performed using the trans-venous route
(with balloon catheterization trans-arterially, sometimes used for assistance to control and

slow down the blood flow to the AVM).

(Figure from [4].)

The procedure involves the injection of an embolic agent such as N-butyl cyanoacry-
late (NBCA) or Onyx (Medtronic, Dublin, Ireland) to occlude the AVM nidus by block-
ing the feeding arteries while avoiding migration of embolic agents into the draining veins
,,. Larger vessels are typically occluded first, followed by smaller vessels as pres-
sure increases (or, less commonly, as the injected material’s viscosity decreases) . An
endovascular embolization intervention is deemed sufficient when no contrast is observed
going through the draining veins on the angiography ,.

Multiple embolization interventions are sometimes required, especially for larger AVMs,
which are often treated in different stages, with each session potentially targeting a distinct
portion of the AVM. The aim of this staged approach is to avoid too drastic alterations of
the cerebral blood flow dynamics . Furthermore, over time, occluded blood vessels
might open up again as a result of a foreign body reaction [107] (i.e. inflammatory response,
involving macrophages and giant cells against body-foreign material, resulting in fibrosis
(i.e. scarring) and granuloma formation (i.e. group of immune cells), aiming to degrade the
foreign material ) In this case, the body will attempt to degrade the embolic material,
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so repeated embolization or another type of treatment might be required to reinforce vessel
occlusion and limit the body’s ability to attack the embolic agent [107].

Embolic agents: The choice of embolic agents is crucial for good treatment outcomes.
Embolic agents can be classified as liquid or non-liquid, and liquid embolic agents (LEAs) as
adhesive or non-adhesive (Figure[L.6). Non-adhesive LEAs do not tend to stick to the vessel
wall, causing an easier spread in the vasculature and allowing more controlled filling of the
vessels, but also increasing their risk of migration. On the other hand, adhesive LEAs are
based on cyanoacrylate and do tend to stick to the vessel walls. These agents solidify more
rapidly upon contact with blood .

Embolic agents

= solid or particulate l l

materials used to

mechanically obstruct Adhesive liquid Non-adhesive liquid

blood vessels embolic agents embolic agents

* Metal coils = agents that rapidly = slowly solidifying

polymerize on contact with cohesive liquids that do
blood, adhering to vessel walls not stick to the vessel wall
* N-butyl cyanoacrylate (NBCA) * Onyx-18, Onyx-20, Onyx-34

Figure 1.6: Overview of most commonly used embolic agents (non-liquid, adhesive liquid,
and non-adhesive liquid) for endovascular embolization of AVMs.

The most commonly used embolic agents are:

e Non-liquid embolic agents:
Metal coils: Metal coils can be deployed to provide mechanical occlusion and prevent
distal embolization by migration of LEAs. A specific type of embolization treatment,
termed the "Pressure Cooker Technique’, focuses on a more comprehensive, forceful,
and controlled Onyx embolization by trapping a detachable catheter tip using glue and
coils to create an anti-reflux plug .

e Adhesive liquid embolic agents:
N-butyl cyanoacrylate: NBCA is a fast-acting adhesive liquid embolic agent that
rapidly polymerizes via an exothermic reaction (i.e. with heat release) upon contact

with blood (due to the alkaline ionic composition of blood) and solidifies. To decrease
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the polymerization time, thus decreasing the released heat, and to make it radio-opaque,
NBCA is mixed together with ethiodized oil. Before injection, the catheter must be
flushed with an acidic nonionic solution (e.g. 5 % dextrose in water). Typically, a
detachable-tip microcatheter is employed, so the catheter can be removed quickly after
deployment to prevent it from being glued in place, while the tip of the catheter remains
inside the body .

e Non-adhesive embolic agents:

Onyx: Onyx is a widely used non-adhesive liquid embolic agent. This pasty suspension
consists of ethylene-vinyl alcohol copolymer (EVOH; chemical structure in Figurea)
and tantalum powder (added for visualization) dissolved in dimethyl sulfoxide (DMSO;
chemical structure Figure .b) ,. Following injection, DMSO leaves the mixture
since it is highly miscible in aqueous fluids such as blood. Consequently, the EVOH
solidifies, since EVOH is miscible in DMSO but not in blood [5[105]. Generally, so-
lidification occurs within five minutes, causing vessel occlusion . The addition of
homogeneously dispersed tantalum powder particles ensures radiopacity of the embolic
agent for visualization during the procedure [5,[105]. The macroscopic appearance of
Onyx is shown in Figure [I.7c.
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Figure 1.7: a) Chemical structure of EVOH, with x the number of vinyl alcohol units
(~CHy — CHOH—) and y the number of ethylene units (—C Hy — CHy—). b) Chemical
structure of DMSO. ¢) Macroscopic appearance of Onyx.
(Figure adapted from [5].)

Three different compositions of Onyx are commercially available: Onyx-18, Onyx-
20, and Onyx-34 (see Table[L.2|for composition and properties) [5,[8/[106]. The number
mentioned in the name of the product refers to its viscosity in centipoise (at 40°C),
so a higher amount of EVOH corresponds to a higher viscosity and, consequently, a
shorter solidification time. The viscosity of Onyx is also temperature dependent: the
viscosity decreases with increasing temperature. The density of DMSO equals 1100
kg/m3, while the density of EVOH is in the range of 1140 to 1190 kg/m? (for further
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calculations here the mean value of 1165 kg/m® was considered) [109,110]. The most

commonly used formulation for the embolization of AVMs is Onyx-18 (composition of

6 m% EVOH and 94 m% DMSO) [5[7l/16,[106].

Table 1.2: Properties of Onyx-18, Onyx-20, and Onyx-34

Onyx-18 | Onyx-20 | Onyx-34
EVOH content [mass %] 6 6.5 8
DMSO content [mass %] 94 93.5 92
Viscosity (at 40°C) [Pa.s] 0.018 0.020 0.034
Density of suspension [kg/m?®] | 1103.9 1104.2 1105.2

Around 20 minutes before use, Onyx is placed in a shaker to ensure homogeneous
distribution of tantalum particles in the suspension to guarantee accurate visualization
of the embolic agent during the procedure [5]. For this reason, long procedure durations
should be avoided, as after a certain duration the tantalum particles are not homoge-
neously distributed anymore, which can have a negative impact on the visibility. Before
injection, the microcatheter is flushed with DMSO to prevent precipitation of Onyx in-
side the microcatheter. Typically, Onyx is injected very slowly over several minutes to
prevent reflux and distal embolization [16}17]. An injection flow rate of 0.16 ml/min is
recommended by the Food and Drug Administration (FDA), and an upper limit of 0.30
ml/min is stated, as rates above this value have been shown to lead to vasospasm (i.e.
narrowing of blood vessels, linked with risks for ischemia [111]) and/or angionecrosis
(i.e. death of blood vessel tissue, linked with risks for leakage or rupture [112]) in an-
imal studies [106,[113/114]. Furthermore, it is advised to put pressure on the plunger
of the syringe using only the thumb when injecting Onyx, and to not interrupt injec-
tion for longer than two minutes, since excessive pressurization may lead to catheter
rupture [106}/113,|114]. Within a single embolization procedure, Onyx can be injected
in various steps (for instance, via different arterial feeders or draining veins) until full
occlusion is achieved |106}113H115]. There is no strict universal upper limit on the
amount of Onyx injected during one procedure; however, a retrospective single-center
study including 250 cases of endovascular embolization using Onyx (type not specified)
indicated that the volumes of injected Onyx ranged from 1 to 10 ml [115], and another
single-center study including 82 patients treated with endovascular embolization using
Onyx (type not specified) indicated an average amount of 2.6 ml injected Onyx [116]

The use of an Apollo Microcatheter (Medtronic, Dublin, Ireland) with a detachable
tip of 15 or 30 mm is recommended (Figure [6,/117]. This type of microcatheter is
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DMSO compatible and can be retracted while the tip stays inside the vessel, which re-
duces the risk for catheter retraction (i.e. when microcatheter becomes stuck and cannot
be safely withdrawn, which can lead to thromboembolisms) and disrupted hemodynam-
ics, as well as the risk for Onyx reflux @ It is advised to wait a few seconds to
retrieve the catheter after completion of Onyx injection to avoid fragmentation and
migration . Furthermore, it is interesting to note that Onyx solidifies progressively
from the outer layer to the inner core. Consequently, a blood vessel appearing com-
pletely opaque during the procedure might not be fully embolized yet, as a slightly
perfused central core could still remain ,. Because of this, angiography is employed

to confirm vessel occlusion by evaluating any residual contrast passage through the

vessel [8,/106].
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Figure 1.8: Apollo Microcatheter with detachable tip.
(Figure adapted from [6].)

A prospective multicenter study considering 117 patients, called the BRAVO (BRain
ArterioVenous malformations embolization with Onyx) study, evaluated the safety and
efficacy of the use of Onyx (type not specified) in AVM embolization treatments. Treat-
ment with only embolization led to complete obliteration in 23.5 % of the cases. Mor-
bidity and mortality rates of respectively 5.1 % and 4.3 % were observed, which is
deemed acceptable for this kind of procedure .
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1.2 Modeling of Arteriovenous Malformations

1.2.1 Limitations of the State of the Art for AVM Treatment

As previously stated, minimally invasive embolization procedures have become standard
treatment for AVMs due to their lower complication rates and faster patient recovery. How-
ever, several challenges remain related to these procedures. Catheter navigation through
the delicate cerebral vasculature requires careful handling and a high degree of expertise to
avoid prolonged procedure times and associated increased radiation exposures [6,/118,|119].
Furthermore, there is a risk for incomplete embolization, which may lead to complex and
potentially dangerous hemodynamic alterations within the vasculature [6}/107]/118,[119].

As a result, there is a strong interest in improved methods for procedural planning and
catheter navigation. Achieving shorter neuro-intervention times (and consequently minimiz-
ing radiation exposure), together with increasing the chances of complete embolization, are
key improvements that should be investigated. Detailed vasculature mapping tools and cere-
bral blood flow modeling are particularly promising to achieve these goals, especially using a
patient-specific approach tailored to the unique vascular anatomy and hemodynamics of the

patient.

1.2.2 Computational Fluid Modeling of AVMs in Literature

While research on computational fluid modeling (CFD) within the context of AVMs is limited,

some notable studies exist in literature.

First, Orlowski et al. (2011) developed three patient-specific computational AVM models
to investigate the hemodynamics in AVMs [120]. In this study, only blood flow through the
nidus was investigated, while embolic agents were not considered. The nidus was modeled
using the principle of porous media, since a realistic geometry extraction was not possible
due to the insufficient resolution of the 3D rotational angiography (3DRA) data in the order
of 0.6 mm. The extraction of parameters (i.e. porosity and permeability) was based on
the intensities of the voxels from the 3DRA images (voxels of 0.578 x 0.578 x 0.578 mm).
In this study, the behavior of porous media implementation was first tested by simulations
on four simplified, or idealized, digital phantoms. Blood was treated as an incompressible
Newtonian fluid with a constant viscosity of 0.004 Pa.s (= 4 cP), although the apparent
viscosity in vessels with diameters around 0.05 to 0.15 mm would probably be more in the
order of 10 to 50 % of this value due to non-Newtonian effects [120,121].
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Further, boundary conditions for flow were set by manually assigning flow values to vessels
based on the 3DRA images, and vessels without measurable flow were given a background
noise-level flow from phase contrast magnetic resonance angiography images.

This study validated the simulation results using clinical 3DRA and 2D angiography
imaging data, and 22 out of 24 determined flow paths were claimed to be very probable to
be accurate. However, the main limitation of this study was the absence of embolic agents

in the simulations.

In the next year, Orlowski et al. (2012) investigated two aspects of AVM treatment
planning: simulation of an LEA (being Onyx) transport and simulation of change in blood
flow due to embolization [7]. The propagation was modeled using two-fluid modeling and
scalar transport. The two-fluid model computed the flow of blood and LEA within a domain
by solving continuity and mass conservation equations. In parallel, scalar transport was used
to model the movement of a passive substance, representing DMSO), injected alongside Onyx.
This scalar is transported by convection and diffusion, over a velocity field determined by
the fluid flow. The velocity field was obtained through the simultaneous solution of mass and
momentum conservation equations for both blood and Onyx. The solidification was modeled
by an increase in viscosity, which was assumed to only depend on the composition (i.e.
increased viscosity if lower DMSO content, so higher EVOH content); while the temperature
dependency (i.e. increased viscosity for increased temperature) was ignored. Both linear
and exponential models were explored to describe the viscosity increase as a function of the
DMSO content decrease; with the DMSO content influenced by the concentration of the

scalar.

Two-fluid model equations:

Continuity equation:

0
% + V- (pug) =0 (1.4)

Conservation of mass equation:

3(Pkoékuk)

ot + V- (pkakukuk) =V (&k‘l'k) — akVp + Fk (15)

Condition for volume fractions:

apt+as=1 (1.6)
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With k indication of the phase (b for blood and s for solvent (or Onyx), aj volume
fraction of phase k [-], uy, velocity of phase k [m/s], pj density of phase k [kg/m’], 7
stress tensor of phase k [Pa], p pressure [Pa], and F additional forces (e.g. interphase
slip) [N/m”.

Relation between scalar concentration and Onyx viscosity:

For linear relationship:

pit) = pronys - (145 (1 = 7s4(t))) (1.7)

For exponential relationship:

pt) = ponys - #4740 (18)

With p;(t) viscosity at cell ¢ and time ¢ [Pa - s, pionyx initial viscosity of Onyx [Pa - s],
7s,i(t) scalar (DMSO) concentration at cell ¢ and time ¢ with (0 < v, <1) [-], 8 model

parameter defining the maximum viscosity increase [-].

Various pressure and flow boundary conditions and various solidification models (scenar-
ios 1 - 4) were investigated using digital phantoms (simplified 2D representations of AVMs

composed of tubular in- and outlets and a rectangular chamber):

e Scenario 1: Onyx injected at constant speed (0.15 m/s) into still blood through one

inlet, with a linear solidification model, and zero-pressure at outlet.

e Scenario 2: Onyx injected with constant pressure (50 Pa) into still blood through one

inlet, with a linear solidification model, and zero-pressure at outlet.

e Scenario 3: Onyx injected with constant pressure (50 Pa) into still blood through one

inlet, with an exponential solidification model, and zero-pressure at outlet.

e Scenario 4: Onyx injected with constant pressure (50 Pa) through one inlet into moving
blood inflowing at constant pressure (40 Pa) through two inlets, with a linear solidifi-

cation model, and zero-pressure at outlet.

Additionally, one patient-specific AVM case (with two feeding arteries and two draining
veins) was modeled. The nidus was modeled using porous media, since a realistic geometry

extraction was not possible due to the insufficient resolution of 0.6 mm of the 3DRA images.
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The extraction of parameters (i.e. porosity and permeability) was again based on pixel
intensities from 3DRA images. Boundary conditions for the blood flow were determined
from phase contrast magnetic resonance angiography. In particular, a constant 0.15 m/s
Onyx velocity in one of the feeding arteries, and a constant 0.065 m/s blood velocity were
applied. Figure [1.9| visualizes the progression of Onyx over a time of 0.45 s after the start of
Onyx injection, for these simulations.

Their results indicated that blood flow paths are not necessarily predictive for Onyx
trajectories (probably because of the different viscosity and solidification process for Onyx),
and that the increase in Onyx viscosity occurs gradually from the surface towards the core

of the Onyx.

Figure 1.9: Onyx progression over 0.45 s after the start of Onyx injection in the
patient-specific AVM modeled by porous media. Al and A2 indicate the arterial feeders
and V1 indicates one of the venous drainers of the AVM (the second venous drainer is not
visible in this specific visualization, as it is located at the back of the AVM). The purple
zone indicates the cells in which Onyx is present.

(Figure adapted from [7].)

A novel mathematical model for the embolization process was introduced by White et al.
(2013), using a two-phase fluid approach to represent the dynamic interactions between blood
and an adhesive LEA (glue mixture of 80 % Lipiodol and 20 % N-butyl-2-cyanoacrylate)
1107]. This study profiles itself as the first to investigate the complex AVM embolization
in two dimensions (2D), but still using simplified, idealized geometries. The goal was to
examine the dynamics of injected embolic agents and explore possible blocking strategies,

while considering surface tension effects.

25



In this study, both fluids were considered incompressible and viscous—a reasonable as-
sumption for blood in small vessels, but less realistic for the glue (as glue would actually
behave viscoelastically). Also, laminar flow—with fixed Reynolds numbers (Equation
of 400—and rigid walls with a no-slip condition were assumed, and the glue and blood were
assumed to have equal density at the start of the simulation. The glue viscosity was expo-
nentially increased over time to simulate solidification.

Furthermore, the open-source Gerris flow solver (available via https://sourceforge.
net/projects/gfs/files/gfsview/)) was employed to solve the multi-phase system, and the
Volume-of-Fluid (VOF, explained in more detail in Section [2.2.1||Multi-phase flow: Volume-|

lof-Fluid method) was used as a solution method for modeling blood and embolic agent inter-

actions, with the glue modeled as droplets rather than a continuous stream. The geometry
investigated in this study was a simplified 2D representation of mother-daughter branching
vessels. Results indicated that glue injection close to the bifurcation of the AVM increases
the effectiveness of blockage, especially when the targeted vessel is small relative to its neigh-
boring vessels.

Furthermore, simulations for increasing glue viscosity over time showed that more viscous
glue was more effective in larger daughter vessels by slowing down the glue propagation and
allowing time for solidification before the glue passed through the vessel (for the smaller
daughter vessel this was less important, because of lower flow rates). Finally, surface tension
effects were investigated by examining Weber numbers (Equation over a range of 100 to
10 000 to assess various surface tension effects. Results suggested that surface tension effects
on the glue shape were significant, as especially at lower Weber numbers the droplet shapes
remained more realistic. The main limitations of this study are the simplified geometry
(no realistic AVM case), the modeling of glue as discrete droplets rather than a continuous

stream, and the lack of experimental validation to assess the realism of various simulations.

Reynolds number definition:

(1.9)

With p fluid density [kg/m’], v characteristic velocity [m/s], L characteristic length

[m], and p dynamic viscosity [Pa - s].
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Weber number definition:

pv?L
o

We =

(1.10)

With p fluid density [kg/m®], v characteristic velocity [m/s], L characteristic length

[m], and o surface tension [N/m)].

Lastly, Zhang et al. (2023) developed computational models for two patient-specific AVM
cases to simulate Onyx embolization processes through different feeding arteries [8]. Porous
media models were employed to simplify the complex nidus geometry, as the imaging resolu-
tion of 0.5 mm did not allow for realistic geometry extraction of the nidus. The parameters
for the porous media (i.e. porosity and permeability) were derived based on the work of
Orlowski et al. (2011), and patient-specific DSA and either magnetic resonance angiography
or CTA imaging data were provided.

The mixture model was used as the multi-phase flow model to simulate the interactions
between blood and LEAs (Onyx-18 and Onyx-34). In this study, laminar flow, blood as
incompressible Newtonian fluid, rigid walls, velocity inlet boundary conditions, and pres-
sure differences of 10 mmHg over the AVMs were assumed. The diffusion process of the
DMSO solvent was calculated by solving the species transport equation, and the coagula-
tion process was modeled by establishing a relationship between the viscosity of Onyx and
the corresponding concentration of EVOH. The relationship between Onyx viscosity and
EVOH concentration was assumed to be exponential and was obtained by curve fitting to
experimental data [122]. The coagulation process was simulated for 5 minutes, and complete
solidification was assumed to occur at 0.4 Pa.s (= 400 cP). For both AVM cases, multiple
Onyx injections were simulated until the flow in the feeding artery was reduced to 5 % of
its preinterventional flow rate. So, the focus was on determining the flow rate changes after
injections to assess the degree of embolization, assuming that a 95 % decrease in preinterven-
tional arterial feeder flow rate indicates sufficient embolization. The total amount of Onyx
injected during the embolization procedure for a specific patient was known, yet the amount
of Onyx used in batches was unknown. Thus, the number of injections and amount of Onyx
per injection did not exactly match the real situation, but were still realistic, and the results
could provide useful insights.

Figure shows some results of various simulated embolization treatments in this study;,
illustrating the injection progress and solidification progress of trans-arterial embolization in

two patient-specific AVMs. Overall, the simulations successfully reproduced the flow trajec-
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tories and coagulation sites of the embolic agents within the nidus, showing good correspon-
dence with clinical DSA and CTA imaging data from the patients. A noteworthy limitation

of this work is the use of non-patient-specific velocity and pressure boundary conditions.
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Figure 1.10: Schematic of the injection progress and solidification progress of
trans-arterial embolization from a certain feeding artery for patient 1 and patient 2. Two
steps of injections of liquid embolic agents were simulated. The three columns left show 3D
rendering (black) for volume fractions from 3 to 6 % of EVOH after the first injection and
second injection at t = 15 s, 30 s, and 60 s for both patients. The last column shows 3D
rendering for EVOH viscosity above 400 cP after the solidification of the first injection

(red) and second injection (blue) for both patients.

(Figure from [8].)
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1.2.3 Added Value of Computational Modeling
1.2.3.1 Importance of Personalized Medicine

Personalized medicine plays an important role in improving AVM treatments. As the AVM
characteristics (e.g. size, location, etc.) are patient-specific by nature, using generalized
protocols may lead to suboptimal treatment outcomes. By opting for a more personalized
approach, treatment protocols can be tailored to the patient, considering the patient-specific
vasculature, hemodynamics, and certain critical points sensitive to high stresses or rupture.
Incorporation of patient-specific information enables clinicians to better anticipate poten-
tial complications and make more informed decisions, thereby improving the likelihood of a

successful treatment outcome [123].

1.2.3.2 Relevant Outcomes of Computational AVM Models

Outcomes from CFD modeling of the cerebral blood flow (and embolic agent behavior) in
patient-specific AVMs that are of interest include blood flow patterns, flow distributions,
pressures, and shear stresses.

Typically, the clinician assesses the success of an embolization procedure by observing
the flow of the contrast agent in the draining vein, since there is no more risk for hemorrhage
when there is no longer blood flow through the AVM [8,/106,/107]. So, one of the major
parameters of interest is the change in flow rates in the relevant vessels (e.g. feeding arteries
and draining veins) after embolization, as this is an indicator of the degree of embolization.
Typically, a flow rate reduction to 5 % or less of the preinterventional flow rate through the
feeding artery is considered sufficient for successful treatment [8,[107].

Further, pressure gradients over the AVM can also be investigated. AVMs are low-
resistance, high-flow shunts with abnormal hemodynamics [10,11,/58]. In healthy situations,
the pressure drop over the capillaries is around 70 mmHg [124]; but the pressure drop over
AVMs is generally smaller (for example, around 10 mmHg [58], but depending on the case),
causing venous hypertension [10,11,58]. The magnitude of the pressure drop can be indicative
of the severity of the AVM case. Furthermore, when modeling AVM occlusion due to embolic
agent solidification, the pressure drop could increase during the solidification process, as the
resistance would increase and the flow would decrease [55-57].

Additionally, WSS is an interesting parameter to investigate, as both excessively high
and low shear stresses can lead to serious complications [125]. When shear stresses exceed a

certain upper limit (around 70 to 100 Pa), there is a risk for platelet activation and thrombus

29



formation following the coagulation cascade [125]. Conversely, extremely low shear stresses
(around -0.4 to 0.4 Pa) may lead to atherosclerosis (i.e. hardening of vessel walls due to
plaque build-up) or stasis, which can also lead to clotting and thrombus formation [125].
However, WSS is generally overestimated with CFD due to the assumption of rigid and
stationary walls; therefore it is important to note that fluid-structure interaction (FSI, i.e.
study of how fluid flow and solid structures influence each other, considering deformation of
the wall due to forces exerted on it) would be necessary to get an accurate representation of
the WSS distributions, but was out of the scope of this thesis |[126,/127]. CFD simulations
can be used to model embolization treatments and assess certain intervention-related risks,
including insufficient embolization, reduced perfusion of healthy brain tissues, embolic agent

leakage into draining veins, or harmful pressure or shear stress increases [7,123].

1.2.3.3 Long-term Goal

In the long term, patient-specific simulations using computational modeling could enable clin-
icians to optimize treatments preoperatively. Simulations could facilitate virtual testing of
different treatment scenarios and optimize, for instance, the catheter pathway, catheter type,
type of embolic agents, injection location, injection rate, and tailor the overall embolization
protocol to anticipate potential complications. The simulations could provide the clinician
insight into the degree of embolization and the ability to assess risks such as reduced perfu-
sion of healthy brain parenchyma, leakage of embolic agents, or dangerous pressure increases
or shear stresses in the vessels [7]. The availability of such simulations can enhance the
clinician’s understanding of various treatment options and increase confidence in the selected
treatment plan. Furthermore, CFD simulations, when well visualized, can serve as a valuable
tool for patient education, helping patients understand their condition and potential inter-
ventions. By providing a clear, visual representation of blood flow dynamics and treatment
outcomes, communication between clinicians and patients and informed decision-making can
be enhanced.

However, there are still significant challenges to overcome before such computational

modeling can be integrated into routine clinical practice, as detailed further in the follow-

ing Section [1.2.3.4][Current Bottleneckd. Investigation of a larger number of AVM cases is

essential to validate the reliability and effectiveness of these simulations in clinical settings.
Additionally, improved and faster strategies for segmentation would be needed to make CFD
modeling of AVMs standard practice. It is important to note that this thesis represents only

a very small initial step towards achieving the long-term goal, with the specific objective of
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this thesis further detailed in Section [1.2.4||{Goal of the Thesuis

1.2.3.4 Current Bottlenecks

Although CFD modeling of AVMs offers significant potential advantages, it has yet to be
integrated into routine clinical practice, as there are still several major challenges to be
addressed.

Patient-specific AVM modeling remains challenging due to intricate geometries, although
advances in imaging, particularly DSA, enable more accurate segmentations [8,(123]. Further,
simulating embolization procedures is challenging, as it requires multi-phase modeling to
account for blood and embolic agent interactions, and modeling of embolic agent solidification
[7,(8,/107,120]. Additionally, simulations rely on certain assumptions for simplification (e.g.
Newtonian behavior of blood, flow or pressure boundary conditions, and rigid vessel wall
assumptions) [7,/8,/107,120]. Improved, faster, and more standardized modeling methods
are crucial for integrating computational AVM modeling into routine clinical practice [123].
Moreover, medical imaging data could provide valuable input for simulations, e.g. patient-
specific blood velocities or flow distributions over the draining veins from DSA data [7],8,120),
123].

Another obstacle is the lack of clinical validation of computational models. Currently,
there are no standard modeling approaches, no agreed boundary conditions or input parame-
ters, and no established validation metrics, which of course limits the confidence of clinicians
in these models for decision-making [8[123]. Larger clinical datasets with validation through
retrospective studies could foster greater trust in these models [8}|123].

Furthermore, the process of segmenting patient-specific AVMs and simulating emboliza-
tion procedures remains computationally intensive. While most embolization procedures are
preplanned, making this a less critical issue, faster simulations are key for future clinical use.
In the long term, artificial intelligence (Al) is promising to speed up the segmentation, model
generation, and CFD simulations. Additionally, segmentations that are currently generated
during interventions in the hospital could be of high value.

Lastly, enhanced collaboration between clinicians and engineers is essential to overcome
the current bottlenecks and develop validated, interpretable, and clinically useful computa-
tional models, to pave the way for the integration of patient-specific computational models

into the clinical pretreatment planning routine.
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1.2.4 Goal of the Thesis

This thesis is situated in the bigger context of an FWO (Fonds Wetenschappelijk Onderzoek)
project concerning ” Patient-specific planning of minimally invasive interventions in the brain
based on mapping of the vasculature and hemodynamics”. The overall goal of this project
is the search for novel methodologies for pretreatment embolization planning and catheter
navigation based on vascular mapping and cerebral blood flow modeling. This goal is sepa-
rated into two objectives, being 1) cerebral vascular mapping based on 3D angiography data
to quantify vascular accessibility for catheter navigation and support of catheter tracking,
and 2) cerebral blood flow modeling using CFD and, potentially, Al to support pretreatment

planning. This thesis is situated within the second objective concerning CFD modeling.

The workflow for cerebral blood flow modeling would generally consist of the following steps:
e High-quality mesh generation
e Baseline CFD modeling approach
e Modeling of embolization scenarios for pretreatment planning

e Validation using a cerebrovascular phantom

This thesis is focuses on CFD-based cerebral blood flow modeling of a patient-specific case,
based on patient-specific imaging data. The central research question is how the Onyx
injection rate influences the hemodynamic environment during embolization. Specifically, the
study examines Onyx progression, its distribution over downstream branches, and resulting
local pressure differences. To this end, three injection rates—0.08, 0.16, and 0.32 ml/min—are
simulated in a patient-specific AVM model.

Currently, injection of Onyx during embolization procedures is performed manually by
clinicians with a syringe, without a predetermined injection velocity. As a result, the exact
injection velocity is not precisely known. We hypothesize that this velocity of injection will
likely affect the distribution of Onyx and, consequently, the outcome of the embolization
procedure. Therefore, investigating the effects of modifying this parameter could provide
valuable insights. In the clinic, Onyx injection velocities could potentially be controlled

using syringe pumps |128§].

1.2.4.1 Case Description

The patient-specific AVM selected for this study was identified in a patient presenting with
severe and recurrent headaches. The AVM was nodular (i.e. rounded, lump-like shape),

measuring approximately 1.5 to 2 cm in size, and located in the occipital-parietal region near
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the cortex in the left hemisphere. Following the SM grading system, the AVM was classified
as a grade III by interventional radiologists, rendering it a suitable case for endovascular
embolization treatment. Figure shows the AVM under investigation for this thesis on
a sagittal angiography image and a coronal DSA image. The arterial feeders are (i) the
pericallosal artery, a branch of the left anterior cerebral artery (ACA), and (i) a branch
of the left middle cerebral artery (MCA). Venous drainage occurred mainly through (iii) a
cortical vein towards the superior sagittal sinus, with (iv) additional deep venous drainage
towards the great cerebral vein.

The treatment process consisted of a single embolization procedure following the trans-
arterial route, resulting in complete occlusion of the nidus. During the procedure, two Apollo
microcatheters with a 15 mm detachable tip (as depicted in Figure were guided to the
nidus through both arterial feeders. Onyx-18 was injected in eight different injection steps,
with a total amount of 1.63 cc (or ml) Onyx-18 delivered over 46 minutes.

Imaging data was obtained in multiple stages to guide and evaluate treatment. Pretreat-
ment imaging included CT and MRI scans to evaluate the AVM’s structure and surround-
ing anatomy. During embolization, a superselective angiography was performed to guide
catheterization and track Onyx progression. Posttreatment, an angiography confirmed full
AVM occlusion, and a follow-up MRI performed six months after the procedure confirmed

the durability of the treatment outcome.

a) b)

Figure 1.11: The patient-specific AVM under investigation for this thesis. a) Sagittal
angiography image with black arrow indicating the nidus. b) Coronal DSA image with
black arrow indicating the nidus and white arrows indicating the feeding arteries and
draining veins: (i) feeding pericallosal artery, branch of the left ACA, (ii) feeding branch of
the left MCA, (iii) deep venous drainage towards the great cerebral vein, and (iv)
superficial venous drainage via a cortical vein towards the superior sagittal sinus.
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Chapter 2

Methods

2.1 Mesh Generation

This section outlines the general workflow for segmentation and mesh generation based
on provided medical images. The segmentation and meshing processes utilized software
from Mimics and 3-Matic (Materialise NV, Leuven, Belgium), Fluent Meshing (ANSYS Inc.,
Canonsburg, PA, USA), and ANSYS Discovery 2024 (ANSYS Inc., Canonsburg, PA, USA).
Additional details on the employed tools and settings in these programs can be found in
Appendix [A} [Additional Information on Tools and Settings in Mimics, 5-Matic, ANSYY
[Discovery, and Fluent Meshing,

2.1.1 Data Acquisition

Accurate computational models rely on high-quality imaging data, as segmentation and mesh-
ing quality directly impact model reliability. Precise delineation of the vasculature ensures
the model accurately reflects the AVM’s geometry, essential for realistic simulations. 3DRA
images were utilized for segmentation due to their superior spatial resolution (here 0.44 mm).

For the AVM under investigation, the provided 3DRA imaging dataset consisted of 253
slices with a slice thickness of 0.44 mm. The images were acquired with dimensions of 256
x 256 pixels, covering a field of view of 111 x 111 mm. A representative slice, shown in
Figure clearly illustrates the contrast between the vascular structures (white, due to
contrast agent) and the surrounding tissues (black), facilitating detailed delineation of the
vasculature.

The resolution of 0.44 mm of the patient’s medical images allowed extraction of feed-

ing arteries, draining veins, and an approximate representation of the nidus morphology,
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but failed to capture finer details of small nidal vessels (as these vessel diameters were too
small compared to the resolution). For this resolution, porous media might be suitable to

approximate flow distributions in the nidus, but this was beyond the scope of this thesis.

Figure 2.1: One slice of the 3DRA imaging dataset with 256 x 256 pixels and slice
thickness of 0.44 mm. The vasculature is visualized in white, while the surrounding tissue is
visualized in black.

2.1.2 Geometry Segmentation

Segmentation was performed using Mimics and 3-Matic. An initial threshold-based segmen-
tation (selecting gray values from 1250 to 14084) was generated from 3DRA images (Fig-
ure , from which only the most relevant vasculature—nidus, feeding arteries, and draining
veins—was retained to minimize computational costs. Relevant vessels were identified using
angiography and DSA data, and manually segmented using various tools in Mimics. Manual
corrections were performed to preserve fine vessels and very close-passing vessels.

The resulting 3D model was smoothed to reduce surface irregularities and segmenta-
tion artifacts, improving anatomical representation and mesh quality for simulations (Fig-
ure 2.3la). Next, the inlets of the feeding arteries and outlets of the draining veins were
cut perpendicular to the flow direction (Figure .b). Then, both outlets were extruded in
3-Matic over a length equal to five times their circular equivalent diameter (Figure [2.3]c).
The rule of thumb in computational modeling is to extrude outlets over a length of around
five times their diameter to allow flow profiles to fully establish (i.e. when velocity profiles
no longer change in the axial direction; for laminar flow this profile is parabolic) [129,130].

Otherwise, non-physiological results for pressures, velocities, etc. would be observed near
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those boundaries.

Figure 2.2: Initial threshold-based segmentation of the vasculature after using the
"Threshold’ tool with a range of gray values from 1250 to 14084 on the provided 3DRA
images of the patient.

b)

Outlet2

Inlet2

Outlet1
Inlet1

Figure 2.3: a) Segmentation after removing vessels that are not of interest and
smoothing. b) Segmentation after cutting in- and outlets. ¢) Segmentation after extruding
the outlets. Outlet 1 (circular equivalent diameter of 2.99 mm) was extruded 14.95 mm,
and outlet 2 (circular equivalent diameter of 3.31 mm) was extruded 16.55 mm. Inlet 1
corresponds to the feeder from the left ACA, inlet 2 to the feeder from the left MCA, outlet
1 to the deep draining vein towards the great cerebral vein, and outlet 2 to the superficial
cortical draining vein.
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2.1.3 Mesh Generation

The meshing process was carried out using 3-Matic and Fluent Meshing. An adaptive remesh
ensured a minimal element skewness measure of 0.4, while a uniform remesh standardized
triangle shapes and sizes across the mesh for improved quality. Diagnostic options in the
‘Fix Wizard’ panel were updated as needed, resulting in a high-quality mesh, where one shell
existed (Figure . The final mesh after optimization in 3-Matic is depicted in Figure .

a) b)
Diagnostics Histogram parameters
Entry Selec.. # detected Current measure Shape measure
Full analysis [ZJ Minimum/Maximum 0.4000 1.0000
Inverted normals E 0 8000
Bad edges IZ] 0 7000
»Bad contours 0 6000
>Near bad edges E 0 5000
4000
>Planar holes EJ 0 Histogram 3000
Shels ] 1 2000
>Possible noise shells 0 1000
Overlapping triangles E} 0 0
Intersecting triangles E] 0 1(0%) 57717 (100%) 0 (0%)

Figure 2.4: a) ‘Fix Wizard’ panel for the final mesh in 3-Matic after the diagnostic
options were reviewed and updated as needed. b) ‘Histogram parameters’ for the final
mesh in 3-Matic, with the shape measure being ‘Skewness’.

Qutlet2

Inlet2

Inlet1

Figure 2.5: The final mesh after optimization in 3-Matic. The inlets and outlets are
indicated.
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Further meshing was performed in Fluent Meshing using the ‘Fault tolerant meshing’
workflow (due to its robustness to imperfections in complex geometries) [131]. While stan-
dard workflow steps were followed, key settings are outlined in this paragraph. Local surface
mesh refinements were applied to preserve small vessels and catheter geometry. The fluid
region was filled with tetrahedral volume elements, chosen for their ability to accurately cap-
ture complex geometries [132]. The boundary conditions were updated to ‘Velocity-inlet” and
"Pressure-outlet’. Finally, a volume mesh was created with three boundary layers (with the
aspect-ratio offset type and growth rate of 1.2) to capture high gradients of physical proper-
ties (e.g. velocity) near the walls, ensuring finer sampling in the direction perpendicular to
the wall while balancing computational efficiency and accuracy |133}[134]. Section
[Sensitivity Analysis evaluates different mesh densities to determine optimal settings for re-
finements and mesh parameters (listed in Table [2.2)).

2.1.4 Introducing Catheters into the Model

To prepare the mesh for multi-phase simulations, catheters were added using ANSYS Discov-
ery 2024. In each arterial feeder, a catheter was inserted (as was the case during the actual
procedure, determined by visual inspection of the 2D DSA images) and aligned with the cen-
terlines of flow in the feeders. Their diameter was set to 0.3302 mm (remark that ideally also
a thickness would be assigned to the catheter), matching the inner diameter of the Apollo
microcatheter [117], and the catheter tip locations were estimated from angiography images
(Figure . Onyx flow through the catheters will not be explicitly modeled, but the end
of catheter 1 will serve as the Onyx inlet, whereas the end of catheter 2 will be part of the
wall of the model, to focus on injection from one catheter at a time, as would be the case
in reality. Figure displays the final model. A more detailed workflow can be found in
Appendix [B} [Workflow for Implementation of Catheters in ANSYS Discoveri}
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Figure 2.6: a) An angiography image during embolization showing black dots
corresponding to the locations of the beginnings and ends of the 15 mm detachable tips of
the Apollo microcatheters. b) Model in ANSYS Discovery with catheters. The tip of the
catheter in blood inlet 1, or the arterial feeder from the ACA, is indicated by the orange
arrow; and the tip of the catheter in blood inlet 2, or the arterial feeder from the MCA, is

indicated by the red arrow.

Figure 2.7: The final mesh from Fluent Meshing for the AVM geometry with the
implemented catheters. The three boundary layers and mesh refinement around the
catheters are apparent on the zoomed-in panels.
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2.1.5 Mesh Sensitivity Analysis

In numerical simulations, accuracy depends on domain discretization, i.e. the mesh. Finer
meshes improve accuracy at the cost of increased computational expense, while coarser
meshes may lead to results that are strongly dependent on the chosen discretization. This
section presents a mesh sensitivity analysis (MSA) to identify a mesh that balances accuracy
and efficiency. For this study, the optimal mesh is defined as the one where all parameters
of interest differ less than 5 % from those of the finest mesh (Equation , as this allows
for a solution that is not overly dependent on mesh refinement while also ensuring practical

efficiency in terms of computational time and resources.
Formula for percentual differences:

Parametercurrent mesh — Parameterﬁnest mesh

PDcurrent mesh [%] - . 100% (21)

| Parameterﬁnest mesh |

With PDeurrent mesh the percentual difference w.r.t. the finest mesh [%], and Parameter

a certain parameter of interest (e.g. velocity, pressure, etc.) in the appropriate units.

As explained later in Section [2.2.3||Boundary Conditions, flow distributions across the two

outlets were derived from DSA images, but the VOF model used for the multi-phase flow is not

compatible with outflow boundary conditions (see Section [2.2.1||Multi-phase flow: Volume-of
Fluid method). Therefore, an initial single-phase simulation with outflow boundary conditions

was performed to determine appropriate pressure outlet boundary conditions for the multi-

phase case. For both of these models, a MSA was conducted (with steady-state simulations

for the single-phase case and transient with constant values for the multi-phase case).

2.1.5.1 Mesh Sensitivity Analysis for Single-phase Case

Mesh refinements from around 1 to 11 million elements were considered (Table R.1)). A
refinement factor of at least 8 was ensured so the mesh was approximately refined by a factor
of 2 in each spatial direction in 3D (thus 23- number of elements in coarsest mesh < number
of elements in densest mesh). For this case, the facet-averaged local static pressures at both
inlets and both outlets planes were the parameters of interest, for which Figure [2.8shows the
percentual differences (Equation . From this analysis, the mesh with 9 254 473 elements

was considered optimal.
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Table 2.1: Mesh parameters and cell counts of meshes for the single-phase flow case.
(Curvature 1 refers to the outer surface of the model, curvature 2 refers to the in- and
outlets, and curvature 3 refers to the catheters.)

Curvature 1 Curvature 2 Curvature 3 hf:gggﬁu Number
Mesh Min [mm]/Max [mm] Min [mm] Max [mm] Min [mm] Max [mm]| ,m] of cells
1 0.2 3 0.1 2 0.2 1 1 1 107 326
2 0.16 2.6 0.07 1.8 0.06 0.8 0.7 3056 111
3 0.013 0.505 0.006 0.205 0.0045 0.045 0.55 5 007 510
4 0.007 0.308 0.003 0.169 0.002 0.0345 0.45 7 125 615
) 0.0054 0.27 0.0019 0.145 0.0011 0.029 0.255 | 9254 473
6 0.005 0.25 0.0015 0.13 0.001 0.025 0.25 11 509 043
Percentual differences for local pressures
in function of the number of mesh elements
1001 Pressure at inlet 1 - average
75 * B Pressure atinlet 2 - average
Q 3 Pressure at outlet 1 - average
U o
c— 50 A % Pressure at outlet 2 - average
L C
CQ 25
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Number of mesh elements [-]

Figure 2.8: Percentual differences for local facet-averaged static pressures at in- and
outlets for each mesh compared with the finest mesh in function of the number of mesh
elements. The red dotted lines indicate +5 and -5 %.

2.1.5.2 Mesh Sensitivity Analysis for Multi-phase Case

For the final model (AVM with catheters), mesh densities were investigated from around 1

to 13 million elements (Table [2.2). Figures 2.9, [2.10] [2.11} and show the percentual

differences for various parameters of interest, i.e.

global and local velocities, global and

local static pressures, and global and local blood and Onyx phase volume fractions. For
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all parameters of interest, averages and 95th percentiles were assessed. The results suggest

the mesh with 11 510 615 elements as the optimal choice, which will be used for all further

multi-phase flow simulations.

Table 2.2: Mesh parameters and cell counts of meshes for the multi-phase flow case.
(Curvature 1 refers to the outer surface of the model, curvature 2 refers to the in- and
outlets, and curvature 3 refers to the catheters.)

Number of mesh elements [-]

Curvature 1 Curvature 2 Curvature 3 l\fjﬁcgfﬁu Number
Mesh Min [mm]/Max [mm] Min [mm] Max [mm] Min [mm] Max [mm]| [,m] of cells
1 0.18 3 0.1 2 0.172 0.9 1 1 286 791
2 0.16 2.6 0.07 1.8 0.06 0.8 0.7 3 055 725
3 0.013 0.505 0.006 0.205 0.0045 0.045 0.55 5 005 853
4 0.007 0.308 0.003 0.169 0.002 0.0345 0.45 7 123 865
5 0.0054 0.27 0.0019 0.145 0.0011 0.029 0.255 9 258 898
6 0.005 0.25 0.0015 0.13 0.001 0.025 0.25 |11 510 615
7 0.0049 0.23 0.0014 0.12 0.0009 0.023 0.23 13 289 819
Percentual differences for velocities
in function of the number of mesh elements
® Global velocity - average
409 O Global velocity - 95th percentile
$ §' Local velocity - average
2= Local velocity - 95th percentile
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o n
o v
EE |l X IR @ @ Qe
S 0 ® e 0) ) . )
g g --------- ; -5-%------6 ---------------------------------------------------------------------------------------------------------
o
@ 45 —20 -
O = o
o3
a
-401 @
o o & & K3 % o
o & § 5l S & &
N RS S A Ko K3 &

Figure 2.9: Percentual differences for averages and 95th percentiles of global and local (in
plane approximately through the middle of the nidus) velocities for each mesh compared
with the finest mesh in function of the number of mesh elements. The red dotted lines
indicate +5 and -5 %.
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Percentual differences for pressures
in function of the number of mesh elements

100
® Global pressure - average [0 Local pressure (inlet 2) - 95th percentile
75 4+ O Global pressure - 95th percentile Local pressure (outlet 1) - average
n Local pressure (inlet 1) - average Local pressure (outlet 1)- 95th percentile
8 E 50 - Local pressure (inlet 1) - 95th percentile % Local pressure (outlet 2) - average
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Figure 2.10: Percentual differences for averages and 95th percentiles of global and local
(in planes in each of the in- and outlet vessels positioned close to the nidus) pressures for
each mesh compared with the finest mesh in function of the number of mesh elements. The
red dotted lines indicate +5 and -5 %.
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Percentual differences for blood volume fractions
in function of the number of mesh elements

® Global blood volume fraction - average
. O Global blood volume fraction - 95th percentile
$ § Local blood volume fraction - average
LC) — Local blood volume fraction - 95th percentile
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Figure 2.11: Percentual differences for averages and 95th percentiles of global and local
(in plane after the Onyx inlet from catheter 1) volume fractions of the blood phase for each
mesh compared with the finest mesh in function of the number of mesh elements. The red

dotted lines indicate +5 and -5 %.
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Percentual differences for Onyx volume fractions
in function of the number of mesh elements

® Global Onyx volume fraction - average
. ® O Global Onyx volume fraction - 95th percentile
$ § Local Onyx volume fraction - average
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Figure 2.12: Percentual differences for averages and 95th percentiles of global and local
(in plane after the Onyx inlet from catheter 1) volume fractions of the Onyx phase for each
mesh compared with the finest mesh in function of the number of mesh elements. The red

dotted lines indicate +5 and -5 %.

45



2.2 Computer Simulations

2.2.1 Multi-phase flow: Volume-of-Fluid method

When modeling Onyx flow into the bloodstream (a liquid-liquid multi-phase scenario), a
multi-phase model is required to consider the interaction of these immiscible fluids [8,|107,
123]/135]. Specifically, the VOF model, with blood as the primary and Onyx as the secondary
phase, was selected to model these two immiscible fluids by solving a single set of momentum
equations while tracking the volume fraction of each fluid throughout the domain [135]. This
model tracks the free surface of the secondary phase (with the possibility for sharp interfacing)
and not just the phases, so that each cell along the blood-Onyx interface has a blood volume
fraction between 0 and 1 [135]. In ANSYS Fluent, the Eulerian and Mixture models are also
available; however, these are more used for miscible flows without a sharp interface and are

therefore less suitable for capturing the immiscible behavior of Onyx in blood [135].

Conservation of mass: By solving the continuity equation for the volume fraction of the
Onyx and blood phases, the blood-Onyx interface can be tracked. Equation shows the
continuity equation for the Onyx phase (secondary phase) [135].

1|0

o ot (wopo) + V - (aopoﬁo)l = Sa, + Z ("o — Thob) (2:2)

b=1

With p, density of Onyx [kg/m?], 9, velocity vector [m/s], i, mass transfer from Onyx
phase to blood phase [kg/s], 1, mass transfer from blood phase to Onyx phase [kg/s],
Sa, & source term which is taken to be zero, and «, volume fraction of Onyx phase in

a cell [-].

Condition for volume fractions: The blood phase (primary phase) volume fraction will
then be computed based on Equation [135].

> ar=1 (2.3)

k=b,0

With a4, the volume fraction of phase & in a cell [-] (with k& = b for blood or o for Onyx).
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Conservation of momentum: One momentum equation (Equation [2.4][135])—dependent
on volume fractions of both phases through the material parameters—is solved throughout

the domain, and the velocity determined from this is shared between the phases.

%(pﬁ)-l—v-(pﬁﬁ):—Vp—i—V- (10 (VT +VT)] +pg+ F (2.4)

With p the fluid density [kg/m?], ¥ the velocity vector [m/s], p the pressure [Pa], u the
dynamic viscosity [kg/(m-s)], § the gravitational acceleration vector [m/s?], and F the

external body forces [N/m?].

Material properties: The material properties in these equations are determined based
on the volume fractions of each phase in all cells. Equation [2.5| shows the calculation for
properties in a cell on the interface with = being a random material parameter (e.g. viscosity

or density), and z;, and z, the material parameters for blood and Onyx, respectively [135].

T =Ty Qp+ Ty Qp (2.5)

Explicit approach: The explicit approach was chosen, as combined with the Geometric
reconstruction scheme (see Section [2.2.4] |Solution Methods for CFD Simulations), this is

a more accurate and effective method for modeling two immiscible phases with a sharp

interface compared to the implicit approach [135]. Using this approach, finite-difference

interpolation schemes are applied to the volume fraction values from the previous time step

(Equation [2.6[ [135]).

Oég—i_l'pg—’—l_ag'pg n n . . .
At VA (po-Up-afp) =D (o = 1i1gp) + Sa,] - V (2.6)

f p=1

With (n+ 1) index for current time step [-], n index for previous time step [-], a,, ¢ face
value of the Onyx volume fraction [-], p, s face value of the Onyx density [kg/m?], V'
volume of cell [m?], U; volume flux through the face [m?/s] based on normal velocity,
ey mass transfer from Onyx phase to blood phase [kg/s|, 7, mass transfer from blood

phase to Onyx phase [kg/s], and «a, volume fraction of Onyx phase in a cell [-].
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2.2.2 Simulation Setup

Simulations were conducted in ANSYS Fluent Solution (ANSY'S Inc., Canonsburg, PA, USA).
Transient simulations were conducted with the pressure-based solver, which is applicable since
the Mach number is lower than 0.3 in this case (as the representative velocity is well below
471 m/s (Equation [2.7))), indicating incompressible flow [136}[137].

Mach number definition:
V
Ma=—<03<V<03-¢=0.3-1570 m/s =471 m/s (2.7)
c

With V' representative flow velocity [m/s], and ¢ speed of sound in the medium (here
1570 m/s for blood [137-139]).

The viscous laminar model was chosen, along with the VOF model considering a blood
and Onyx phase. An explicit formulation for the volume fraction parameters and sharp
interface modeling were employed. The material parameters are listed in Table 2.3] For
simplicity, Onyx was considered a homogeneous suspension with mass-averaged properties
instead of considering the EVOH and DMSO phases separately.

Table 2.3: Material parameters of blood and Onyx phase.

Material|Density [kg/m?]|Viscosity [kg/(m-s)]
Onyx-18 1103.9 0.018
Blood 1063 0.004

—_—

2.2.3 Boundary Conditions
2.2.3.1 Velocity Inlet Boundary Conditions for Blood

Blood velocity profiles were applied at both inlets. The feeding arteries in this case were
branches of the ACA and MCA (Figure in Section |1.2.4.1||Case Description)). Flow pro-
files in the ACA and MCA were obtained from the 1D cardiovascular Stergiopulos/Reymond

model [9]. While patient-specific profiles would be ideal, they were unavailable; thus, ACA
and MCA profiles were used and later scaled as described in this section. The model provides
flow data over time at five nodes per arterial segment of a simplified arterial tree (Figure[2.13)).
Profiles were extracted from the middle nodes of segments 78 (ACA segment 2) and 73 (MCA

segment 1), respectively, as the exact location was unknown and these profiles best matched
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Doppler sonography and real-time DSA data from literature @L,.

Segment 73: Segment 78:
MCA segment 1 ACA segment 2
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Figure 2.13: A schematic representation of the simplified cerebral arterial tree and
corresponding segment numbering from the Stergiopulos/Reymond model. Data for
segments 78 and 73 are extracted, representing segment 2 of the ACA and segment 1 of the

MCA, respectively.
(Figure from [9])

The flow profiles were converted to velocity profiles using the cross-sectional inlet areas
of the feeding arteries measured in Fluent. A Butterworth filter (4th order, 12 Hz cut-off
frequency, 75 Hz sampling rate, without introducing time-latency) was applied for slight
smoothing. Furthermore, the profiles were scaled to match typical mean velocities reported
in literature. Specifically, a mean velocity of 0.0920 m/s for inlet 1 (ACA branch) and 0.1325
m/s for inlet 2 (MCA branch) were applied, based on phase contrast MRI flow measurements
in distal ACA and MCA branches in healthy individuals . The final input velocity profiles
are shown in Figure [2.14]

Ideally, patient-specific velocity profiles and magnitudes from the feeding arteries would
be used to reflect patient-specific flow, as velocities in AVMs can increase up to 160 %
compared to normal . However, this was not possible due to the absence of image frame

rate data for this patient, a study limitation that should be addressed in future research.
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Figure 2.14: Input velocity profiles over time implemented as boundary conditions for
blood in inlet 1 from the ACA (continuous line) and in inlet 2 from the MCA (dashed line).

2.2.3.2 Velocity Inlet Boundary Conditions for Onyx

Onyx was injected with a constant velocity from catheter 1, introduced in a branch of the
ACA. Due to the unknown image frame rate for the patient’s dataset, the actual Onyx
injection velocity during the procedure could not be determined. Therefore, the FDA-
recommended Onyx injection rate of 0.16 ml/min was used initially [114]. For the catheter in
this model (with a diameter of 0.3302 mm), 0.16 ml/min corresponded to an injection velocity
of 0.03114 m/s (Equation [2.8)). To examine the influence of various injection velocities, sim-

ulations with double and half of the recommended rate were also conducted, corresponding

to 0.08 ml/min (or 0.01557 m/s) and 0.32 ml/min (or 0.06228 m/s).

002667 x 10~° m?
_ 0002667 X 1072 m7/S o a1t s (2.8)

Q 0.16 ml/min
~0.0856587 x 106 m?2

Y7 A T 0.0856587 x 106 m?
With v Onyx injection velocity [m/s], @ recommended Onyx flow by FDA [m?/s], and

A the cross-sectional area of Onyx inlet surface from catheter 1 [m?].

2.2.3.3 Vessel Wall Boundary Conditions

Vessel walls were assumed to be stationary with a no-slip boundary condition — a typical
assumption in CFD to facilitate computational analysis. In reality, they are deformable and

respond to blood flow forces exerted on them, but incorporating such deformations using FSI

was beyond the scope of this thesis [126}/127].
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2.2.3.4 Pressure Boundary Conditions

From DSA images, flow distributions across the two outlets could be derived. However, the
employed VOF model is not compatible with outflow boundary conditions [135]. Therefore,
an initial single-phase flow simulation with outflow boundary conditions was performed to

determine appropriate pressure boundary conditions for the multi-phase case.

Outflow boundary conditions for single-phase flow case: Blood flow velocities at
each outlet were determined as the distance traveled by the contrast agent between two
successive images divided by the time interval between these images. The 3D distances along
the centerlines were approximated in Mimics. Although the imaging frame rate and thus time
between successive images were unknown for this dataset, this information was sufficient to
determine the outflow distributions for the two outlets, as this quantity is independent of the
time between two imaging frames. The calculations are shown in Equations and [2.10]
with x the unknown time between the successive image frames in Figure 19.56 % of the
flow was directed to outlet 1, corresponding to deep venous drainage, while 80.44 % of the
flow was directed to outlet 2, corresponding to superficial venous drainage. A transient single-
phase flow simulation was conducted with these outflow fractions assigned to the outlets, a
constant blood velocity of 0.0920 m/s at inlet 1 and 0.1325 m/s at inlet 2, using 50 time
steps of 0.001 ms reaching convergence (i.e. 107 residual drops) in each time step. The
resulting pressures were 394.7783 Pa at inlet 1, 1039.2560 Pa at inlet 2, -16.3037 Pa at outlet
1, -70.9128 Pa at outlet 2, and 0.4950 Pa at the inlet for Onyx from catheter 1.

Outlet 1: For deep venous drainage

. distance yietr  0.0252620 m
VelOCItyoutletl = At = s

0.0252620
= Outflowoyiers = Velocity, ier - Al€aoutier; = —————— - 7.0087267 - 107°m? /s
T

Outlet 2: For superficial venous drainage

. distance uierz 0.0848691 m
VelOCItyoutleiﬁ = At = s

0.0848691
= Outfowugierz = VeloCity, yiers - AT€aoutlerr = —————— - 8.580108 - 107°m? /s
X

o1



Flow distributions over outlets 1 and 2:

Outflowiota = Outflowgytler: + Outlowytiet2
B <0.0252620

—— - T.0087267 1075 m? /s>

0.0848691
+ (— - 8.580108 - 10~° m3/s>

Outflow,uge
= Flow Percentage, o = W -100% = 19.56% (2.9)
u Wtotal
OUtﬂOWoutlew
= Flow Percentage, joto = —~——=—— - 100% = 80.44% (2.10)

Outﬂowtot al

Figure 2.15: Two successive DSA images used to estimate the percentages of outflow in
both of the outlets.

Pressure boundary conditions for multi-phase flow case: Results for pressures were
obtained from the single-phase flow simulation discussed above. The resulting 394.7783 Pa
at inlet 1, 1039.2560 Pa at inlet 2, and 0.4950 Pa at the Onyx inlet were applied as initial
pressures (only at the start point of the simulation) at the respective planes; while -16.3037
Pa at outlet 1 and -70.9128 Pa at outlet 2 were applied at the outlets throughout the whole
time of the multi-phase flow simulations. Note that, ideally, a time-varying profile should be

applied at the outlets, which could be considered as part of future work.

2.2.4 Solution Methods for CFD Simulations

For the solution methods, the SIMPLE scheme was used for pressure-velocity coupling. For
spatial discretization: Least Squares Cell Based was used for the gradient, PRESTO! for pres-

sure, and Second Order Upwind for momentum. For the volume fraction, Geo-Reconstruct
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was applied. Under-relaxation factors were set to 0.3, 1, 1, and 0.7 for pressure, density,
body forces, and momentum, respectively. Monitored residuals were normalized and scaled,
with a relative convergence criterion of 107, to ensure a relative 10~2 drop of all residuals
in each time step. Standard initialization was used for the single-phase simulations with
only blood, whereas for the multi-phase simulations, first, two cycles with only blood were
simulated before the injection of Onyx. For all cases, with only blood or for the different

Onyx injection rates, three blood flow cycles were simulated, covering a 2.40 s period.

Geometric reconstruction scheme: When employing the geometric reconstruction scheme
(suitable for unstructured meshes), standard interpolation is used to obtain face fluxes in cells
fully filled with one phase, while interface cells use geometric reconstruction. This scheme
assumes a linear interface within each cell [135]. Firstly, the interface position is determined
based on volume fractions and their derivatives. Secondly, fluid advection through each face
is determined using this interface and velocity distributions. Thirdly, volume fractions are

updated using the flux balance from the previous step [135].

2.2.5 Convergence assessment

For this study, a time step was considered converged when the continuity, x-velocity, y-
velocity, and z-velocity residuals all decreased relatively by at least three orders of magnitude
(a popular convention [144]). Table shows the number of converged time steps for each
simulation. It is important to note that the lack of convergence in some time steps was
primarily due to limited time and computational resources. Given more time and resources,

convergence would likely be achieved for all time steps, and no fundamental numerical issues

are expected. Appendix [C} [Convergence Evaluation of CFD Simulationd includes further

explanation on convergence and a visual representation of convergence for each simulation.

Table 2.4: Amount of converged time steps per conducted simulation. The convergence
criterion was defined as a relative drop of at least three orders of magnitude for all residuals.

Number of | Percentage
converged | of converged
time steps time steps
Simulation without Onyx (only blood) 220/240 91.67 %
Simulation with Onyx injection at 0.08 ml/min 204 /240 85.00 %
Simulation with Onyx injection at 0.16 ml/min 199/240 82.92 %
Simulation with Onyx injection at 0.32 ml/min 202/240 84.17 %
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2.3 Methods for Quantification of Onyx Distribution

To quantify the distribution of Onyx through two downstream branches for the analysis in

Section [3.1.2| [Onyx Progression over Time for Various Injection Rates, the mass flow rate

of the Onyx phase was calculated through two cross-sectional planes, each located at the
start of one of the branches (visualized in Figure 2.16]). The goal was to measure how much
Onyx mass entered each branch over time and how this distribution changed for different
injection rates. This section presents the mathematical formulation used, while the calcu-
lations were performed in ANSYS Fluent (with the detailed Fluent workflow provided in
Appendix [D} [Workflow in Fluent for Mass Flow Rate Calculationd).

Plane.in
branch 2

I:I)?lanel’]ir% € D
Outlet2 ‘rantz % % 3
. \ LN
‘ \

\

Outlet1

Catheterininlet 144

Inlet1

Figure 2.16: Indication of the two branches after the injection site and the location of the
planes in each branch over which the mass flow rates were calculated.

The mass flow rate of Onyx through each plane at a certain time point was calculated using
Equation [2.11 This equation sums the local contributions over all faces of the selected

surface, yielding the instantaneous mass flow rate of Onyx through a plane 17, through plane-

Mass flow rate of Onyx through a plane:

mo, through plane = Z Po " Ui Qg+ A@ (211)

all faces i of plane

With 776, through plane Mass flow rate of Onyx through a plane [kg/s], p, density of Onyx
[kg/m?], v; velocity in face ¢ [m/s], a,; volume fraction of Onyx in face i [-], and A;

area of face i [m?].

To obtain the total mass of Onyx that passed through each plane over a given time period T,

the mass flow rates were integrated across all time points in period T using Equation [2.12
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In this equation, the instantaneous mass flow rate at each saved time point ¢; is multiplied
by the corresponding time interval At (0.10 s in this study, equal to 10 time steps of 0.01 s),
and the results are summed over time. This provides the cumulative mass 1mq, through plane, T

of Onyx through the plane over time 7.

Mass of Onyx through a plane over certain time period:

Mo, through plane, T = § mo, through plane <t1> - At (212)
t;€[0,T

At intervals
With Mo, through plane, T Mass of Onyx through plane over time 7" [kg], 17, through plane(ti)
mass flow rate of Onyx through a plane at time t; [kg/s|, and At the length of the time
interval [s] (in this thesis always 0.10 s).

To obtain the percentage of mass going through branch 1 or 2, assuming all Onyx goes either
through branch 1 or branch 2, is given by Equation [2.13] In Section [3.1.2||Onyx Progression)

lover Tvme for Various Injection Rates this will be evaluated for T" being one or multiples of

the cardiac cycle duration of 0.8 s.
Percentage of mass going through a certain branch over a certain time period:

Mo, through plane in branch 1, T
Mo, percentage through branch 1, T = : 100%
Mo, through plane in branch 1, T + Mo, through plane in branch 2, T

Mo, through plane in branch 2, T
My, percentage through branch 2, T = : 100%
Mo, through plane in branch 1, T + Mo, through plane in branch 2, T

(2.13)

With 7, percentage through branch 1, T the percentage of the total mass of Onyx injected over
time T" going through branch 1 [%], Mo, percentage through branch 2, T the percentage of the to-
tal mass of Onyx injected over time 7" going through branch 2 [%], Mo, through plane in branch 1, T
the mass of Onyx going through the plane in branch 1 over time 7' [kg], and

Mo, through plane in branch 2, T the mass of Onyx going through the plane in branch 2 over
time T [kg].
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Chapter 3

Results and Discussion

3.1 Results and Interpretation

3.1.1 Baseline AVM Hemodynamics Prior to Onyx Injection

Before investigating the impact of the Onyx injection rate on embolic agent distribution
and local hemodynamics, the baseline case—prior to any embolization—is examined. This
baseline case involved simulating blood flow within the AVM, with no Onyx injection yet in-
cluded. This analysis focuses on visualizing flow path lines and pressure distributions to gain
insights into the hemodynamic behavior of this AVM model. Additionally, the distribution
of outflow between outlet 1 (deep venous drainer) versus outlet 2 (superficial cortical venous

drainer) over time was analyzed to validate the implemented outlet boundary conditions.

3.1.1.1 Pressure contours at a Selected Time Point

Figure(3.1| presents simulation results for pressure contours at 0.40 s into the second simulated
blood flow cycle—a moment where inlet velocities are close to their average values, as shown
in Figure |3.1la. The corresponding static pressure distribution over the vessel wall is shown
in Figure[3.1}b and also facet-averaged static pressures in selected cross-sectional planes near
the nidus and at main inlets and outlets are included (so these values were calculated over the
whole cross-section, not only the wall). Given the use of pressure outlet boundary conditions,
examining absolute pressure values in the model is of importance |135].

Near the nidus, the pressure values are 30.70 Pa at the plane in inlet 1, 181.20 Pa at the
plane in inlet 2, -15.11 Pa at the plane in outlet 1, and -39.87 Pa at the plane in outlet 2.

Further upstream at the main inlets, the facet-averaged static pressures reach 233.45 Pa in
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inlet 1 and 652.40 Pa in inlet 2. On the other hand, the pressures at the main outlets were
-16.30 Pa in outlet 1 and -70.91 Pa in outlet 2. As visualized in Figure [3.1}b, the highest
static pressure magnitudes are observed at the most upstream parts of the feeding arteries

(inlets 1 and 2), with a gradual decrease towards the draining veins (outlets 1 and 2).

The obtained results for static pressures in the single-phase flow CFD simulations provide in-
sight into the hemodynamic situation within the AVM of this specific patient. The calculated
pressure drop from the conducted simulations is 277.06 Pa between inlet 1 and the average
of the two outlets, and 696.01 Pa between inlet 2 and the average of the two outlets. These
calculated pressure differences between the inlets and outlets are lower than the typical drop
across healthy cerebral capillaries (around 70 mmHg (= 9333 Pa) [124]) due to the character-
istic low-resistance arteriovenous shunting in AVMs. Overall, these pressure differences are
slightly lower but still of the same order of magnitude as the 10 mmHg (= 1333 Pa) reported
in literature for AVMs [8]. It is important to note that these pressure drops are significantly
dependent on the specific AVM geometry and flow conditions [61]. However, this relatively
lower pressure difference could be attributed to the applied blood inlet velocity profiles that

were based on data from healthy subjects (see Section [2.2.3.1||Velocity Inlet Boundary Condi-

[tions for Blood [142]), which are likely lower than velocities in the typically enlarged arterial
feeders of AVMs [143]. The hemodynamic analog of Ohm’s law (Equation explains that

lower flow rates — for example, resulting from underestimated inlet velocities — are associated

with smaller pressure drops for a given vascular resistance, so underestimated inlet velocities
could lead to an underestimated pressure gradient over the AVM.

Furthermore, the higher pressure difference observed for inlet 2 (branch from MCA)
compared to inlet 1 (branch from ACA) can likely be explained by the applied velocity inlet

boundary conditions (see Section [2.2.3.1)|Velocity Inlet Boundary Conditions for Blood) and

the vascular resistance of the inlets. The pressure difference over an inlet is proportional to
the product of the vascular resistance and the flow according to the hemodynamic analog of
Ohm’s law (Equation [I.1). In this model, inlet 1 has a larger cross-sectional area (5.434 -
107%m?) and a lower assigned average velocity (0.0920 m/s), resulting in an average flow rate
of 4.999-10~"m?/s. Conversely, inlet 2 has a smaller cross-sectional area (3.034-107%m?) and
a higher assigned average velocity (0.1325 m/s), leading to a slightly lower average flow rate of
4.021-107"m?/s. However, the vascular resistance is also highly sensitive to the vessel radius.
According to Hagen-Poiseuille’s law, resistance is inversely proportional to the fourth power
of the vessel radius (R %4), as seen in Equation (although the theoretical assumptions

of this law are not strictly satisfied in this complex case, it still offers intuitive insights into
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the these relations). Given that inlet 2 has a smaller circular equivalent diameter (1.97
mm) compared to inlet 1 (2.63 mm), the resistance in inlet 2 is remarkably higher. When
considering the dependence of the pressure difference on both flow and vascular resistance,

this explains the greater pressure drop across inlet 2 observed in Figure [3.1]b.

a) Blood inlet velocity profiles
0.251 n
- Jl \ —— |nlet 1 (branch from ACA)
€0.20 ! \ —-=- Inlet 2 (branch from MCA)
— \
2 0.15 1 TANTTTN L
3 / ho g NS
00 01 02 03 04 05 06 07 08
Time [s]
b) Static Pressure [Pa] -39.87 Pa
181.20 Pa

500.00
440.00
380.00
- 320.00
- 260.00
- 200.00 30.70 Pa

N
Outlet 2

Inlet 2

L 140.00 -15.11 Pa
- 80.00 Inlet 1
20.00 Outlet 1
-40.00
-100.00

Figure 3.1: a) The chosen time point for figure in panel b) is shown on the inlet velocity
profiles: 0.40 s into the second blood flow cycle with inlet velocities near average values. b)
Static pressure contours on the AVM vessel walls, with a color scale from -100 Pa (deep
blue) to 500 Pa (dark red). Orange lines indicate planes in all in-and outlets close to the
nidus, while pink lines indicate the in-and outlets, for which the facet-averaged static
pressures are indicated (these values were calculated over the whole cross-section, not only
the outer vessel wall).
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3.1.1.2 Velocity Path Lines at a Selected Time Point

Figure [3.2] presents simulation results again at 0.40 s into the second simulated blood flow
cycle—when inlet velocities are close to their average values (see Figure a). The corre-
sponding flow path lines colored by their velocity magnitudes are displayed in Figure [3.2b.

In Figure b, the velocity magnitudes in inlet 2 (branch from MCA) are visibly higher
than in inlet 1 (branch from ACA). Within the nidus itself, a range of velocity magnitudes
between 0 and 0.1699 m/s is observed, although the spatial resolution is limited in this region
(as discussed in Section [2.1.1{|Data Acquisition]).

The simulated velocity fields reflect the applied inlet velocity boundary conditions, with
higher velocities in inlet 2 (MCA branch), consistent with the literature values used for
scaling. As detailed in Section [2.2.3.1][Velocity Inlet Boundary Conditions for Blood, the
average inlet velocities were 0.0920 m/s for inlet 1 (branch from ACA) and 0.1325 m/s for
inlet 2 (branch from MCA) [142]. In CFD simulations, inlet velocity boundary conditions

significantly influence the further development of velocity profiles downstream and are critical
determinants of the resulting flow fields |145,|146]. In reality, arterial feeders are typically
enlarged, and patient-specific velocities in these feeders can be significantly higher (up to
160 % higher) than normal [143]. This highlights a limitation of using literature values and

the importance of using patient-specific inlet boundary conditions in future work (further

discussed in Section [3.3.1||Personalized Boundary Conditions).

It should also be noted that the vessels in the center of the nidus are not fully resolved

in the model due to the limited imaging resolution (as discussed in Section [2.1.1||Data Ac-
(quisition)), which results in an under-representation of the microvasculature within the nidus.

So, what in reality are multiple small vessels, is represented in this model as one big zone,

artificially increasing the cross-sectional area and thus underestimating the flow velocities
in that region, since—according to the conservation of flow (Equation [3.1))—an increase in
area corresponds to a decrease in velocity for an incompressible fluid. Consequently, the true
hemodynamic behavior in the nidus core is likely to involve more complex and higher-velocity

flow patterns than captured in the current model.
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Conservation of flow:

Starting from the conservation of mass: 1 = 1y
Expressing mass flow rate as m =p-A-v:py- Ay -vy = py - Ag - 09
For incompressible flow, where p; = ps = constant,

this simplifies to: Q1 = A1 - v = Ay - 19 = (o (3.1)

With 7 the mass flow rate [kg/s], p the fluid density [kg/m3], A the cross-sectional

area [m?], v the average velocity [m/s]|, and @ the volumetric flow rate [m?/s].

a) Blood inlet velocity profiles
0.251
— ,:"‘., —— Inlet 1 (branch from ACA)
E 0.20 ': ‘., —== Inlet 2 (branch from MCA)
— \
1
20.15 !
O
(_) I
g 0.10
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Velocity [m/s]
0.4335
0.3901
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- 0.3034

- 0.2601

- 0.2167

 0.1734
0.1300 Inlet 1
0.0867
0.0433
0.0000

Outlet 2

Outlet 1

Figure 3.2: a) The chosen time point for figure in panel b) is shown on the inlet velocity
profiles: 0.40 s into the second blood flow cycle with inlet velocities near average values. b)
Path lines through the AVM geometry, with color indicating velocity magnitudes from 0
m/s (deep blue) to 0.4335 m/s (dark red) and arrows indicating flow directions.
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3.1.1.3 Outflow Fractions over Time

Figure [3.3] shows the outflow fractions over outlet 1 versus outlet 2 over time for two blood
flow cycles, with the inlet velocity profiles plotted in the same figure to provide context for
the timeline. Outlet 1 of the model corresponds to the deep venous drainer towards the great

cerebral vein, while outlet 2 refers to the superficial venous drainer being a cortical vein

going towards the superior sagittal sinus. As detailed in Section [2.2.3.4|[Pressure Boundarij
'Conditiond, the patient-specific outflow distribution was estimated as 19.56 % over outlet

1 and 80.44 % over outlet 2, but pressure outlet boundary conditions were applied to be

compatible with the VOF model. In Figure 3.3, over a time period of 1.60 s, the outflow
fraction through outlet 1 ranges over time from minimally 0.39 to maximally 39.53 % with
a mean value of 10.86 %, while the outflow fraction through outlet 2 ranges from 60.47 to
99.61 % with a mean value of 89.14 %.

Over the 1.60 s period indicated in Figure the outflow fractions towards outlet 1
and outlet 2 seem to fluctuate approximately around the calculated 19.56 % and 80.44 %,
with the vast majority of outflow consistently going towards outlet 2. This suggests that the
boundary condition implementation effectively reflects the patient-specific outflow fractions

derived from DSA data. However, ideally, a time-varying profile would be applied at the

outlets as a boundary condition instead of one fixed value (see further in [3.3.1|{Personalized

|Boundary Conditions).

1.0 A /\ A ,_/’—~s§"‘ A /-—”~~' -0.25
- / Ve ,,,’\/ Vi ,=2"=" — Outlet1 -
5081 [ o= \ - == Outlet2 £0.20 =
8 1 \ ,, - — Inlet 1 -
0.6 1 NN ) /' /\ SR P Inlet 2 [ 0-15 )
© A N L TN S
g 0.4_ 7—“(/ —— _0.10 q>)
S D
S 02 - 0.05 €

0.0 F0.00

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time [s]

Figure 3.3: Outflow fractions to outlets 1 and 2 over time for two blood flow cycles,
indicated in full and dashed black lines, respectively. The inlet velocity profiles at inlets 1
and 2 are also added in this figure (full and dashed light blue lines, respectively) to provide
some context on the timeline. Outlet 1 is the deep venous drainer towards the great
cerebral vein, outlet 2 the superficial cortical venous drainer going towards the superior
sagittal sinus, inlet 1 the branch from the ACA, and inlet 2 the branch from the MCA.
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A remarkable observation from Figure [3.3]is that the outflow fraction through outlet 1 in
this model increases relatively during periods of high inlet velocity, approximately following
the same profile over time as the inlet velocities. This behavior can be explained by examining
the origin of the flow path lines in the model. Figure[3.4)shows the flow path lines in the model
(colored by velocity magnitude) originating from inlet 1 and 2 together but also separately,
again at 0.40 s into the second blood flow cycle as in Figure but similar trends could be
observed at other time points.

In this model of the AVM, flow lines coming from inlet 1 distribute over both outlet 1
and outlet 2, whereas flow lines from inlet 2 exit exclusively through outlet 2 (Figure .
This means that outlet 1 receives flow only from inlet 1, while outlet 2 receives contributions
from both inlets. As a result, the flow rate at outlet 1 is more directly controlled by the
inlet velocity at inlet 1. During periods of high inlet 1 velocity, the outflow through outlet 1
increases proportionally, explaining the stronger correlation. In contrast, outlet 2 integrates
flow from both inlets, leading to more complex interactions and less direct correspondence
with a single inlet profile. This explains why its outflow fraction does not scale with the inlet
velocity profiles but rather indicates the complement of the outlet 1 fraction. It is important
to emphasize that this flow behavior is strongly influenced by the model of the AVM and

the simulation setup, including boundary condition choices and the limited spatial resolution

of the reconstructed nidus. As explained in the above Section [3.1.1.24Velocity Path Lined

lat a Selected Twvme Point, the central part of the nidus is under-resolved due to limitations

of the 0.44 mm imaging resolution. So, in reality, this zone likely exhibits more complex
and higher-velocity flow patterns, which would affect the mixing and redistribution between
outlets. Therefore, while the trends observed in Figure|3.4]explain the correlation between the
outflow fraction towards outlet 1 and the inlet velocities seen in Figure [3.3] these trends may
not fully reflect true physiological behavior due to modeling limitations, and further research
using alternative boundary conditions and more anatomically accurate vascular geometries

would be necessary to confirm these observations with more certainty:.
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Flow path lines starting | Flow path lines starting | Flow path lines starting
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Figure 3.4: Flow path lines through the AVM geometry, colored by their velocity
magnitudes from 0 m/s (deep blue) to 0.4335 m/s (dark red) and arrows indicating flow
directions. The left panel indicates flow path lines coming from both inlets of the model.
The middle panel selectively shows the flow path lines coming from inlet 1 (branch of the

ACA). The right panel selectively shows the flow path lines coming from inlet 2 (branch of
the MCA). Outlet 1 is the deep venous drainer towards the great cerebral vein, outlet 2 the
superficial cortical venous drainer going towards the superior sagittal sinus, inlet 1 the

branch from the ACA, and inlet 2 the branch from the MCA.
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3.1.2 Onyx Progression over Time for Various Injection Rates

Visualization of Onyx progression over time for various injection rates is illustrated in Fig-
ures [3.5) and [3.6] Figure [3.5 shows the cells of the model where Onyx is present in a red color
for various injection rates over time, while Figure shows the volume fractions of the Onyx
phase indicated by a color scale (from deep blue for 0 to dark red for 1) in certain planes that
were defined near the injection site. Both figures depict the same zone of the AVM from the
same point of view to allow consistent comparison.

From these figures, it can be seen that Onyx spreads over two downstream branches
closely after the injection site. To also quantitatively assess the distribution of Onyx over
these downstream branches, the mass flow rates through two planes (each at the start of one

of these branches, see Figure .a) were computed as explained in Section Methods fo

[Quantification of Onyx Distribution] Figure[3.71b shows the cumulative fraction of Onyx mass

injected over a certain time period that passed through branch 1 (solid bars) versus branch
2 (dashed bars) for various injection rates (0.08, 0.16, and 0.32 ml/min). The mass flow
rates were calculated using Equation [2.11], the mass of Onyx through a plane over a certain
time was calculated using Equation [2.12] and the percentages of mass through branch 1
versus branch 2 were calculated using Equation m (as explained in Section
|Quantification of Onyx Distribution)). On this plot, for example, the value at 0.30 s through
branch 1 for injection rate 0.32 ml/min equals 0.8134 (height of the third solid orange bar);

this means that over a period of 0.30 s, 81.34 % of the injected mass of Onyx (i.e. the mass
of Onyx that is injected after injecting for 0.30 s at 0.32 ml/min) passed through branch 1,
and thus 18.66 % must have passed through branch 2. Table lists the values of these
cumulative percentages of injected Onyx that passed through each branch over a time period

of one, two, or three blood flow cycles for the various injection rates.

Figures and show Onyx progression over time for various injection rates. As expected,
higher injection rates lead to further propagation of Onyx within the vasculature within a
given time. This is logical, as injecting more volume per minute naturally pushes the Onyx
further into the vessels, and if a substance is injected faster, it covers more distance within
the same amount of time.

Furthermore, a consistent trend is observed across all three injection rate scenarios: ini-
tially, Onyx primarily flows to branch 1, while a smaller portion goes to branch 2 (Table
93.66 %, 76.60 %, and 51.86 % towards branch 1 over one cycle for injection rates 0.08,

0.16, and 0.32 ml/min, respectively). However, as time progresses, a growing fraction of
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the Onyx is going toward branch 2 compared to earlier (Table : after two cycles only
82.43 %, 57.78 %, and 42.07 % towards branch 1, and after three cycles, only 74.35 %, 51.02
%, and 39.06 % towards branch 1 for injection rates 0.08, 0.16, and 0.32 ml/min, respec-
tively). The initial trend of more Onyx going towards branch 1 than branch 2 can likely
be explained by the position and orientation of the catheter in the geometry, which is ori-
ented more towards branch 1. CFD studies in other medical contexts also demonstrated the
influence of the catheter location on the initial flow direction [147-150]. Over time, Onyx
starts to go more towards branch 2, which can probably be explained by the accumulation
of Onyx in branch 1, causing increased resistance to flow in that branch due to the higher
viscosity of Onyx. Hagen-Poiseuille’s law (Equation can provide intuitive insight into
this observation. Although the assumptions underlying this law (i.e. steady, laminar flow of
incompressible, Newtonian fluid in a cylindrical tube) are not satisfied in this complex case,
the law illustrates that increased viscosity relates to increased flow resistance, a trend that
remains qualitatively applicable even outside the idealized conditions of the law. As fluid
flow follows the path of least resistance [59], Onyx is now increasingly directed into branch 2,
where flow is still less obstructed. This redistribution toward branch 2 is also consistent with
theoretical models on flow through AVMs based on Darcy’s law and Maag’s formula [151].
According to Darcy’s law, the flow rate through a branch depends on the material proper-
ties of the medium, i.e. less flow if a higher viscosity [151]. Maag’s formula indicates that
the diffusion radius (a measure for Onyx spread in the vasculature) is inversely proportional
to the viscosity [151]. So, in regions where Onyx has already accumulated and viscosity is
higher, further spread into that region is reduced. These conclusions are compatible with the
findings in this thesis of Onyx redistribution towards branch 2 over time. While again not
all theoretical assumptions of these laws are met, their general insights remain more broadly
applicable. So, in summary, the interplay of catheter positioning and evolving hemodynamic
resistance influences the distribution of Onyx in the vasculature.

Moreover, Figures |3.5] and and Table demonstrate that the injection rate affects
the extent and timing of this Onyx redistribution over the downstream branches, which was
explained in the above paragraph. At higher injection rates, a larger fraction of Onyx is
directed toward branch 2 earlier in the injection process. For example, after two cycles for
an injection rate of 0.32 ml/min, the majority (57.93 %) of injected Onyx went to branch
2. In contrast, at the lower rate of 0.08 ml/min, branch 1 still received the majority (82.43
%) of injected Onyx over two blood flow cycles (Table [3.1)). This observation can probably

be explained as follows: higher injection rates accelerate the Onyx accumulation in branch
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1, which increases flow resistance there more rapidly. As a result, flow is redirected toward
branch 2 sooner and more substantially. The observed differences in Onyx distribution across
the branches at varying injection rates might be attributed to both the total volume or mass
of Onyx delivered and the rate of its administration. Higher injection rates not only introduce
a greater mass of Onyx that will accumulate over a given time but also deliver this mass with
an increased velocity. To illustrate the effect of the injection rate parameter, the following

comparisons from Table can be considered:

e Comparison 1: Case for 0.16 ml/min after one cycle (76.60 % to branch 1, 23.40 % to
branch 2) versus case for 0.08 ml/min after two cycles (82.43 % to branch 1, 17.57 %
to branch 2)

e Comparison 2: Case for 0.32 ml/min after one cycle (51.86 % to branch 1, 48.14 % to
branch 2) versus case for 0.16 ml/min after two cycles (57.78 % to branch 1, 40.22 %
to branch 2)

For both these comparisons, despite the same total mass of Onyx being delivered in the two
compared cases, the cases with the higher injection rate led to greater portions of Onyx being
redirected towards branch 2. The rate of injection is thus a key parameter in determining
the Onyx distribution after injection.

Figure [3.7/b enforces these discussed observations and explanations, but gives some ad-
ditional information on the redistribution of Onyx over time compared to Table [3.1] Firstly,
for the lowest injection rate (0.08 ml/min, in blue), more mass flows towards branch 1 com-
pared to branch 2 at each time point over the whole 2.40 s period. Only from 0.50 s on, the
contribution towards branch 2 becomes visible, although still relatively low (1.50 %). Over
time, the fraction of injected mass going through branch 1 decreases gradually, but after
2.40 s still the majority (74.35 %) goes through branch 1. Secondly, for the recommended
Onyx rate (0.16 ml/min, in green), the contribution of branch 2 becomes clear at an earlier
time point, specifically at 0.20 s a fraction of 1.51 %. The redistribution of relatively more
flow going toward branch 2 occurs more rapidly in this case compared to the lowest injection
rate case, as indicated by the faster decline in the height of the solid green bars relative to
the solid blue bars. After 2.40 s, the mass is nearly equally distributed between branches
1 and 2, with 51.02 % passing through branch 1. If the simulation were extended slightly
beyond 2.40 s, potentially the majority of the injected mass would eventually shift toward
branch 2, assuming the current trend continues. Lastly, for the highest injection rate (0.32

ml/min, in orange), the fraction toward branch 2 is visible from the start, 0.54 % after 0.10
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s and already 10.28 % after 0.20 s. The redistribution towards branch 2 happens sooner for
this higher injection rate than in the other two cases, as reflected by the faster decline in
height of the solid orange bars relative to the solid blue and green bars. For this case, the
fraction towards branch 2 becomes higher than towards branch 1 from 0.90 s on: at this time
point the majority of 51.11 % of the injected mass has gone through branch 2. This shift in
distribution is visually represented in Figure [3.7b by the cross-over of the solid and dashed
orange bars.

The findings discussed in this section suggest important clinical implications. The results
highlight the importance of the Onyx injection rate as a key controllable parameter during
embolization. Faster injection rates not only accelerate the progression of the embolic agent
but also influence its distribution between downstream branches. This suggests that uncon-
trolled or excessively high injection rates could potentially increase the risk of non-target
embolization. In addition, the role of catheter placement is also critical. As shown in this
study, and supported by CFD research in other medical contexts |[147-150], initial flow di-
rection is significantly influenced by the catheter’s orientation within the vessel. A catheter
aimed more directly at one branch can initially favor Onyx entry into that branch, but evolv-
ing flow resistance due to Onyx accumulation can shift flow direction dynamically. In clinical
practice, this means that to achieve desirable embolization results, clinicians must carefully
plan both the injection rate protocol and catheter positioning. Moreover, these results also
highlight the potential of pretreatment CFD modeling as a decision-making tool to simu-
late various injection strategies, potentially improving the safety and efficacy of endovascular

embolization procedures in the long term.

Table 3.1: Mass distribution through branches indicated in Figure [3.7la over one cycle
(0.80 s), two cycles (1.60 s), and three cycles (2.40 s) for various Onyx injection rates.

Onyx injected Onyx injected Onyx injected
at 0.08 ml/min at 0.16 ml/min at 0.32 ml/min
Through | Through | Through | Through | Through | Through
branch 1 | branch 2 | branch 1 | branch 2 | branch 1 | branch 2
After one cycle
(0.80 s) 93.66 % 6.34 % 76.60 % 23.40 % 51.86 % 48.14 %
After two cycles
(1.60 s) 82.43 % 17.57 % 57.78 % 40.22 % 42.07 % 57.93 %
After three cycles
(2.40 s) 74.35 % 25.65 % 51.02 % 48.98 % 39.06 % 60.94 %
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0.08 ml/min 0.16 ml/min 0.32 ml/min

— Blood vessels of AVM
— Onyx
— Catheter 1

. Region of AVM
displayed on figures

Outlet2

Outletl

Figure 3.5: Progression of Onyx over time for various injection rates (0.08, 0.16, and 0.32
ml/min). The vessels of the AVM are seen in light blue and are made transparent to
visualize Onyx in dark red and catheter 1 (from where Onyx is injected) in dark blue. The
red color indicates cells that contain Onyx, but are not necessarily fully filled with Onyx:
the criterion to indicate the cells red was a volume fraction for the Onyx phase greater than
107%. On the bottom right, the zone of the AVM depicted in the pictures in the table is
indicated (same zone as in Figure .
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Figure 3.6: Spread of Onyx over time visualized in various planes around the injection site
for various injection rates (0.08, 0.16, and 0.32 ml/min). The vessels of the AVM are seen
in light blue and are made transparent to visualize catheter 1 (from where Onyx is injected)
in dark blue and the volume fraction of Onyx in the defined planes. For the volume
fractions, a deep blue color indicates 0 % Onyx in the cell (i.e. fully filled with blood) and a
dark red color indicates 100 % Onyx in the cell. On the bottom right, the zone of the AVM
depicted in the pictures in the table is shown (same zone as in Figure .
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a) Indication of the two branches after the injection site and the location of

the planes in each branch over which the mass flow rates are calculated. b) Cumulative
fractions of injected Onyx mass through branches 1 (solid bars) versus 2 (dashed bars) over

Figure 3.7

0.08, 0.16,

(

the height of

time for three blood flow cycles (2.40 s in total) for various Onyx injection rates
and 0.32 ml/min in blue, green, and orange, respectively). At each time point

Y

the bar for a specific branch and a specific injection rate represents the fraction of the total

injected mass (up to that time and for that injection rate) that has passed through that

specific branch.
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3.1.3 Local Pressure Differences for Various Injection Rates

Pressure differences over a local zone just downstream of the injection site are investigated
for various injection rates. The small zone of approximately 4 mm in length (indicated in
Figure a), was selected due to the limited simulation time of 2.40 s (covering only three
0.80 s cardiac cycles). A more extensive analysis downstream would ideally require extensively
longer simulations, the implementation of Onyx solidification, and improved representation of
central nidal vessels (now limited by the imaging resolution) for increased realism. However,
it is interesting to look at the initial hemodynamic effects after Onyx injection with various
injection rates.

The pressure difference is calculated as the facet-averaged static pressure over plane 1A
minus the facet-averaged static pressure over plane 1B (planes depicted in Figure .a).
Figure [3.8/b presents this pressure difference over time for the case before Onyx injection
(black) and the cases for various injection rates (0.08, 0.16, and 0.32 ml/min in blue, green,
and orange, respectively). Figure .c shows boxplots for the ratios of the pressure differences
for the 0.08 (blue) and 0.16 ml/min (orange) injection rates relative to the pressure difference
for the recommended injection rate of 0.16 ml/min (Equation over the same zone over
0.80 s time intervals corresponding to either cycle 1, 2, or 3. Also, minimum, mean, and
maximum values for each boxplot are indicated, as well as a horizontal dashed green line at

the reference ratio of 1.

AF)injection rate x ml/min

(3.2)

1%atioinjection rate x ml/min — AP

injection rate 0.16 ml/min
With Ratioipjection rate x mi/min the ratio for the case of injection rate of x ml /min (with
x either 0.08 or 0.32 ml/min), AP.ection rate x ml /min the pressure difference over time
for x ml/min injection rate (as seen in Figure .b), and A Pipjection rate 0.16 ml/min the

pressure difference over time for the recommended 0.16 ml/min injection rate (as seen

in green on Figure [3.8b).

Figure[3.8/b demonstrates that for all Onyx injection cases, the local pressure difference across
the zone downstream of the injection site (depicted in Figure .a) is consistently greater
than in the baseline case before Onyx injection. These increased pressure differences can be
attributed to the viscous Onyx occupying space in the vessel, which increases blood flow resis-
tance, and thus pressure differences. This can be intuitively understood by Hagen—Poiseuille’s
law (Equation and the hemodynamic analog of Ohm’s law (Equation : as more Vis-
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cous Onyx is injected into the blood, it raises the local effective viscosity and thus the flow
resistance (Equation ; which in turn leads to an increase in pressure difference across the
zone (Equation . While the assumptions of Hagen—Poiseuille’s law (i.e. steady, laminar
flow of incompressible, Newtonian fluid in a cylindrical tube) are not satisfied in this complex
case, the law again offers useful intuitive insight into the observed trends.

Moreover, the pressure difference correlates with the Onyx injection rate: higher injection
rates cause higher pressure differences (on Figure .b the orange curve is consistently above
the green and blue ones, and the green curve is consistently above the blue one). This is
logical following the reasoning explained earlier, as higher volumetric flow rates introduce
more Onyx into the vasculature in a given time, and thus increase the flow resistance more
in a given time, leading to even higher pressure differences. However, it is important to note
that this observed increase in pressure difference may be attributed to the increased injection
rate itself and/or to the greater volume of Onyx introduced over the same time interval. To
illustrate the effect of the injection rate parameter, the following comparisons can again be

considered:

e Comparison 1: Case for 0.16 ml/min after one cycle (AP of 2.57 Pa) versus case for
0.08 ml/min after two cycles (AP of 1.51 Pa)

e Comparison 2: Case for 0.32 ml/min after one cycle (AP of 5.94 Pa) versus case for
0.16 ml/min after two cycles (AP of 2.97 Pa)

For both these comparisons, despite the same total mass of Onyx being delivered in the two
compared cases, the cases with the higher injection rate led to higher pressure differences.
The injection rate is consequently a key parameter influencing local hemodynamics.

An interesting observation from Figure 3.8 b is that the peaks in the pressure profiles
occur slightly earlier for all Onyx injection cases compared to the baseline case with only
blood flow. This shift in peak timing is consistent across all injection rates, suggesting
that the effect is not dependent on the injection rate, but rather on the presence of Onyx
itself. Potentially, this is attributed to changes in local wave dynamics due to Onyx. As
viscous Onyx is introduced, the local vascular impedance is altered, which can potentially
affect the speed and reflection patterns of pressure waves within the vasculature. These
changes in impedance may lead to the earlier arrival of reflected waves, thus shifting the
overall pressure waveform slightly forward in time [152-154]. However, wave propagation
and reflection phenomena in such complex vascular systems (especially under multi-phase

flow conditions) can be very complex, making these dynamics difficult to further interpret.
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Figure [3.8/b also shows a visibly damped and less pulsatile pressure waveform over time
for the highest injection rate (0.32 ml/min), specifically in the first cardiac cycle, compared to
the other cases. This damping is likely due to the growing obstruction imposed by the rapid
Onyx injection, leading to a gradually increasing pressure difference, which progressively
suppresses flow fluctuations and smooths the pressure difference profile. While a gradual
increase in pressure difference over time compared to baseline is also observed for the two
lower injection rates, the effect is most pronounced at the highest rate, thus the pulsatility
diminishes more noticeably. The phenomenon is most noticeable in cycle 1, as the pressure
difference is still building up as the Onyx is being introduced into the vasculature. Over time,
the pressure waveforms appear to stabilize somewhat at their higher levels, likely because
the rate of change in local resistance due to the injected viscous Onyx becomes less abrupt.

Figure [3.8 ¢ further quantitatively supports the influence of injection rate on pressure
differences by presenting the ratios as defined in Equation |3.2| over the three cardiac cycles.
For all three cycles, the pressure difference ratio is consistently greater than 1 for the 0.32
ml/min injection rate and less than 1 for the 0.08 ml/min rate. This confirms the earlier
observation from Figure 3.8 b that increasing injection rates lead to higher pressure differ-
ences due to increased flow resistance. For the 0.32 ml/min case (orange), the ratios over
the different cycles seem to be overall slightly below 2, indicating that, for this localized zone
and over this limited time period, the pressure differences scale almost proportionally with
the Onyx injection rate. Cycle 1 exhibits relatively large variability, with pressure difference
ratios ranging from 1.30 to 2.18. This spread can be attributed to the fact that the hemo-
dynamic response is still developing during the initial injection period (the orange graph
in Figure b increases quite fast over time for the first cycle, as discussed before). Over
the three cycles, the average pressure difference ratios slightly decrease from 1.92 in cycle
1 to 1.85 in cycle 2 and 1.78 in cycle 3. This trend reflects that the pressure difference in
case of 0.32 ml/min continues to increase over time but less substantially (pressure difference
stabilizes over time at an elevated level), and that the pressure difference in the reference
0.16 ml/min case also gradually increases, although less fast and less clearly than in the 0.32
ml/min case. Consequently, the ratio between them shows a mild decline over time for the
different cardiac cycles. In contrast, the 0.08 ml/min case (blue) shows overall ratios slightly
above 0.50, again indicating that the pressure difference scales almost proportionally with the
injection rate. Also in this case, cycle 1 exhibits the largest variability (from 0.47 to 0.87), as
the pressure differences are still building up here as the Onyx is just being introduced. The

ratios also seem to stabilize over time, as the average ratio equals 0.58 in cycle 2 and 0.60 in
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cycle 3, with in both cycles lower variability (0.46 to 0.72 in cycle 2 and 0.50 to 0.75 in cycle
3).

While the trends in pressure differences are clear, the absolute magnitudes for all cases
remain relatively small (maximal value of 8.85 Pa for the 0.32 ml/min case). These values
are small compared to the typical accuracy of intracranial pressure transducers (in the range
of 0.7 to 2.3 mmHg, so 93.3 to 306.6 Pa [155,/156]). The small pressure differences likely
stem from the limited length of the zone (around 4 mm) and short simulation time (2.40
s); longer simulations and examinations over larger regions could potentially reveal greater
effects as embolization progresses. Incorporation of Onyx solidification would also impact
results, especially over extended time scales.

These findings imply that higher Onyx injection rates may lead to more rapid and more
substantial increases in local pressure. Consequently, higher injection rates might challenge
procedural safety and embolic agent control, as elevated pressure differences in this clinical
context can be associated with risks for hemorrhage [114,/157]. The results also show that
these pressure differences increase most rapidly during the first cardiac cycle. However, in
the simulations, a constant Onyx injection velocity was applied over the entire time period,
whereas in the clinic, Onyx is injected manually with a syringe, meaning the injection rate
does not instantly reach its maximum value. As a result, the initial increase in local pressure
during the first cardiac cycle is likely less abrupt in reality than observed in the simulations.
It is important to note that the absolute values of the pressure differences computed in this
study remain small (well below the sensitivity thresholds of intracranial pressure transducers
[155,(156]). This means that these results are unlikely to have immediate clinical impact;
however, the differences between various injection rates are clear, underscoring the potential
value of further investigation of the effect of injection rates, particularly in longer simulations

that incorporate Onyx solidification for increased realism.
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Figure 3.8: a) Two planes downstream of the injection site delimiting the zone over which
pressure difference (i.e. facet-averaged static pressure in plane 1A minus plane 1B) is
calculated. The yellow arrow indicates a distance of 4 mm. b) The pressure difference over
zone in panel a) over time for the case before Onyx injection (black) and for various Onyx
injection rates: 0.08, 0.16, and 0.32 ml/min (blue, green, and orange, respectively). Yellow
vertical lines mark the end of each 0.80 s cardiac cycle, and red and blue arrows on the
time-axis mark the start of systole and diastole, respectively. ¢) Boxplots of the pressure
difference ratios for injection rates of 0.08 ml/min (blue) and 0.32 ml/min (orange), relative
to the recommended rate of 0.16 ml/min (Equation [3.2). Each boxplot shows the
distribution of this ratio for a specific injection rate over a 0.80 s interval corresponding to
either cycle 1, 2, or 3. Values for the mean, minimum, and maximum are shown to the right
of each boxplot. A horizontal dashed green line denotes the reference ratio of 1.
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3.1.4 Implications for Clinical Practice

The findings of this study highlight the influence of Onyx injection rate on key hemody-
namic parameters, such as spatial Onyx distribution and local pressure differences within
the AVM vasculature. These preliminary results suggest that careful monitoring—and per-
haps control—of Onyx injection velocity during embolization procedures may enhance both
the efficacy and safety of treatment. Specifically, controlling injection rates more carefully
may reduce the risk of adverse events such as non-target embolization, suboptimal Onyx
distribution, or hemorrhagic complications.

Furthermore, the existence of FDA guidelines around the Onyx injection rate (i.e. rec-
ommended injection rate of 0.16 ml/min and upper limit of 0.30 ml/min due to risks for
angionecrosis and/or vasospasm observed in animal studies [114]) underscores the clinical
relevance of monitoring—and perhaps controlling—the injection velocity in clinical practice
to maintain appropriate injection parameters throughout the procedure.

In addition, this study highlights the value of CFD modeling for quantification of em-
bolization procedures and the long-term potential of incorporating CFD modeling into pre-
treatment planning. With thorough model validation and workflow standardization, CFD
simulations could support clinicians in predicting procedural outcomes more reliably and
tailoring strategies to patient-specific vascular geometries.

However, further research should explore a broader range of patient-specific geometries,

optimized boundary conditions, and experimental validation of simulation results, as further

discussed in Sections and [3.3|[Future Perspectived,
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3.2 Limitations

While the conducted simulations for this thesis offer valuable insights into the impact of
the Onyx injection rate on hemodynamics during endovascular embolization of an AVM,
several assumptions and simplifications were necessary due to practical constraints and the
complexity of the clinical scenario. Additionally, only one patient-specific AVM was modeled,
which limits the generalizability of the results. This section summarizes the most important
limitations of this work, some of which have already been touched upon throughout the

thesis.

3.2.1 Limitations of Model Reconstruction

Several limitations related to the modeling process of the AVM geometry should be acknowl-
edged. First, the spatial resolution of the 3DRA imaging data was limited by a slice thickness

of 0.44 mm, which was insufficient to resolve all fine vascular structures within the AVM nidus

(Section [2.1.1|[Data Acquisition|). Although representing the nidus with a porous media ap-

proach could provide a more accurate approximation [7,8,/120], this was beyond the scope of

this study. Furthermore, no catheter thickness was assigned in the model, which may have

influenced local flow dynamics (Section [2.1.4)[Introducing Catheters into the Model). Finally,

the reconstructed geometry never perfectly reflects the in vivo anatomical conditions due to

inevitable simplifications during segmentation and meshing (Section [2.1.1|{Data Acquisition]).

3.2.2 Assumptions of Boundary Conditions

Furthermore, boundary conditions (as described in Section [2.2.3|[Boundary Conditions)) in-

evitably simplify reality, despite efforts to approximate physiological realism.
First, the actual Onyx injection velocity during the intervention was unknown due to the

absence of imaging frame rate data. Therefore, simulations relied on the FDA-recommended

injection rate, along with values at half and double that rate (Section [2.2.3.2||Velocity Inlef]

|Boundary Conditions for Onya). Although it would be interesting to simulate with the actual

injection rate, this approach provided a reasonable basis for comparison of various injection
rates.

Secondly, patient-specific blood velocity profiles at the arterial feeders could not be de-
termined, as no dynamic imaging modalities such as Doppler ultrasound or phase contrast

MRI were performed [§]. Therefore, representative flow profiles from literature were used

(Section [2.2.3.1{| Velocity Inlet Boundary Conditions for Blood). Moreover, it was not possible
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to scale these profiles to a patient-specific velocity value based on DSA data due to the lack
of imaging frame rate data for this patient.
Thirdly, fixed pressure boundary conditions were applied at the outlets (Section [2.2.3.4] Prds-

|sure Boundary Conditions), although time-varying pressure profiles or flow distribution pro-

files would be more realistic. Remark that an alternative multi-phase modeling approach
would need to be explored for flow distribution boundary conditions, as these are not com-
patible with the VOF model [135].

Lastly, the vessel walls were modeled as rigid (Section [2.2.3.3||Vessel Wall Boundary
. Although this is a common simplification in CFD modeling, incorporating FSI

would lead to more accurate results (mainly for the WSS), and would be an interesting

direction for future work [126,127] (see some preliminary results in Section [3.3.2||Wall Shear|

[Stress Analysis: Preliminary Observations and Future Workl

Some ideas to further improve boundary conditions in future work are stated in Sec-

tion [3.3.1|[Personalized Boundary Conditions,

3.2.3 Assumptions in the Simulation Setup

In addition to the boundary conditions, several other assumptions were made in the simula-
tion setup. The effect of gravity was neglected, and blood was assumed to have a constant
viscosity of 0.004 kg/(m-s), although non-Newtonian behavior may be relevant in small vessels
(with diameters around 0.05 to 0.15 mm), like in the nidus [120,121]. Furthermore, laminar
flow was assumed, which was deemed reasonable due to sufficiently low Reynolds numbers
and based on literature [8,/107]. Incompressibility was assumed and deemed acceptable given

the relatively low velocities (Section [2.2.2||Simulation Setup)) [136,137].

The VOF model was used to simulate blood and Onyx as immiscible phases (detailed in
Section [2.2.1{[Multi-phase flow: Volume-of-Fluid method). However, the model comes with

several assumptions and limitations. The VOF approach assumes a single shared velocity
field across all phases, which makes extracting phase-specific velocities infeasible and thus
limits post-processing analysis of individual fluid behavior [135]. Additionally, the model
does not support outflow fraction boundary conditions, so pressure outlets (based on a single-
flow simulation with the patient-specific outflow fractions) were used. However, it would be
interesting to apply outflow fractions, as these can be derived from DSA imaging, and using
these directly (without transforming these to pressure outlets) would keep the boundary
conditions as close to reality as possible. In future work, it could be interesting to explore

other settings to determine the most optimal ones through experimental validation (see also

78



Section [3.3.5||Validation Through FEzperimental and Clinical Studies).

3.2.4 Scope Limited to a Single Case

The current results are based on a single patient-specific geometry, which limits the ability
to draw general conclusions about the influence of the injection rate on Onyx behavior. To

generalize the findings of this thesis, it is essential to investigate a larger number of AVM

cases (see Section |3.3.3||Expansion of patient cohort)).

3.2.5 Simplifications in Onyx Modeling

The modeling approach used for Onyx in this study involves simplifications that limit the
physiological realism of the simulations. First of all, Onyx-18 was treated as a single-phase
material with averaged properties, although its two constituents, DMSO and EVOH, should
ideally be represented as two separate phases (see Table from Section [2.2.2||Simulation]
. Additionally, one of the most significant limitations of this study is the omission

of the Onyx solidification process, which plays a critical role in the embolization behavior.

Incorporating solidification would enhance both the realism and predictive capability of the

simulations [7},8,/107]. This challenge is further discussed in Section |3.3.4||Modeling the Onyal

[Solidification Process. However, the results of this study remain interesting to assess the

initial effect of Onyx injection on the hemodynamics.
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3.3 Future Perspectives

Several key directions for future research emerge from the findings and limitations of this

study (see Sections [3.1][Results and Interpretation] and [3.2[Limitationd). This section outlines

the most critical areas for advancement: improving patient-specific boundary conditions,

analyzing WSS, examining multiple AVM cases, incorporating Onyx solidification, and ex-
perimental validation of simulations. In the long term, also the feasibility of monitoring or
controlling injection rates in the clinic and research for enhanced workflow efficiency would

need to be considered.

3.3.1 Personalized Boundary Conditions

An interesting advancement is the optimization and personalization of boundary conditions,
which could greatly enhance model fidelity but also the translational potential of CFD in
patient-specific clinical decision-making.

One promising technique is 4D flow MRI, which provides time-resolved, three-dimensional
velocity data throughout the cardiac cycle. This modality enables non-invasive measurements
of blood flow in the vasculature, offering detailed insights into inflow and outflow profiles that
could be directly applied as boundary conditions in CFD models [8,[158H160].

In addition, DSA imaging—which is already routinely used during AVM embolization—can
be used for determining personalized velocity values. For the patient studied in this the-
sis, DSA images were also available; however, the imaging frame rate data was missing,
which prevented extraction of velocity information. Although DSA is primarily a qualitative
imaging modality, quantitative methods have been developed to extract velocity informa-
tion from DSA sequences. These techniques rely on contrast bolus tracking and temporal
analysis of pixel intensity changes to estimate mean velocities (so imaging frame rate data is
needed) |161]. Although flow or velocity profiles over time cannot be obtained this way, the
information from patient-specific preinterventional DSA images can be valuable for approxi-
mating personalized mean velocities in the feeding arteries or draining veins of the AVMs.

Furthermore, the assumption of rigid walls could be improved upon by implementing FSI
to model a more realistic non-rigid wall that is deformed by the forces exerted on it by the

fluid flow in the model, although this is computationally expensive [126,127].
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3.3.2 Wall Shear Stress Analysis: Preliminary Observations and
Future Work

Although WSS investigation was not a primary focus of this study, preliminary results of
WSS for various injection rates are presented in this section, given the clinical relevance of
WSS, as elevated values have been associated with risks such as thrombus formation or vessel
rupture [125]. The CFD simulations in this thesis allow for WSS examination; however, it
is important to interpret these results with appropriate caution. CFD in general tends to
overestimate WSS, as it assumes rigid vessel walls, whereas more realistic results would

be obtained using FSI models [126,/127]. In this study, however, we applied physiological

inlet velocity profiles derived from healthy individuals (see Section [2.2.3.1||Velocity Inlet

|Boundary Conditions for Blood) in an AVM geometry (with enlarged arteries); while in

reality, AVMs often exhibit significantly elevated velocities, potentially up to 160 % higher
than normal |143], which implies that WSS values reported here are likely underestimated.
So, the exact values for WSS presented in this section should not be overinterpreted.

Figure |3.9|illustrates the WSS over the vessel wall around the injection site over time for
various injection rates. In all cases, an increase in WSS is seen around the location of the
catheter due to Onyx injection. This increase in WSS can be attributed to the locally elevated
viscosity near the wall at the injection site caused by the presence of Onyx—which has a
significantly higher dynamic viscosity than blood (0.018 vs. 0.004 kg/(m-s), respectively)—as
described by the WSS formula (Equation [162].

Formula for wall shear stress:

S— (Z—Z) (3.3)

With 7,, the wall shear stress [Pa], 1 the dynamic viscosity [kg/(m-s)], 3 the shear rate
or the velocity gradient perpendicular to the wall [s~!] with u the velocity component

tangential to the wall, and n the direction normal to the wall.

Differences between various injection rates can be observed: higher Onyx injection rates
appear to cause higher local WSS around the injection site. For the zone of the outer vessel
wall that is visualized in these figures, the maximal WSS values are around 2, 5, and 8 Pa
(determined with an accuracy of 1 Pa) for injection rates of 0.08, 0.16, and 0.32 ml/min,
respectively. However, as previously noted, the absolute WSS values are likely not realistic

due to limitations in the simulation setup. Moreover, for a given injection rate, the WSS
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values remain unchanged over the entire time period, at least considering this accuracy
of 1 Pa. Since WSS is expected to increase with rising blood inlet velocities [163]164],
more accurate investigations could potentially capture such temporal variations. A potential
explanation for the absence of observable fluctuations in WSS for the current simulations
might be that the effect of the Onyx—which is injected with a constant velocity during the

simulations—overrides the expected influence of pulsatile blood inlet velocity profiles.

0.08 ml/min | 0.16 ml/min | 0.32 ml/min Wall Shear Stress [Pa]
\

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
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Outlet2

Inlet2 ¢

N L
Inletl }/N

Outletl

Figure 3.9: The WSS on the outer vessel walls of the AVM around the injection site over
time for various injection rates (0.08, 0.16, and 0.32 ml/min). The WSS is indicated by a
color scale from deep blue for 0.0 Pa to dark red for 10.0 Pa (legend for all figures is shown
on the upper right). On the bottom right, the zone of the AVM depicted in the pictures in
the table is shown.
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In conclusion, these preliminary findings indicate that further investigation of the Onyx
injection rate effect on WSS is clinically interesting, since the injection rate is seen to have
an influence on the WSS for these simulations, and excessively high WSS is associated with
risks of thrombus formation and vessel rupture [125]. However, boundary conditions would
need to be optimized and personalized (i.e. FSI to model deformable walls and patient-

specific blood inlet velocity boundary conditions) to obtain more reliable WSS results.

3.3.3 Expansion of patient cohort

To evaluate whether the findings presented in this thesis are generalizable, a larger num-
ber of AVM cases should be modeled. Studying a wider range of AVM geometries and
flow conditions will help determine the robustness of observed trends and identify potential
case-dependent variations. Expanding the patient cohort is a crucial step towards build-

ing clinically relevant and reliable CFD tools. Ideally, multiple patient-specific simulations

would also be experimentally validated (as discussed in Section [3.3.5||Validation Throughl

|Ezperimental and Clinical Studies).

3.3.4 Modeling the Onyx Solidification Process

An important improvement for future research is the incorporation of the Onyx solidification
process, which is critical for improving the realism and clinical relevance of embolization sim-
ulations [7,8]/107,/120]. Solidification significantly influences the behavior of the embolic agent
and local hemodynamics; however, it was not included in this study due to time constraints,
as simulating the typical five-minute solidification period of Onyx [114] would require sub-
stantial computational resources and time. Moreover, the primary focus of this study was on
the initial effects of different Onyx injection rates on the hemodynamic environment and the
spatial distribution of the embolic agent. Ideally, future models should distinguish between
the two phases of Onyx (EVOH and DMSO), with the viscosity increasing exponentially with
the decrease in DMSO concentration, as suggested in prior studies [7,8]. However, additional
experimental validation of the material characteristics of Onyx (i.e. relationship of viscosity

increase as a function of DMSO content decrease) may be required.

3.3.5 Validation Through Experimental and Clinical Studies

Extensive validation will be essential for translating CFD modeling into clinical applications.

Different modeling and simulation methods should be investigated (e.g. different multi-phase
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flow models, boundary conditions, and other settings) in order to determine an optimal
workflow for AVM modeling. Validation requires in vitro experiments using 3D-printed
phantoms of various patient-specific AVMs, and ultimately, clinical trials will be necessary
to assess the reliability and added clinical value of CFD-based tools in guiding treatment

planning [58}|123].

3.3.6 Monitoring or Controlling Injection Rate

If further research demonstrates the clinical need for monitoring or perhaps controlling the
velocity of Onyx injections, it would be important to explore the development of specialized
pumping devices or safety alert systems. Such systems could enable real-time monitoring
to detect when the injection rate exceeds the FDA upper limit of 0.30 ml/min [114], with,
for instance, an alerting alarm sound. Additionally, if CFD modeling were to be used as
a pretreatment tool in the long term, monitoring injection velocity would be necessary to
follow a previously defined treatment plan. Possibly, semi-automated injection devices could
be interesting to administer the embolic agent at an optimized speed, although the clinician
should have the ability to override the system manually at any time to ensure patient safety.
Injection systems like these are already explored in other clinical settings: for example, Ren
et al. (2022) demonstrated robotic-assisted embolic agent delivery in the renal artery-kidney
system of rabbits |128|, highlighting the feasibility of controlled injection in complex vascular

procedures.

3.3.7 Optimizing Workflow Efficiency

Looking further ahead, substantial advancements in workflow speed and automation are es-
sential, particularly in the segmentation process, to integrate CFD simulations into the clini-
cal routine. Leveraging segmentations generated and used during clinical interventions—such
as those routinely created at UZ Ghent (University Hospital, Ghent, Belgium)—could be
valuable, particularly for retrospective CFD modeling studies of AVMs. After thorough
validation of these CFD models, standardized protocols could be developed. In the long
term, for CFD to be used as a pretreatment tool, alternative approaches are needed. Al-
based segmentation holds significant potential, as it can significantly reduce manual effort
and inter-operator variability. Several studies have already explored using Al frameworks
to segment blood vessels from DSA or 3DRA images [165-167]. While these techniques are
expected to improve significantly in the near future, it is crucial to ensure adequate validation

and understanding of these models, as careful application of Al in healthcare is essential.
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Chapter 4
Conclusion

Cerebral arteriovenous malformations (AVMs) are abnormal, direct vascular connections be-
tween arteries and veins that bypass the normal capillary beds, creating high-flow, low-
resistance shunts that may result in severe clinical complications such as hemorrhage. Fn-
dovascular embolization is a common treatment, involving the injection of an embolic agent,
such as Onyx, to occlude the AVM and create a safer hemodynamic situation. As the out-
comes of this procedure greatly rely on the experience of the clinician, there is growing
interest in quantification of key parameters that influence the outcome, for example with
computational fluid dynamics. This thesis specifically investigated the impact of Onyx in-
jection rate through multi-phase flow simulations with the Volume-of-Fluid method. The
simulations were performed on a patient-specific AVM geometry, segmented from 3D rota-
tional angiography images, with boundary conditions based on both literature and digital
subtraction angiography data. Three different injection rates were evaluated: 0.08 ml/min,
0.16 ml/min (the FDA-recommended rate for Onyx injection), and 0.32 ml/min. The re-
sults show that the injection rate affects the behavior of the embolic agent. Higher injection
rates accelerate Onyx progression and alter its spatial distribution over different downstream
branches. Additionally, faster injection rates caused greater pressure differences downstream
of the injection site, and greater wall shear stresses around the injection site. These changes
might impact procedural outcomes, suggesting that Onyx injection rate is a clinically rel-
evant parameter that deserves closer consideration, and the impact of deviating from the
recommended injection rate is interesting to explore further. However, it is important to em-
phasize that this study represents an initial investigation based on a single patient case and
simplified modeling assumptions. To confirm and generalize these findings, further research
with a larger patient cohort, an optimized simulation workflow, and experimental validation,

is necessary.
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Chapter 5
Societal Reflection

This chapter provides a societal reflection on the broader implications of this thesis work,
exploring how personalized CFD modeling for endovascular embolization of AVMs could
impact society in both the near and long term. Ethical considerations related to the use
of patient data are addressed, alongside societal impacts framed within the context of the
Sustainable Development Goals (SDGs) [16§].

This research makes use of imaging data of patients, which means careful consideration of
ethical and privacy aspects—such as anonymization, informed consent, and data protec-
tion—is critical. All data were fully pseudo-anonymized, and ethical approval was obtained
from the Ethics Committee of UZ Gent (reference: ONZ-2024-0129, approval letter added in
Appendix [E} [Approval Letter from Ethics Committed). In addition, the study was registered

on ClinicalTrials.gov (reference: NCT06588543), in accordance with international standards

for clinical research.

While these measures ensure patient privacy and compliance with ethical regulations, the
use of real-world clinical data in computational modeling also raises broader ethical ques-
tions. Although CEFD simulations hold great promise in the long term to aid in personalized
pretreatment planning, they must always be combined with clinical expertise and critical
thinking. It is important to acknowledge limitations of the model itself and think about how
misuse or misinterpretation can be prevented, especially when (in the long term) clinical
decisions could be influenced by these simulations and suboptimal decisions could harm the
patient. Thus, transparency about model assumptions and constraints, thorough validation
of models and simulation methodologies, and close collaboration between engineers and clin-
icians are essential to ensure that computational modeling is used in a safe, responsible, and

ethical manner.
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The potential integration (in the long term) of CFD modeling into clinical practice for pre-
treatment planning of endovascular embolizations also raises important societal consider-
ations. This kind of modeling can contribute to SDG 3: ‘Good Health and Well-being’,
particularly through improved planning of procedures. Personalized simulations help to min-
imize trial-and-error during procedures, reduce complication risks and procedural time, and
optimize outcomes. However, clinical expertise should remain central to decision-making,
and limitations (as for this study discussed in Section should be considered.

While advanced CFD modeling holds great promise for improving AVM treatment, it is
worth thinking about its accessibility across different hospitals and countries in relation to
SDG 10: ‘Reduced Inequalities’. Innovations like this might increase the gap between high-
resource and low-resource settings. Potentially, open-source tools, along with transparent
reporting and dissemination of simulation workflows and methodologies, could help promote
more equitable access to these technologies.

In the context of SDG 9: ‘Industry, Innovation and Infrastructure’, the integration of
advanced CFD modeling for AVM treatment can lead to more efficient procedures, resulting
in fewer complications and shorter hospital stays, resulting in cost savings and alleviation of

strain on healthcare systems, promoting long-term sustainability.

In summary, while this thesis illustrates the promising potential of personalized CFD mod-
eling for AVM treatment, its integration into clinical practice requires attention to ethical,
societal, and infrastructural aspects. Protecting patient rights, clinical validation of the mod-
els, and focusing on interdisciplinary collaboration will be key to ensure that this innovation

will lead to sustainable healthcare improvements.
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Appendix A

Additional Information on Tools and
Settings in Mimics, 3-Matic, ANSYS
Discovery, and Fluent Meshing

This appendix contains a chronological summary of the employed tools with some additional
explanation and parameters listed for each of the software used for segmentation and meshing

of the AVM model.

106



Operation/Tool Explanation Additional Settings

‘Threshold’ Initial threshold-based seg-|{1250 to 14084 GV
mentation

‘Smooth’ Smoothing of 3D Part Step 1:

Smoothing factor: 0.7,
20 iterations,

shrinkage compensated.
Step 2:

Smoothing factor: 0.9,
20 iterations,

shrinkage compensated.

‘Analyze’ > ‘Plane’

Define planes

/

‘3D Tools” >
tract’

‘Sub-

planes

Cut off in- or outlets using

/

‘Analysis’

‘Export” > ‘IGES™ >

inlets as .iges files

Save the centerlines of the

Table A.1: Overview of operations in Mimics with explanations and relevant settings.

Operation/Tool

Explanation

Additional Settings

‘Design’ > ‘Move Sur-
face’

Extrude the outlets

/

‘Remove Spikes’

Remove remaining spikes in
the mesh

Spike size: 0.1 mm,
Smallest detail: 0.1 mm,
Preserve surface detail:
Checked

‘Adaptive Remesh’

Perform adaptive remeshing

Target triangle length: 0.4
mm,
Preserve surface contours:

Checked,

Minimum skewness: 0.4

‘Uniform Remesh’

Perform uniform remeshing

Target triangle length: 0.4

mim,

Preserve surface contours:

Checked

Diagnostic  options,
including ‘Normals’,
‘Stitching’, ‘Noise’,
‘Shells’, ‘Holes’,
‘Triangles’, and
‘Overlaps’

Operations to ensure good
mesh quality

Were all reviewed and,
if necessary, automatically
updated

Table A.2: Overview of operations in 3-Matic with explanations and relevant settings.
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Operation/Tool Explanation Additional Settings

Type of flow Define where the flow will|Internal low through an
be w.r.t. the geometry object
Local Refinement Locally impose a smaller|See in Section 2.1.5
mesh size "Mesh Sensitivity Analy-
sis’

Surface Mesh Generation|Generation of surface mesh [Surface mesh  target
skewness: 0.8

Boundary Layers Add boundary layers Offset method type:
‘Aspect-ratio’

Volume Mesh Generation|Generation of volume mesh [Quality Improve Limit:
0.04

Table A.3: Overview of meshing operations in Fluent Meshing with explanations and
relevant settings.

Operation/Tool Explanation Additional
Settings
‘Plane,” ‘Sketch,” ‘Cylinder,’|Modeling of the catheters /

‘Sweep,” and ‘Convert’ tools

‘Holes’ tool Creates closed surfaces at the in-|/
lets and outlets

‘Subtract’ tool Remove the catheter volumes|/
from the AVM model

‘Select’ and ‘Delete facets’|Used to define inlets and outlets|/
tools for blood and Onyx

Table A.4: Overview of operations in Ansys Discovery with explanations.
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Appendix B

Workflow for Implementation of
Catheters in ANSYS Discovery

This appendix describes a detailed workflow followed in ANSY'S Discovery to create a model
for the AVM with two catheters implemented (one in each feeding artery). This appendix
outlines the detailed workflow used in ANSYS Discovery to develop the model of the AVM,
incorporating two catheters—one placed in each feeding artery. The steps presented here
give insight into the modeling process and serve as a reference for reproducing or extending

this modeling workflow.
First of all, the model of the AVM geometry was loaded.
e A surface mesh of the model was saved from 3-Matic as an .stl file and loaded into

Discovery via /// > ‘Open’.

The next step is to create the catheters.

e These catheters were aligned along the centerlines of the arterial feeder flows and the
microcatheter tip locations were estimated based on angiography images. The center-
lines of the relevant parts were exported from Mimics as .iges files via ‘Export’ > ‘IGES’

> ‘Analysis’ and loaded into Discovery via /// > ‘Insert Geometry’.

e Via the ‘Select point’ tool in the ‘Design’ menu, a point at the start of this centerline
was selected; and via the ‘Plane’ tool in the ‘Design’ menu, a plane was defined that

goes through this point and is normal to the centerline.

e This plane was selected as a sketch plane via the ‘Sketch” mode in the ‘Design’ menu.
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e In sketch mode, the ‘Circle’ option in the ‘Design’ menu was used to draw a circle in
this sketch plane with a diameter of 0.3302 mm. (So the catheter diameter was here
set to 0.3302 mm, matching the inner diameter of the Apollo microcatheter. However,

ideally a thickness would be assigned to the catheter, as is the case in reality.)
e Then the sketch mode was left, and the ‘3D mode’” was again selected.

e To obtain a 3D catheter, this created circle was pulled along the whole centerline by
selecting the ‘Pull” option in the ‘Design’ menu, and then selecting the option to ‘sweep’

around a curve, and for this curve selecting the imported centerline.

e For the resulting catheters, the ‘Auto Fix’ tool from the ‘Facets’ menu was used; and
afterwards, the ‘Convert’ tool from the ‘Facets’ menu was used to convert these catheter

walls to faceted bodies.

Now, the outer surface of the AVM (but no in- and outlet planes yet) and the outer surface
of the catheters are created, and the next step was to obtain a model with the in- and outlets
for the blood phase.

e On the AVM geometry, the ‘Holes’ tool from the ‘Facets’ menu (with options ‘Cap’
and ‘Separately’) was used to obtain these planes at the in- and outlets of the AVM

geometry.

Then, the catheters were subtracted from the AVM geometry to create a model in which the

spaces occupied by the catheters were represented as voids.

e The ‘Subtract’ tool from the ‘Facets’ menu was used to remove the catheter volumes
from the AVM model.

Furthermore, the wall of the AVM vessels, the catheter walls, the catheter end planes, and

the blood in- and outlets all needed to be defined as separate structures.

e All of these were defined by making a copy of the whole geometry and then using
‘Select’ to select all the facets that did not belong to the structure, and ‘Delete facets’
to delete these unwanted facets until the desired structure remained. In the end, each

of the structures was defined as a separate object in the object tree.
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Lastly, to ensure all parts are nicely defined and no issues occur later in Fluent Meshing,

some additional steps were needed.

e For all surfaces: select all facets of that surface with the ‘Select tool’ from the ‘Design’
menu, then right click and choose ‘Add facetted region’ (this way they are recognized

by the program as one region that belongs together).

e On each part in the object tree: use the ‘Convert’ tool from the ‘Facets’ menu to convert

them to solid bodies, choose the ‘fully tesselated’ option.

This final file can be saved as .fmd or .tgf to use it for further meshing in FLUENT meshing.
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Appendix C

Convergence Evaluation of CFD

Simulations

In numerical simulations such as CFD, convergence means that results no longer change
significantly with more calculations, so changes between successive iterations become very
small [144]. So, a converged solution becomes stable as the simulation progresses, which is
necessary for reliable interpretation of results [144]. For this study, a time step was con-
sidered converged when the continuity, x-velocity, y-velocity, and z-velocity residuals each
relatively decreased by at least three orders of magnitude (a popular convention [144]). In
non-converged time steps, particular care is required, as the results might still contain numer-
ical errors or instabilities [144]. Table[C.1]provides the amount and portion of converged time
steps for each of the simulations. While Figures and [C.2] indicated the (not) converged
time steps on the blood inlet velocity profile at inlet 1 (the branch from the ACA) for all
the conducted simulations. This visualization helps identify periods of the simulation where
results should be interpreted with caution. It is important to note, however, that the lack of
convergence in some time steps was primarily due to time and computational resource limi-
tations. Given extended simulation time and resources, convergence would likely be achieved

for all time steps, and no fundamental numerical issues are expected.
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Table C.1: Amount of converged time steps per conducted simulation. The convergence
criterion was defined as a drop of at least three orders of magnitude for all residuals.

Number of| Percentage
converged |of converged

time steps| time steps

Simulation without Onyx (only blood) 220/240 91.67 %
Simulation with Onyx injection at 0.08 ml/min| 204/240 85.00 %
Simulation with Onyx injection at 0.16 ml/min| 199/240 82.92 %
Simulation with Onyx injection at 0.32 ml/min| 202/240 84.17 %

Convergence assessment for simulations with only blood flow (no Onyx)
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Figure C.1: Blood velocity at inlet 1 (branch from ACA) over time for three blood flow
cycles with each point representing a simulation time step (of 0.10 s) for the simulation
with only blood (before any Onyx injection). Green indicates time steps where full
convergence was achieved (residuals relatively dropped by three orders of magnitude for
continuity and velocity components), while red indicates time steps that did not meet the
convergence criterion.

113



0.20

Convergence assessment for simulations with Onyx injected at 0.08 mL/min

0.18 A

0.16 1

0.14 1

0.12 41

e @

o =

® o
1 1

Blood velocity at inlet 1 [m/s]

0.06

® Converged time step
® Not converged time step

b)

NN

o
&
1.0 1.5 2.0 2.5
Time [s]

[
®
0.5

Convergence assessment for simulations with Onyx injected at 0.16 mL/min

0.20

e e @©

= =

N o
1 1 1

e

[

)]
1

Blood velocity at inlet 1 [m/s]
° o
o =
o] [=]

0.06

® Converged time step
® Not converged time step

NN

® ®
® ®
0.5 1.0 15 2.0 25
Time [s]

Convergence assessment for simulations with Onyx injected at 0.32 mL/min

o

[

B
1

e e @
o B =
® O N
1 1

Blood velocity at inlet 1 [m/s]

® Converged time step
® Not converged time step

4 4 [
° ° o
L L] L]

0.06

NN

®
®
1.0 1.5 2.0 25
Time [s]

[ ]
®
05

Figure C.2: Blood velocity at inlet 1 (branch from ACA) over time for three blood flow
cycles with each point representing a simulation time step (of 0.10 s) for the simulations
with Onyx injected at a) 0.08 ml/min, b) 0.16 ml/min, and c¢) 0.32 ml/min. Green
indicates time steps where full convergence was achieved (residuals dropped by three orders
of magnitude for continuity and velocity components), while red indicates time steps that

did not meet the convergence criterion.
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Appendix D

Workflow in Fluent for Mass Flow

Rate Calculations

In this appendix, the precise workflow in ANSYS Fluent for the calculations of the mass flow
rates through different branches after the injection site is described.

For all .dat files, which were saved every 0.10 s (so every 10 time steps of 0.01 s), the
following steps were done in ANSYS Fluent:

e Via ’User-defined’ > ‘Custom Field Function’, I defined a custom field function to
determine the local mass flux (Equation [D.1]).

m/ényx = Po V" Qo (D]')

With 7, the mass flux of Onyx [kg/s/m?], p, density of Onyx [kg/m?], v

velocity [m/s], and «, volume fraction of Onyx phase [-].

e The surface integral was determined for this custom field function over the planes
indicated in Figure[3.7}a via 'Results’ > 'Report’ > "Surface Integrals’ with 'Integral” as
"Report Type’” and the custom field function as 'Field variable’ (Equation [D.2)).

mo, through plane = § Po " Ui Qg+ A@ (DQ)

all faces i of plane

With 776, through plane Mass flow rate of Onyx through a plane [kg/s|, p, density of
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Onyx [kg/m?|, v; velocity in face i [m/s], a,; volume fraction of Onyx in face i

[-], and A; area of face i [m?].

To calculate the mass through each branch over a number of cycles as listed in Table 3.1} the
mass flow rate at a certain time point was multiplied by the duration of a time step (here
0.10 s) over the different time steps over the duration T (T is either one, two, or three cycles,
s0 0.80 s, 1.60 s, or 2.40 s) (Equation [D.3).

Mo, through plane, T = Z mo, through plane (tz> - At (DS)

t;€[0,17]
At intervals

With Mo, through plane, T Mass of Onyx through plane over time 7" [kg], 17, through plane(ti)
mass flow rate of Onyx through a plane at time t; [kg/s|, and At the length of the time

interval [s] (in this case always 0.10 s).
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Appendix E

Approval Letter from Ethics

Committee
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Appendix 3a: Aandachtspunten (indien van toepassing)

De CME benadrukt de verantwoordelijkheid van de Pl/promotor van dit onderzoek ten aanzien van de privacy van de persoons-
/patiéntgegevens in contacten met patiénten, of bij het inzien van patiéntgegevens, inclusief de juiste uitvoering daarvan door collega's
en studenten. De Pl/promotor is verantwoordelijk voor de uitvoering van het projectvoorstel in overeenstemming met de toepasselijke
wet- en regelgeving waaronder, maar niet beperkt tot, de EU-verordening 2016/679 (Algemene Verordening Gegevensbescherming),
de Belgische Wet op de patiéntenrechten van 22/ 8/2002, en het beleid van de instelling waar het onderzoek wordt uitgevoerd.

De CME verwijst op haar website naar de ICH/GCP-richtlijnen en bevestigt dat van elke onderzoeker een GCP-training vereist is. Het is
de verantwoordelijkheid van de hoofdonderzoeker dat elk lid van het onderzoeksteam een geldig GCP-certificaat heeft. De conformiteit
van vertaalde documenten ten opzichte van de Nederlandse documenten is de verantwoordelijkheid van de opdrachtgever.

Wij vestigen uw aandacht op het feit dat de CME verwacht dat haar eerste opmerkingen ab initio in aanmerking worden genomen bij de
volgende indiening door dezelfde sponsor.

Mits er een Clinical Trial Agreement is, kan de studie pas starten wanneer de Clinical Trial Agreement werd goedgekeurd en
ondertekend door de CEO van het UZ Gent (en/of door een gemachtigde vertegenwoordiger van de UGent).

Studies met geneesmiddelen voor onderzoek en bepaalde studies met “medical devices” dienen door de klant (Pl of sponsor) te worden
ingediend bij het FAGG (Federaal Agentschap voor Geneesmiddelen en Gezondheidsproducten).

Studies met geneesmiddelen voor onderzoek mogen enkel uitgevoerd worden op voorwaarde dat de minister (FAGG) geen bezwaar
maakt binnen de wettelijke termijnen zoals beschreven in art. 13 van de Belgische wet van 7/5/2004 betreffende experimenten op de
menselijke persoon en in art. 21 van de Belgische wet van 7/05/2017 betreffende klinische proeven met geneesmiddelen voor menselijk
gebruik.

Bepaalde onderzoeken met medische hulpmiddelen vallen ook onder wettelijke termijnen (KB van 17/3/2009). Raadpleeg de website
van het FAGG voor meer informatie: www.fagg-afmps.be .

Onderzoek op embryo's in vitro valt onder de wet van 11 mei 2003. Alvorens het onderzoeksproject kan starten, vereist dergelijk
onderzoek ook een positief advies van het Federaal Comité voor medisch en wetenschappelijk onderzoek op embryo's in vitro.

Gelieve rekening te houden met de reglementen van het ziekenhuis inzake weefselbeheer en de reglementen van de wet van 19
december 2008.

Dit gunstige advies van de CME houdt niet in dat zij de geplande studie op zich neemt. U blijft verantwoordelijk voor het onderzoek.
Daarnaast dient u ervoor te zorgen dat uw mening als betrokken onderzoeker wordt weergegeven in publicaties, rapporten voor de
overheid etc. die het resultaat zijn van dit onderzoek. U wordt eraan herinnerd dat met betrekking tot klinische onderzoeken elke
waargenomen ernstige gebeurtenis onmiddellijk moet worden gemeld aan de sponsor en de ethische commissie, zelfs als het
oorzakelijk verband met de studie onduidelijk is.

De CME-goedkeuring die voor een specifiek project wordt gegeven, is één jaar geldig. Wij verzoeken u ons te informeren als het
onderzoek niet wordt gestart of als het onderzoek niet binnen 1 jaar na goedkeuring start.

De CME bevestigt dat - in geval van belangenverstrengeling - betrokken leden niet deelnemen aan de stemming over het onderzoek.

Indien het onderzoek niet binnen een jaar wordt beéindigd, eist de ICH-GCP dat jaarlijks een voortgangsrapportage aan de CME wordt
verstrekt.

Tot slot verzoeken wij u de (voortijdige of geplande) beéindiging van het onderzoek binnen de wettelijke termijnen te melden en het
Clinical Study Report (CSR) aan de CME te bezorgen.

Houd er in het geval van een klinische proef (EudraCT) rekening mee dat de resultaten moeten worden gepubliceerd in het European
Clinical Trial Register. Het rapport van deze resultaten kan als CSR naar de EC worden gestuurd.
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Appendix 3b: Points of concern (if applicable)

The EC emphasizes the responsibility of the Pl/promotor of this study concerning the privacy of the person/patient data in contacts with
patients, or when viewing patient data, including the correct implementation thereof by coworkers and students. The Pl/promotor is
responsible for the implementation of the project proposal in accordance with applicable laws and regulations including, but not limited to,
the EU regulation 2016/679 (General Data Protection Regulation), the Belgian Law on patients' rights of 22/8/2002, and the policy of the
institution where the research will be carried out.

The EC refers to the ICH/GCP guidelines on its website, and confirms that a GCP-training is required from each investigator. It is the
responsibility of the principal investigator that each member of the study team has a valid GCP-certificate.

The conformity of translated documents compared to the Dutch documents, is the responsibility of the sponsor.
We would like to draw your attention to the fact that the EC expects her initial comments to be taken into account ab initio at the next
submission by the same sponsor.

Provided that there is a Clinical Trial Agreement, the study can only start when the Clinical Trial Agreement has been approved and
signed by the CEO of UZ Gent (and/or by an authorized representative of UGent).

Studies with investigational medicinal products and certain studies with “medical devices” should be submitted by the client (Pl or sponsor)
to the FAMHP (Federal Agency for Medicines and Health Products).

Studies with investigational medicinal products are only allowed to be conducted, provided that the minister (FAMHP) does not state
objections within legal deadlines as described in art. 13 of the Belgian law of 7/5/2004 concerning experiments on the human person and
art. 21 of the Belgian law of 7/5/2017 concerning clinical trials with medicines for human use.

Certain studies using medical devices are also covered by legal deadlines (KB of 17/3/2009). Please consult the FAMHP website for more
information: www.fagg-afmps.be.

Research on embryos in vitro is covered by the law of May 11, 2003. Before the research project can start, such research also requires a
positive advice of the Federal Committee for medical and scientific research on embryos in vitro.

Please take into account the regulations of the hospital concerning tissue management and the regulations of the law of December 19,
2008.

This favorable advice of the EC does not imply that it will assume responsibility for the planned study. You will remain responsible for the
study. In addition, you should ensure that your opinion as an involved researcher is reproduced in publications, reports for the government,
etc. which are the result of this study. You are reminded that concerning clinical studies, any observed serious event needs to be reported
immediately to the sponsor and the ethics committee, even if the causal relationship with the study is unclear.

The EC approval given for a specific project, is valid for one year. We request you to inform us if the study will not be initiated or if the
study does not start within 1 year after approval.

The EC confirms that - in case of conflict of interest - involved members do not take part in the vote concerning the study.
If the study will not be terminated within a year, the ICH-GCP demands that an annual progress report will be provided to the EC.

Finally, we request you to report the termination (early or planned) of the study within the legal deadlines and provide the Clinical Study
Report (CSR) to the EC.

In case of a clinical trial (EudraCT), please be informed that the results must be published in the European Clinical Trial Register. The
report of these results can be sent to the EC as the CSR.
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