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Abstract

Background: Intracranial carotid artery calcification (ICAC) is associated with an increased risk of
stroke, dementia, and cognitive decline. While disturbed hemodynamics have been linked to vascular
pathologies such as atherosclerosis, a potential association with the development of ICAC has not
been extensively studied yet. This pilot computational study investigated whether local hemodynamic
parameters are associated with areas prone to develop calcification in the intracranial internal carotid
artery (ICA).

Methods: Computed tomography angiography (CTA) data from the Erasmus Stroke Study database
were used to reconstruct pre-calcification luminal geometries of intracranial carotid arteries. Twenty-
three arteries with a stenosis degree > 70% were initially selected. Eight representative arteries were
chosen for lumen reconstruction, which were comparable to the stenosed subset in terms of size and
calcium burden. Reconstructions were realised using contour rescaling, interpolation, and contour-
copying techniques. Computational fluid dynamics simulations were performed in reconstructed healthy
lumen models using FEBio. Time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI),
and relative residence time (RRT) were calculated and mapped onto two-dimensional vessel represen-
tations. The hemodynamic parameters were compared between calcium-containing and calcium-free
regions and across anatomical ICA segments (C2—C6).

Results: Simulations of six reconstructed arteries successfully converged to a solution. In these arter-
ies, calcifications were predominantly located in the cavernous (C4) and clinoid segments (C5), while
no calcifications were observed in the petrous segment (C2). Calcium-containing regions demonstrated
a higher median TAWSS of 2.76 (IQR 2.48 — 3.34) Pa, compared to a median of 1.98 (IQR 1.23 — 2.63)
Pa in calcium-free regions, corresponding to a 39.6% percentage change. In contrast, OSI and RRT
were generally lower in calcium-containing regions. Calcium-containing regions had a median RRT of
0.43 (IQR 0.36 — 0.48), compared to a median RRT of 0.57 (IQR 0.45 — 0.88) in calcium-free regions.
The median OSl was 0.74 x 10 (IQR 0.48 — 0.011 x 10°%) in calcium-containing regions, while a value
0f0.96 x 10~ (IQR 0.72 — 1.1 x 10-*) was found in the calcium-free regions. Segmental analysis showed
that TAWSS increased towards the distal ICA segments, whereas RRT decreased downstream. The
OSl values remained consistently low throughout the arteries.

Conclusions: This pilot study offers a pipeline to extract hemodynamic data from healthy ICA surro-
gates, derived from commonly available CTA images of patients with ICAC. The exploratory findings
differed from classical atheroprone hemodynamic patterns characterised by low TAWSS, high OSI and
low RRT. The contradictory results warrant further investigation. Larger studies with patient-specific
boundary conditions are needed to further clarify a potential relationship between hemodynamics and
ICAC.

Keywords: Intracranial carotid artery calcification; Computational fluid dynamics; Hemodynamics;
Wall shear stress; Stroke; Cerebrovascular disease
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Introduction

1.1. Intracrancial carotid artery calcification

Arteriosclerosis of the intracranial arteries has been shown to negatively affect cognitive performance
and to increase dementia risk [9][12]. Dementia results in difficulties with memory, problem-solving,
language, and attention, and in a progressive stage, even the inability to perform daily tasks. Unfortu-
nately, a person who lives from age 70 to age 80 with Alzheimer’s dementia will spend an average of
40% of this time in the progressive stage. This means that the person is dependent on caregivers and
that most of this time will be spent in a nursing home[3].

A specific manifestation of intracranial arteriosclerosis is intracranial carotid artery calcification (ICAC).
As its name implies, ICAC is located in the intracranial part of the internal carotid artery (ICA). It in-
volves the deposition of calcium within the vessel wall, resulting in calcified structures. In a cohort
study of 2339 stroke-free and dementia-free participants, the presence of ICAC was associated with
an increased risk of dementia[9]. In addition to its association with cognitive decline, ICAC has also
been linked to cerebrovascular events. Bos et al. [13] performed a population-based cohort study
and found that 75% of strokes were related to ICAC. Moreover, stroke risk increased with larger ICAC
volumes. Since both stroke and dementia are associated with calcification of the intracranial arteries,
substantial health benefits may be gained from preventing or treating ICAC.

Petrolingual ligament

Carotid Canal

Internal
carotid artery

Figure 1.1: The internal carotid artery and the seven distinct segments highlighted in yellow. The segments as
classified by Bouthillier originate at C1 and terminate at the bifurcation of segment C7. The segments are knows as the cervical
(C1), petrous (C2), lacerum (C3), cavernous (C4), clinoid (C5), ophtalmic (C6), and communicating (C7) segments. The
intracranial portion of the ICA begins at the petrous segment. Adapted from [35].



1.2. Hemodynamics as a biomarker 2

Shown in Figure 1.1, the ICA is an artery with a distinct shape consisting of multiple curved segments.
Based on the various curves and the surrounding tissues, parts of the ICA have been categorised
into seven anatomical segments, according to the Bouthillier classification [15]. The first segment is
extracranial and is called the cervical segment (C1). After C1, the petrous segment (C2), located within
the carotid canal of the temporal bone, follows. The lacerum segment (C3) is a short section, followed
by the cavernous segment (C4). This segment is located within a highly curved region of the ICA,
which has also been referred to as the carotid siphon. After C4, the ICA continues into the clinoid (C5),
the ophtalmic (C6) and the communicating segment (C7). The communicating segment terminates at
a bifurcation, from which the ICA supplies the anterior cerebral artery (ACA) and the middle cerebral
artery (MCA), which together perfuse large regions of the brain.

When ICAC is present, calcified structures can be found within different layers of the vessel wall. Calci-
fications have been observed in the intima, media, the internal elastic lamina(IEL), and adventitia. The
intimal subtype is generally considered a consequence of atherosclerosis and is characterised by pro-
gressive atherosclerotic lesions, eccentric plaques, and luminal stenosis[60] [22]. Shown in Figure 1.2,
the eccentric arterial plaques associated with intimal calcification only affect one side of the vessel wall,
leaving the opposite side unaffected. In contrast, the medial and IEL subtypes are less closely associ-
ated with atherosclerosis and are characterised by concentric calcifications. Concentric calcifications
are evenly distributed along the entire circumference of the vessel wall, resulting in a uniform narrow-
ing of the arterial lumen. Van den Beukel et al. investigated the intimal and IEL-based morphological
subtypes in patients with intracranial ICA calcifications. They found that the IEL-related subtype was
most prevalent and associated with the highest stroke risk[55].

 Adventitia

Internal Elastic Lamina

Media

1 |

Arterial | Arterial

plague

Arterial

|
( lumen
= I

A\

lumen

Calcification

Intima
Medial Vascular Atherosclerotic
Calcification Intimal Calcification

Figure 1.2: Two subtypes of arterial calcification. Medial vascular calcification is characterised by the deposition of calcium
within the media, resulting in concentric calcification. Intimal calcification can be distinguished by calcified bodies within an
atherosclerotic plaque located between the intima and the media. Adapted from [10].

1.2. Hemodynamics as a biomarker

Risk factors have been established that influence the onset of vascular diseases and related morbidities.
Bos et al. identified risk factors for ICAC using patient data from the population-based Rotterdam
Study [14]. They found that the prevalence of ICAC increased with age. In men, risk factors for ICAC
were excessive alcohol intake and smoking, whereas Diabetes Mellitus (DM) and hypertension were
strong risk factors in women. Different risk factors between the intimal and medial types of ICAC have
been presented by Vos et al.[57]. While both subtypes were associated with age, pulse pressure and
positive family history, only the medial subtype was associated with DM and previous vascular disease.
Following the association between calcifications and age, the likelihood of calcifications increases when
people get older. An early-biomarker, specific to ICAC, would aid in identifying people at risk before
symptoms such as cognitive decline occur. This means that such a biomarker should be measurable
before calcifications have been completely developed.

A potential biomarker for diseases of the intracranial arteries might be found in hemodynamics and its
influence on vessel wall properties. Parameters involved in hemodynamics include blood flow, velocity
profiles, and wall shear stress (WSS). Multiple in vitro studies have shown that disturbed and slow flow
has an effect on the endothelial cells that form the inner layer of the arterial wall. Low shear stress dis-
rupts endothelial alignment and function, leading to increased endothelial permeability, upregulation
of adhesion molecules, and pro-inflammatory gene expression. These changes induce chronic inflam-



1.2. Hemodynamics as a biomarker 3

mation and lipid accumulation, which promotes plaque formation and progression [37]. In addition to
its link to plaque formation, disruption of the endothelium has been associated with vascular calcifica-
tion. Xu et al. highlighted the close interplay between endothelial cells and vascular smooth muscle
cells (VSMCs). The medial layer of the arterial wall is composed of VSMCs, which role is to maintain
the blood flow and pressure. In response to an altered hemodynamic environment, ECs transmit bio-
chemical signals to VSMCs through intercellular crosstalk. This promotes an osteogenic transformation
which supports vascular calcification [59].

From the WSS, other biomechanical markers can be derived, such as the time-averaged wall shear
stress (TAWSS), the oscillatory shear index (OSI), and the relative residence time (RRT). These mark-
ers have been shown meaningful to quantify disturbed blood flow and its impact on the vessel wall. In
the extracranial portion of the carotid artery, correlations have already been reported between atheroscle-
rotic development and shear stress. For example, a cohort study of 48 participants investigated en-
dothelial shear stress and plaque development at the common carotid artery (CCA) twelve years
apart. Their findings showed that aging-related reduction of the shear stress independently predicted
atherosclerosis development[16]. In addition, early findings by Gnasso et al. revealed a relation be-
tween intima-media thickness (IMT) and WSS at the CCA, which were inversely related[25]. Finally,
results by Gallo et al. point out that an increased oscillatory shear index(OSl) is an early independent
marker of atherosclerotic changes leading to intimal thickening at the carotid sinus[24]. Such studies
show the potential of hemodynamic variables for the prediction of arterial wall thickening. However,
most research has focused on atherosclerotic wall thickening in relation to hemodynamics at the ex-
tracranial portion of the carotid arteries. Studies on a potential role for hemodynamics in the onset of
calcifications in the intracranial portion of the ICA are scarce.

Thus, to reveal whether hemodynamics are associated with ICAC, more research is necessary. To
examine a possible connection between hemodynamics and ICAC, hemodynamic parameters should
be quantified. Some hemodynamic parameters can be directly derived from in vivo measurements.
Magnetic resonance imaging (MRI) allows for the measurement and visualisation of flow profiles and
blood velocity in vivo. Using these values, the WSS and other shear stress-related parameters can be
determined. Another possibility to investigate hemodynamics is through in silico studies, using compu-
tational fluid dynamics (CFD). With CFD, blood flow can be simulated in computational models derived
from patient imaging data. 2D imaging data, such as images produced by computed tomography an-
giography (CTA), can be used to build the geometry of the desired artery. This model is then used to
perform simulations of the blood flow, which allows for measurement of blood velocity, WSS, and flow
patterns. When using CFD to study blood flow, the vascular wall is not incorporated into the model and
only the fluid domain is modelled. To aid in the analysis, the assumption is made that the wall can be
considered rigid. This implies that any form of force will not lead to deformation of the imaginary vas-
cular wall. Without deformation, the lumen shape remains consistent at any moment of the simulation.
Although this approach does not completely resemble the physiological effects, it has been shown that
CFD analyses show similar results for the WSS when compared to MRI measurements [19].
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1.3. Thesis goal

Currently, the amount of research on ICAC in relation to hemodynamics is limited. While multiple
studies have investigated the relation between early wall thickening at the ICA and hemodynamics,
most of them focussed on the extracranial portion, such as the ICA bifurcation. In addition, those studies
related hemodynamics to atherosclerosis, and not calcifications specifically[49] [24]. Concerning the
intracranial vasculature, various studies have examined the relation between the MCA and intracranial
atherosclerotic disease. These studies often reported the hemodynamics in areas where stenoses
were already present [18] [58]. A study on developing plaques and hemodynamics at the MCA has
been performed [17], but similar to the aforementioned papers, this study only evaluated atherosclerotic
disease.

Since the relation between hemodynamic parameters and ICAC is not yet widely investigated, this
thesis explored a possible connection. To achieve this, a pipeline was developed to compute CFD
simulations in the internal carotid artery of high-risk patients. The hemodynamic parameters were stud-
ied in areas where calcifications were known to develop. To specify the goal of the thesis, a research
question was formulated:

To what extent are hemodynamic parameters, such as blood flow and properties related to wall shear
stress, associated with the presence of ICAC?



Methods

2.1. Imaging data acquisition

Geometry data of calcified intracranial carotid arteries was retrieved from the Erasmus Stroke Study
(ESS) database. The ESS is a clinical registry study of patients with neurovascular disease admitted
to the Erasmus University Medical Center in Rotterdam, the Netherlands. Between 2005 and 2010,
943 patients were included. These patients presented with an ischemic stroke (n = 561) or a transient
ischemic attack (n = 382). All patients had undergone CTA imaging of the intracranial carotid arteries
as part of routine clinical care [7].

Berghout et al. [8] performed segmentation on the CTA images of 50 patients from the ESS registry.
Reconstructions were completed for the left and right arteries for each patient, resulting in segmented
lumen and calcium data of 100 arteries in total. In addition, the morphometry of the calcifications was
studied. The data from the analyses was available for this thesis. Geometry data included maximum
and minimum lumen diameters, the length of the segments C2 up to C6, and the tortuosity of each
segment. Calcifications were present for all arteries, with stenosis ratios ranging from minimal to severe
(10 — 90% of lumen area reduction). Data regarding the calcified bodies included the location within
the artery, the size, and the shape of the bodies. In addition, 3D models were available for the lumens
and the calcified bodies, separately.
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Figure 2.1: The effect of positive vs. negative remodeling in response to arteriosclerosis. Positive remodeling involves
thickening of the vessel wall in the direction away from the centerline. Negative remodeling involves wall thickening towards the
center line of the artery, leading to a substantial decrease in lumen area compared to the unaffected reference section.
Adapted from[45].

A sub-selection of arteries was chosen for reconstruction. Only arteries containing > 70% stenosis were
selected as candidates for reconstruction. This was based on the assumption that for lower stenosis
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values, positive remodeling would be more dominant compared to negative remodeling. With positive
remodeling, the vessel wall thickness increases in the outwards direction. Hence, the effect on the
lumen area is not as pronounced, as shown in Figure 2.1. Since the lumen is only slightly affected in
such a scenario, it is considered to be similar to a non-calcified lumen. For such arteries, reconstruc-
tion was deemed unnecessary. Thus, to see the full effect of the reconstructions, only arteries that
demonstrated substantial negative remodeling were selected. Out of the 100 arteries, 23 arteries were
selected as suitable candidates for reconstruction.

2.2. 3D artery geometry reconstruction

2.2.1. Pre-calcification lumen reconstruction

For each artery, the geometry data was processed using MATLAB[52]. Points were sampled along
the centreline of the artery at a distance of 0.2 mm apart. At each sampled point, a three-dimensional
plane perpendicular to the centreline was defined. The intersection between the lumen boundary sur-
face and each plane generated contour points describing the lumen cross-section. Similarly, for the
calcified bodies, three-dimensional planes perpendicular to the centreline of the artery were generated.
Again, contour points at the intersections between the calcium surface and the planes were saved. In
Figure 2.2, a calcified segment of an artery and the corresponding contours of the lumen and the cal-
cium body are shown. Next, the data of the lumen and calcium contours were grouped to realise an
array containing cross-sectional contour data for both the lumen and the calcium bodies combined.

Figure 2.2: Pre-calcification lumen reconstruction. a) The lumen geometry is depicted in grey and the calcium body in red.
For the lumen geometry cross-sectional contours were generated at a sampling distance of 0.2 mm apart. Cross-sectional
contours were computed for the calcium bodies as well in a separate data array. b) The resulting lumen contours (blue) and the
calcium body contours (red). c) The lumen contours that shared a plane with calcium contours were selected for reconstruction,
shown in red. d) Method A1 was applied when concentric stenosis was present. e) Method A2 was applied when eccentric
stenosis was present. f) Method A3 was applied when stenosis occurred at the terminal part of the artery.

From the combined data array, all lumen contours that shared a plane with calcium were selected. Due
to the presence of calcium, this selection was different in size and shape compared to the remaining
unaffected lumen. While unaffected contours were predominantly circular in shape, the affected ones
resembled crescent-like shapes when eccentric calcifications were present. In addition, concentric
calcifications resulted in narrowing of the luminal surface area of the affected contours. Therefore,
the affected contours were classified as stenosed. To realise a pre-calcified version of the arteries,
the stenosed contours were adjusted in shape and size to resemble the unaffected contours. Three
different methods were used to perform the reconstruction, depending on the nature and the location
of the calcification. Those methods were the following:
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» A1. Resizing the stenosed contours to the surrounding unaffected contours.
» A2. Interpolating the surrounding unaffected contours to generate new contours.
» A3. Copying unaffected contours to replace the stenosed contours.

The stenosed 3D contours were transformed to 2D before any adjustments were made. Transformation
from 3D to 2D was realised by multiplying the local contour data points with a transformation matrix.
This matrix was composed of the normal and binormal vectors of the corresponding Frenet frame. The
generated 2D contours were perpendicular to the centerline. These steps were performed because it
enabled easier reconstruction, specifically in areas with high curvature. A schematic overview of the
three approaches is shown in Figure 2.2, in the lower panel.

Al. Resizing the stenosed contours to the surrounding unaffected contours

This method used data from the contours upstream and downstream from the stenosed section of the
artery. All individual lumen contours of the stenosed section were enlarged based on the magnitude of
the surface area of the surrounding calcium-free ones.

To ensure a gradual transition between the reconstructed contours, the surface area used as a refer-
ence for enlargement changed based on the position of the lumen contour. Shown in Equation 2.1, a
parameter ¢t was introduced to determine the position of the stenosed contour relative to the upstream
and downstream neighbours.

 Id, - Idy

tii[da—ldb (2.1)

All lumen contours were assigned an id, starting from the first contour of the model up until the last.
Here, Id. represented the id of the stenosed contour, while Id, and Id, represented the id numbers of
those downstream and upstream from the stenosis, respectively, as shown in Figure 2.3.

Figure 2.3: Id numbers were assigned to each contour. Id; and Id, were the first contours upstream and downstream from
the stenosed region. With these as input, the contours in the stenosed region, assigned Idc, were reconstructed to create
pre-calcified versions.

With parameter ¢ as an input value, the target size of the surface area for the stenosed contour was
determined, described as A. In Equation 2.2, A, and A, corresponded with the surface areas of the
downstream and upstream neighbours, respectively. A scale factor S was determined by finding the
square root of A divided by A., with the latter representing the original size of the stenosed lumen
surface area. Lastly, by multiplying the original shape with the scale factor, the final resized contour
C was generated. Shown in Equation 2.4, the scaling factor was applied after the original stenosed
version C. was first translated to its centroid G..
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These steps were performed for each individual stenosed lumen contour. Thus, while Id;, and Id, were
fixed, Id. changed with each iteration. This resulted in a unique value for ¢t and S per stenosed contour.

A=(1—1t)- Ay +t- A, (2.2)
A

S = \/Ai (2.3)

C=(C.—Go)-S+Ge (2.4)

The resizing method was applied when the calcifications were predominantly of a concentric nature.
The affected lumens were roughly the same shape as the surrounding unaffected area, but had a
significant decrease in surface area. The stenosed contours retained their original shape after recon-
struction.

A2. Interpolating the surrounding unaffected contours to generate new contours

For this method, the affected lumen contours were all completely replaced by newly generated versions.
The shape as well as the size were adjusted to resemble the adjacent calcium-free contours. The
downstream and upstream reference contours were first resampled to 100 points as a preparation
for the interpolation. Point-wise linear interpolation was applied on the resampled downstream and
upstream contours to create the reconstructed shapes.

Similar to the resizing method, a parameter ¢ (Equation 2.1) was employed to indicate the relative
position of the stenosed contour with respect to the surrounding calcium-free contours. This value was
then directly used to generate a new 2D contour C based on the resampled data of the upstream and
downstream contours, C, and Cj:

C=(1—1t)-Cp+t-C, (2.5)

This method was employed when the shape of the calcified lumen deviated from the physiological
circular shape. For example, when the stenosis was characterised by eccentric calcium deposition.
For this method to be successful, the contours upstream and downstream from the stenosis had to
be similar in shape. In addition, this method worked best when the stenosed section was located in
a section of the artery with little curvature. High tortuosity and big differences in shape between the
upstream and downstream contours complicated the use of this method. The success of the method
was highly dependent on the alignment between the data points of the reference contours used for the
reconstruction.

A3. Copying unaffected contours to replace the stenosed contours
The last method was applied when stenosis was found in the terminal sections of the artery. This
method copied an unaffected contour close to the stenosed region and replaced all the stenosed con-
tours with this calcium-free one. In contrast to approaches A1 and A2, this approach only relied on one
unaffected contour to perform the reconstruction. Hence, this method was preferred over A1 and A2
when calcium bodies were located in the terminal sections of the artery.

Having reconstructed the lumen shape, a surface was generated for the complete artery. The majority
of the surface area was constructed in MATLAB, by generating faces between consecutive lumen
contours. For the final adjustments, which involved joining surface segments together that failed to
be reconstructed in MATLAB, the model was imported into MeshMixer[5]. In addition, any artefacts
resulting from joining the surface segments were smoothed out. The completed models were saved
as STL files. The final steps for the surface generation are shown in Figure 2.4.
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Figure 2.4: Generation of the lumen surface. a) After reconstruction, the lumen contours were first aligned, ensuring that the
surface generation in MATLAB ran more smoothly. Having generated most of the lumen surface in MATLAB, an STL file was
exported to MeshMixer. b) The final lumen surface was completed in MeshMixer. The separate sections were joined, and the
overall surface was smoothed to clear out any artefacts.

2.3. Post-processing

2.3.1. CFD models

Software and solver

The CFD simulations were run in FEBIo, a software tool specifically developed for nonlinear finite ele-
ment analysis in biomechanics and biophysics[36]. In fluid mechanics problems, a non-linear system
of equations has to be solved with each time step. To speed up the process of solving these equations,
a quasi-Newton Broyden method is available in FEBio. With this method, the first iteration of each time
step is solved using Newton’s method, which is relatively time-consuming. The following iterations are
solved with a Broyden update. This is computationally less expensive as it produces an approximation
of the matrix solved by the first Newton iteration[4]. To optimise computational efficiency, the Broyden
method was selected for all simulations.

Discretisation of the fluid domain

To discretise the continuous domain of the 3D models, a finite element mesh was created using a
previously developed in-house MATLAB code. However, prior to discretisation, the generated surface
models were first extended to facilitate the CFD simulations. The GIBBON toolbox [40] was used for
both the construction of the mesh as well as the creation of the extensions.

The faces and vertices from the STL files were retrieved for each surface model. Extensions were
included at the inlet and outlet of the models. The patchExtend function of the GIBBON toolbox was
used, which extends the boundary surfaces of a geometry along the edges of those surfaces. The mean
direction of the surface edges served as the direction for the extrusion. In this manner, the extensions
aligned with the longitudinal direction of the artery. An inlet extension of 8 mm was included to ensure
a fully developed flow. The length of the outlet extension was smaller, 5 mm. This was added to avoid
divergence of the simulation.

Next, boundary layers were created for the model. The boundary layer (BL) mesh consisted of pen-
tahedron elements. Pentahedra were chosen for their anisotropic properties, allowing for stretching
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of the elements in the boundary layer region [26]. A mesh convergence analysis was performed to
determine the appropriate mesh parameters (see Appendix B). For the BL mesh, a total of five layers
were incorporated. A layer thickness of 0.1 mm was set, with a bias value of 2. This ensured that the
boundary layers increased in thickness closer to the centre of the lumen.

Figure 2.5: Discretisation of the fluid domain. An inlet extension (blue) and an outlet extension (magenta) were first created.
Next, a hybrid mesh consisting of tetrahedral en pentahedron elements was constructed. The top right figure shows the cross-
section of the meshed lumen, with the BL mesh in yellow and the remaining fluid mesh in magenta.

Finally, the inlet and outlet were capped and the remaining fluid domain was meshed. This mesh
consisted of linear tetrahedral elements. Due to the complexity of the lumen shape, these elements
were deemed the most suitable, given their ability to fill irregular geometries uniformly [26]. An average
element edge length of 0.25 mm was selected for the tetrahedral elements. In Figure 2.5, the final
meshed model is shown.

Time step

To obtain physically correct and stable results, the chosen time step could not be too large. A cut-off
value of 1 for the Courant-Friedrichs-Lewy (CFL) number is commonly used in fluid dynamics software
which is based on explicit solvers. By default, the fluid analyses in FEBio are run in dynamic mode
which use an implicit time integration scheme. For implicit solvers, the limit on the CFL number is less
strict [27]. Therefore, a time step of 0.001 seconds was chosen, which corresponded to a CFL number
of 20. Smaller time steps did not show different results, while large time steps resulted in divergence
(see Appendix C).

Material parameters

Blood is naturally a non-Newtonian fluid, with shear-thinning behaviour. At a lower shear rate, the
viscosity of blood increases, while an increase in viscosity is seen at a higher shear rates [53]. However,
to reduce computational costs, a Newtonian fluid model can be used in CFD analysis of blood flow. By
using a Newtonian model, a constant viscosity is prescribed, which eliminates the need for additional
computations. Previous studies have shown a negligible effect of blood rheology on WSS and helical
flow [21] [23]. Hence, for the simulations, blood was modelled as an incompressible Newtonian fluid.
The density (p) was prescribed at 1060 kg/m?, with a constant viscosity (1) of 3.5 x 10 Pa-s and a bulk
modulus (k) of 2.2 x 10° Pa [21]. Since CFD analyses were performed, the walls of the artery were
presumed to be rigid.

Boundary conditions

Boundary conditions were prescribed at the inlet, outlet, and lumen surface of the model. At the lumen
surface, a no-slip boundary condition was applied, imposing zero fluid velocity at the external surface
of the fluid domain.

A pulsatile velocity profile was prescribed at the inlet, based on an in vivo flow waveform reported by
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Lee et al.[34]. The waveform was obtained from an average-sized internal carotid artery downstream
of the carotid sinus. Prior to deriving the inlet velocity profile, a comparative analysis was performed to
determine whether the flow magnitudes should be adjusted according to the inlet surface area of each
artery (section A.3). Since this adjustment did not affect the resulting hemodynamic distributions, the
original flow waveform was used directly. Velocity values were therefore calculated by dividing the flow
rate by the inlet surface area of each individual artery.

The inlet condition was applied over two cardiac cycles, each with a duration of 0.88 s, corresponding
to a heart rate of 68 beats per minute. To avoid an abrupt onset of flow at the start of the simulation,
a 1-second sigmoid ramp function was applied. The resulting flow waveform used to derive the inlet
velocity profiles is shown in Figure 2.6.
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Figure 2.6: Blood flow curve over two cardiac cycles used to derive the inlet velocity for the simulations. A sigmoid
function of one second ensured that the flow gradually reached the beginning of the first cycle. The curve was adapted from
the average flow curve reported by Lee et al.[34].

Several outlet boundary conditions were evaluated to determine the most physiologically appropriate
approach for the simulations (section A.1). Based on this analysis, a resistance-based outlet boundary
condition was selected. The outlet pressure was prescribed as a time-varying quantity dependent on
the flow resistance (R), the flow (Q) and the offset pressure (P,), according to:

P=RQ+P, (2.6)

A resistance value of 6.67 x 108 kg/m*s and an offset pressure of 10000 Pa were used. With these
parameters, the simulated pressure ranged from 83 to 100 mmHg, shown in section A.1. These pres-
sures where well in range of the physiological values of 80 — 120 mmHg between end-diastole and
peak systole [39].

2.3.2. Hemodynamics

The CFD simulation results were imported into Paraview [2] to obtain the nodal wall shear stress values
in x, y and z direction for every time step. These were used to generate the hemodynamic parameters
of interest: TAWSS, OSI, and RRT.

Time-averaged wall shear stress

The TAWSS is derived from the WSS, which is calculated from the blood velocity gradient at the wall
multiplied by the blood viscosity 1, shown in Equation 2.7. Where « indicates the axial component of
the velocity vector and y indicates the distance from the centerline of the artery to the wall. The integral
of the WSS magnitude over one cardiac cycle T', divided by T, gives the TAWSS (Equation 2.8).

WSS =7y =p- (a“) 2.7)
ay wall
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1 T
TAWSS = / IWSS|dt (2.8)
0

Oscillatory shear index

The OSl is a measure to describe the deviation of the WSS from its mean direction within a cardiac cycle.
It ranges from 0 to 0.5, where 0 indicates unidirectional flow and 0.5 indicates completely reversed flow
[33]. The OSl is derived from the magnitude of the WSS vector and the WSS magnitude.

o wss

0S1=05 |1 [ Z—
S wss| dt

(2.9)

Relative residence time

The relative residence time is computed from the TAWSS and the OSI. It is a measure to quantify the
amount of time blood components, such as lipids and blood platelets, spend near the vascular wall. A
high RRT would indicate that blood resides near the wall for a relatively long period of time.

1

RRT = 7 AW sst = 208T)

(2.10)

2.3.3. Calcium location

To complement the hemodynamics, the models of the calcified arteries were analysed to identify areas
in contact with calcium bodies. This calcium localisation was performed using an in-house developed
MATLAB code. For each node of the lumen mesh, the smallest distance to nodes of the calcified
bodies was registered. If calcium was not present, a zero distance was assigned to the lumen nodes.
If calcium was present, the lumen nodes were a calcium distance assigned. Hence, lumen nodes with
a distance greater than zero were an indication of calcium presence.
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Figure 2.7: Process of calcium registration. The process of calcium detection involved finding the smallest distance
between lumen nodes and calcium nodes. A maximum value for the distance (dmax) was set to account for the misclassification
of calcium presence in areas where high curvature was present. When the maximum distance was too large (e.g. 5 mm),
areas opposite the calcified area were misclassified.

Due to the high curvature of the arteries, lumen nodes far away from calcified bodies sometimes mis-
takenly registered the presence of calcium. To resolve this misclassification of calcium presence, a
maximum distance of 1.7 mm between the lumen nodes and calcium nodes was prescribed, shown
in Figure 2.7. Data about calcium presence were saved at the lumen nodes of the calcified artery.
However, data of hemodynamic parameters were only available for the healthy model. Therefore, to
facilitate statistical analysis, the calcium data were transferred to the lumen nodes of the healthy model.
VMTK [29] was employed to project the data from the diseased artery model to the healthy artery model.
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2.3.4. Creation of two-dimensional maps
For both the hemodynamic parameters and the calcium location, two-dimensional maps were created,
shown in Figure 2.8. This step was performed to aid in the subsequent statistical analysis.

The 2D-maps were derived from the 3D models of the healthy arteries using VMTK. Each artery was
virtually cut along the longitudinal direction, and two variables were created: the AbscissaMetric and
AngularMetric. The Abscissametric defines the longitudinal axis of the 2D map, thus representing the
y-axis. It was computed automatically from the curvilinear abscissa defined on the centerline of the
artery. The range of the AbscissaMetric values is equal to the total length of the artery. The sector
length in this direction was 0.8 mm. The AngularMetric accounted for the x-axis. It represented the
circumferential coordinates of the artery around the centerline and spanned the interval (—x, +7). The
cross-sectional 0.8 mm slices were divided into eight angular sectors of 45 degrees.

The final 2D grid consisted of rectangular sectors of equal size. For all parameters, the sector average
was used for further analyses. The approach was based on a previously developed in-house code,
which was inspired by a method described by Hartman et al.[28].
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Figure 2.8: Creation of the two-dimensional map from a 3D model. a.) The 3D model with the TAWSS distribution mapped
onto the lumen surface. b.) Slices with a thickness of 0.8 mm were created; each slice was then divided into eight sections at a
45-degree angle. The resulting rectangular sectors were plotted to create the 2D map. Here, the y-axis corresponded with the
longitudinal direction and the x-axis corresponded with the circumferential direction of the artery, respectively. Grids were
generated for all parameters of interest. Adapted from [28].
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2.3.5. Data analysis
Data are presented as mean and standard deviation (SD) or median [interquartile range (IQR)] for
continuous variables. Hemodynamics data are reported up to the 99th percentile to account for outliers.

In the primary analysis, differences in areas exposed to future calcium presence and areas without
exposure were examined. This was realised by grouping the 2D sector data, resulting in a calcium-
free group and a calcium-containing group. The median values for the TAWSS, OSI and RRT were
computed for both groups per artery. With these values the relative difference between the sectors
was calculated, using the calcium-free sectors as reference. From the individual medians, an overall
median was determined for all hemodynamic parameters to obtain an aggregated result for the TAWSS,
OSl and RRT.

For the secondary analysis, the calcium presence and hemodynamics were investigated per anatomical
segment. The percentage of areas exposed to calcium was determined for the C2, C3, C4, C5, and
C6 ICA segments for all arteries. In addition, the TAWSS, OSI| and RRT were determined for these
segments. For each segment, the median value per parameter, per artery was determined. These
results were aggregated to obtain the median values per hemodynamic parameter for each segment
across all analysed arteries.



Results

3.1. Illustrative example

In the next sections, an illustrative example is first described to discuss the hemodynamics in more
detail. The artery for the example is described as Artery 2R and is a right-sided intracranial carotid artery.
The size of this artery resembled the mean size compared to the other five arteries, therefore, this artery
was chosen as an illustrative case. The results for the other arteries can be found in Appendix E.

3.1.1. Blood velocity and flow patterns

Velocity (mm/s)

0.0e+00 200 400 600 8.6e+02
| |

Figure 3.1: Streamlines and velocity planes during peak-systole. The beginning of segments C2, C4, C5, and C6 are
highlighted in the figure. Corresponding axial velocity planes were retrieved, showing a developed flow profile at C2 and
skewed profiles until C6. For the cuts at C2 and C4, in clockwise direction, the sides correspond with the medial (M), ventral
(V), lateral (L), and dorsal (D) side of the artery. For the other cuts, sides correspond with the superior (S), medial (M), inferior
(), and lateral (L) side of the artery.
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In Figure 3.1, the streamlines and velocity planes at peak-systole are shown. The velocity stayed
relatively low in segments C2 and C3. At the inlet, the flow streamlines were mainly parallel to each
other and did not deviate from the longitudinal direction. This changed once the fluid reached the bend
of C2. A helical flow pattern was seen at the inner curve in this region. Compared to the upstream part,
the streamlines seemed to follow a direction tangent to the cross section of the lumen. After this bend,
the flow recovered to the parallel streamline pattern until it reached segment C4. Here, the flow formed
helices again and the velocity started to increase. From this segment onwards, the maximum velocity
increased from 671 mm/s to 860 mm/s at the end of segment C6.

The cross-sectional slices at the beginning of each segment show the velocity distribution locally. All
cuts were made from a downstream viewpoint. For the cuts at C2 and C4, the left side corresponded
with the dorsal side of the artery, while the top side corresponded with the medial side of the artery. For
the other segments, the left side of the cut corresponded with the lateral side of the artery, while the
top side corresponded with the superior side.

The cut at C2 showed a parabolic velocity profile indicative of developed flow, with an increased velocity
at the centre of the slice. At the bend of C2, which showed helical flow, the velocity was relatively low
and was slightly skewed towards the superior side of the artery. The cross-sectional slices at C4, C5
and C6 also showed a skewed velocity pattern, with the highest values towards the ventral side, the
medial side and the superior side, respectively. The C5 slice even showed a spiralling band of increased
velocity towards the centre of the cut.

The calcium-containing segments C5 and C6, were thus characterised by relatively high flow velocities
compared to the upstream segments. Similar to the upstream segments, some helical flow was present.

3.1.2. Calcium location

In this model, one calcium body was identified, located at the distal end of the artery as shown in
Figure 3.2a. 45 sectors contained calcium and 571 sectors were without any calcium, shown in Fig-
ure 3.2b. Most of the calcium was located in segment C6, where 56% of the sectors contained calcium.
In segment C5, 13% of the sectors were marked by calcium presence.
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Figure 3.2: Registration of calcium presence for Artery 2R. a) The calcified artery, with one calcium body at the end of the
artery, shown in lime. b) The corresponding 2D map, the sectors colored in lime were affected by calcium.

3.1.3. Hemodynamics

Time-averaged wall shear stress

The time-averaged wall shear stress distribution of Artery 2R is shown in Figure 3.3. The TAWSS
ranged from 0.05 Pa to approximately 5.6 Pa, after exclusion of outliers. On the left, the 3D model
including the inlet and outlet extensions is shown. On the right, the corresponding 2D map shows the
TAWSS in the artery excluding the inlet and outlet extensions.
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Figure 3.3: TAWSS in Pa in Artery 2R.

In the upstream part, the TAWSS stayed relatively low. Upon visual inspection, a local decrease in
TAWSS was found along the inner curve of the first bend. Downstream from this bend, the TAWSS
remained low, with locally some areas of slight increase in TAWSS. A distinct band of higher TAWSS
was found in the area where C3 transitions into C4. This band is displayed in the 2D map, where a
horizontal line of TAWSS values greater than 3 Pa is seen. In the 3D model, a decrease in lumen
circumference was seen in this area.

In segment C4, increased values were observed on the medial side of the lumen. The highest TAWSS
values were observed at the transition from segment C5 to segment C6. An area with increased TAWSS
values was seen at the inner curve of the bend. Directly after this area, the TAWSS decreased again,
which is more clearly shown in the 2D map. The area with increased TAWSS can be recognised by the
clustered sectors with TAWSS values close to 5 Pa. Downstream from this cluster, sectors with values
of 2 Pa and lower are found. In this area, calcification was present. In the calcium containing sectors,
a median TAWSS of 3.3 (IQR 4.2 — 2.2) Pa was found. In segment C5, the median of the calcium
containing sectors was 6.4 (IQR 5.8 — 7.3) Pa. The median TAWSS in the other sectors was 2.7 (IQR
1.9 — 4.2) Pa. Segment C6 contained the most calcium, as was already shown in Figure 3.2b. In this
segment, a median TAWSS of 3.2 (IQR 2.1 — 4.1) Pa was found in the calcium-containing sectors. The
median in the calcium-free sectors was 3.4 (IQR 3.0 — 3.7) Pa in this segment, shown in Table 3.1.

Table 3.1: TAWSS in Pa in Artery 2R. For each segment the overall median, the calcium-free median and the
calcium-containing median of the TAWSS is given.

Segment Overall Calcium-free Calcium-containing

c2 1.00[0.75—1.25] 1.00 [0.75 — 1.25]
c3 1.67 [1.14-2.52] 1.67 [1.14 — 2.52]
c4 1.58 [1.21 -2.17] 1.58 [1.21 - 2.17]
c5 3.00[1.95-5.95] 2.73[1.93-4.17] 6.37[5.84—7.27]
Cc6 3.34[2.64-3.94] 3.38[3.00-3.74] 3.24[2.14—4.07]
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Figure 3.4: OSl in Artery 2R.

The OSI revealed generally low values with only some minor areas of increase, shown in Figure 3.4.
The median OSI in the total artery was 0.69 x 10 (IQR 0.29 — 1.9 x 10-®). Areas of increased OSI
were seen along the inner curve of the bend in segment C2, along the outer curve of the bend at C3,
and along the inner curve of the bend between C4 and C5. The greatest median OSI value was found
in segment C4, followed by segment C2. In the calcium area, the OSI was low. In segment C5, the
median OSI was 0.46 x 10 (IQR 0.15 — 0.63 x 10°3) in the calcium-containing sectors and 0.63 x 103
(IQR 0.17 — 1.3 x 103) in the calcium-free sectors. In segment C6, the median OSI was 0.61 x 103
(IQR 0.34 — 0.92 x 10?) in the calcium-containing sectors and 0.45 x 10~ (IQR 0.31 — 0.88 x 103) in
the calcium-free sectors. The median values per segment are displayed in Table 3.2.

Table 3.2: OSI x 107 in Artery 2R . For each segment the overall median, the calcium-free median and the calcium-containing
median of the OSl is given.

Segment Overall Calcium-free Calcium-containing

c2 0.76 [0.30 — 2.85]  0.76 [0.30 — 2.85]
c3 0.66 [0.27 —1.51] 0.66 [0.27 — 1.51]
c4 1.01[0.37 - 1.91] 1.01[0.37 — 1.91]
c5 0.56[0.16 —1.04] 0.63[0.17—1.28]  0.46 [0.15 — 0.63]
C6 0.56 [0.34 —0.90] 0.45[0.31-0.88]  0.61[0.34 — 0.92]

Relative residence time

In Figure 3.5, the distribution of the RRT is shown. In general, the RRT did not reach large values and
was low along all segments, represented by a median value of 0.84 (IQR 0.52 — 1.2). Apart from local
increased areas, the RRT decreased in the downstream direction. In segment C2, a median RRT of 1
(IQR 0.86 — 1.6) was found. In the following segments, the median RRT values were 0.69 (IQR 0.46
—0.96), 0.72 (IQR 0.54 — 1.0), 0.42 (IQR 0.19 — 0.54) and 0.35 (IQR 0.27 — 0.46), shown in Table 3.3.
However, similar to the OSI, some local increased areas were seen: along the inner curve of the bend
in segment C2, along the outer curve of the bend at C3, and along the inner curve of the bend between
C4 and C5. Especially along the inner curve of C2, a local cluster of sectors with RRT values close
to 5.5 was found. With regard to the calcium-containing sectors, median RRT values were 0.19 (IQR
0.16 — 0.19) and 0.37 (IQR 0.26 — 0.57) in the calcium-containing sectors of C5 and C6, respectively.
The calcium-free sectors had median RRT values of 0.43 (IQR 0.27 — 0.55) and 0.32 (IQR 0.27 — 0.40)
in segments C5 and C6, respectively.
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Figure 3.5: RRT in Artery 2R.

Table 3.3: RRT in Artery 2R. For each segment the overall median, the calcium-free median and the calcium-containing
median of the RRT is given.

Segment Overall Calcium-free Calcium-containing

c2 1.04[0.86 — 1.57] 1.04[0.86 — 1.57]
c3 0.69 [0.46 — 0.96] 0.69 [0.46 — 0.96]
c4 0.72[0.54 —1.04] 0.72 [0.54 — 1.04]
Cc5 0.42[0.19 - 0.54] 0.43[0.27 —0.55]  0.19[0.16 — 0.19]
C6 0.35[0.27 — 0.46] 0.32[0.27 —0.40]  0.37[0.26 — 0.5]

3.2. Reconstructed lumens

From the stenosed arteries dataset (n=23), a subset of eight arteries was selected for reconstruction.
The selected arteries represented a range of anatomical and pathological characteristics, including
both left and right-sided arteries, variation in artery diameter, tortuosity, and differences in the amount
of calcifications. Key characteristics were comparable between the subset and the stenosed dataset,
suggesting that the subset provided a reasonable representation of the overall population. Average
maximum, mean, and minimum diameters for the stenosed dataset were 5.9 (SD = 1.0) mm, 3.9 (SD =
0.72) mm, and 1.7 (SD = 0.54) mm. Average maximum, mean, and minimum diameters for the subset
(n=8) were 5.4 (SD = 0.92) mm, 3.6 (SD = 0.65), and 0.67 (SD = 0.39) mm. In addition, the average
lengths from segment C2 up until segment C6 were 74 (SD = 6.1) mm and 72 (SD = 7.0) mm, for the
stenosed dataset and the subset, respectively. The median number of calcium bodies was 4 (IQR 3 —
5.3) in the stenosed dataset and 4 (IQR 1.8 — 4.3) in the subset. The subset contained four left-sided
arteries and four right-sided arteries.

Following the approaches mentioned in subsection 2.2.1, the scaling approach A1 was performed on
all eight arteries. The interpolation approach A2 was performed on two arteries: Artery 1L and 3L. The
copying approach A3 was performed on two arteries as well: 2R and 5L. The scaling approach was
applied after the other adjustments were performed, in case of approaches A2 and A3. This combined
method was used when some stenosed sections in the artery could not be recovered through scaling
alone. The reconstruction resulted in a mean increase in lumen volume of 9.3% compared to the
calcified arteries. The mean volume of the reconstructed arteries was 899 (SD = 507) mm?, while the
mean volume of the calcified arteries was 823 (SD = 396) mm3. Figure 3.6 shows an example of the
resulting healthy lumen after reconstruction. All other results of the reconstructions can be found in
Appendix D.
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Figure 3.6: Artery 1L before and after reconstruction of the lumen. Displayed on the left, the artery before reconstruction
contained areas with a decreased diameter for segment C3 up until segment C6. On the right, the reconstructed artery is
shown, the stenosed areas have been replaced to generate a non-obstructed lumen.

Due to complications in the CFD analyses, 2 arteries could not be included. Therefore, six arteries
remained for the primary and secondary analysis, displayed in Figure 3.7. The first two arteries, 1L
and 1R belonged to the same subject and represent the left and right-sided intracranial ICA. All other
arteries belonged to different subjects. Three arteries were right-sided, while the other three were left-
sided. In total, 4216 sectors were generated from the 2D mapping process. The average number of
sectors was 703 (SD = 74); depending on the length of the artery, the number was smaller or greater.

3.3. Calcium location

The number of calcium bodies per artery ranged from one to five. A median value of 3 (IQR 1 - 4)
calcium bodies was found when combining the individual data. Following the 2D mapping, a total of
907 out of 4216 sectors contained calcium. The localisation and extent of the calcium differed across
ICA segments. Per segment, the percentage of sectors that contained calcium was retrieved. As
shown in Table 3.4, there was no calcium present in the sectors of the C2 segment in the arteries. On
the other hand, each artery contained sectors with calcium in segment C6.

Overall, segments C4 and C5 were mostly affected by calcium bodies. Especially segment C4, with
61% of all sectors within this segment containing calcium when all data was combined. In segment C5,
53% of the sectors contained calcium.

Table 3.4: The percentage of calcium-containing sectors was retrieved for all arteries, for segments C2 up to C6. In segment
C2, none of the arteries contained calcium sectors. In segments C3 to C6, calcium was found to a varying extent, depending
on the artery.

Calcium sectors(%)

Artery Calcium bodies

C2 C3 C4 C5 C6

1L 5 0 73 79 92 24

1R 4 0 25 62 63 16
2R 1 0 0 0 13 56
3L 1 0 0 0 0 8
4R 4 0 8 61 69 13
5L 2 0 37 80 44 1
Average 3 0 17 61 53 15
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Figure 3.7: The six reconstructed healthy arteries for the CFD simulations. Arteries 1L and 1R corresponded to the same
subject. Arteries 1L, 3L, and 5L were left-sided, while arteries 1R, 2R, and 4R were right-sided.

3.4. Hemodynamics in calcified and non-calcified groups

The total number of sectors was 4216, of which 907 were calcium-containing and 3309 were calcium-
free. For each artery, the calcium-containing sectors were separated from the calcium-free sectors.
Per group, the median TAWSS, OSI and RRT were retrieved.

In four of six arteries, the TAWSS was higher in the calcium-containing sectors, as shown in Figure 3.8.
This difference was especially evident for Artery 2R, with a percentage change of 171.3% between
the calcium and non-calcium group. Patients 1L and 1R both showed a lower median TAWSS in the
calcium group. However, the percentage change between the calcium-containing and calcium-free
groups was small, -5.8% and -5.7%, respectively. The combined artery data showed a median TAWSS
in the calcium-containing group of 2.76 (IQR 2.48 — 3.34) Pa, while the median TAWSS in the calcium-
free sectors was 1.98 (IQR 1.23 — 2.63) Pa. Corresponding to a percentage change of 39.6% in favor
of the calcium-containing group.

Regarding the OSI, three out of six arteries had higher values for the OSI in the calcium-containing
groups compared to the calcium-free groups. The other half of the arteries had higher OSI values in the
calcium-free groups. Arteries 3L and 5L demonstrated the greatest difference between the two groups,
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both showing greater OSI values in the calcium-free group. With artery 3L having a percentage change
of -73.6%, indicating that the calcium-containing group contained lower OSI values. The median OSI
for this artery was 1.8 x 10 (IQR 0.61 — 6.3 x 10°3) in the calcium-free group, while the median OSI
was 0.48 x 1073 (IQR 0.30 — 0.92 x 107%) in the calcium-containing group. The aggregated result also
showed the highest median OSI in the calcium-free group, with a value of 0.96 x 103 (IQR 0.72 — 1.1
x 10-?). In contrast, the aggregated result of the calcium-containing group demonstrated a median OSI
of 0.74 x 10 (IQR 0.48 — 0.011 x 10%). However, the difference between both groups was smaller,
compared to Arteries 3L and 5L.

Forthe RRT, Arteries 1L and 1R, showed higher values in the calcium-containing group compared to the
calcium-free group. However, similar to the results of the TAWSS, this difference was little for artery 1R.
All other arteries, as well as the aggregated result, showed lower RRT values in the calcium-containing
group. The median RRT ranged from 0.25 to 0.88 in the calcium-containing groups. The aggregated
result for the calcium groups had a median RRT of 0.43 (IQR 0.36 — 0.48). In the calcium-free group,
the aggregated result showed a median RRT of 0.57 (IQR 0.45 — 0.88). The median RRT ranged from
0.42 to 1.77 in the calcium-free groups, when all arteries were considered.

TAWSS ) %107 osl RRT
[l Calcified
4 Il Non-Calcified
15 1.5
3
g 1 *
2
_ - 05
; 0.5
0 - 0
Ry e SN IR R R S
TAWSS (e)3]] RRT
171.3%
150 150 150
104.7%
100 100 100
78.1%70.4%
g 50 39.6% g 01 S 50
I . . 8.4% 7% e
0 0 - 0
5% 57 || ||
-20.9% -23.0% -24.7%
50 50 -50 50250 400
58.8% ’
73.6% -69.3%
-100 -100 -100
SN S NI S SIS N NI SN

Figure 3.8: TAWSS, OSI, and RRT for all arteries for the calcium-containing (orange) and the calcium-free (blue) group.
In the top panel, the median values for both groups are displayed for all three parameters. Values are shown for the individual
arteries and the aggregated result. Compared to the calcium-free sectors, TAWSS was greater in four out of six arteries, while
the RRT was lower in the corresponding arteries. The OSI was greater in the calcium-containing sectors for half of the arteries.
The aggregated result showed a higher TAWSS, lower OSI, and lower RRT in the calcium containing sectors. Shown in the
lower subpanel, the percent change was positive in the majority of the arteries for the TAWSS. The OSI and RRT demonstrated
predominantly negative percentage change values.

3.5. Hemodynamics per segment

In the secondary analysis, the TAWSS, OSI| and RRT were evaluated for the separate segments C2, C3,
C4, C5 and C6. In the first part of the analysis, no distinction between calcium-containing and calcium-
free sectors was made. In the second part, each segment was grouped based on calcium-containing
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or calcium-free sectors, similar to the primary analysis. In total, the number of sectors per segment
was C2 = 1560, C3 = 648, C4 = 888, C5 =416, and C6 = 680. In Appendix F, the segment-wise results
for the hemodynamic parameters are shown for the individual arteries.

As shown in Figure 3.9, segment C2 demonstrated the lowest TAWSS and the lowest OSI among all
segments. The TAWSS value was found to be 1.47 Pa. An OSI of 0.72 x 103 was found. The highest
RRT value was observed in segment C2. This maximum value of 0.8 decreased in the downstream
direction. No calcium was present in this segment.

Segment C3 had an overall TAWSS of 1.95 Pa, which did not differ much between the calcium-containing
and calcium-free sectors. The OSI| was small, 1.25 x 103, and the RRT was 0.61. Greater RRT values
were found in the calcium-containing sectors compared to the calcium-free sectors.

In segments C4 and C5, the TAWSS values were 2.01 Pa and 4.43 Pa. In both segments, the TAWSS
was greater in the calcium-containing sectors compared to the calcium-free sectors. The largest OSI
value was present in segment C5, with a value of 1.28 x 103, In segments C4 and C5, the RRT was
smaller in the calcium-containing sectors compared to the calcium-free sectors.

The TAWSS reached the highest value of 5.63 Pa in segment C6. Between both groups, this parameter
was greater in the calcium-free sectors. RRT was lowest in the calcium-free sectors. In general, the
lowest RRT was found in this segment, which was 0.25. Similar to the other segments, the OSI was
small.
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Figure 3.9: The TAWSS, OSI, and RRT per segment for the aggregated results. The TAWSS increased in the downstream
direction whereas the RRT decreased. The OSI did not show a similar trend with the median OSI per segment remaining low.
However, for all segment the OSI was higher in the calcium-free sectors (blue) compared to the calcium-containing sectors
(orange).



Discussion

In this thesis, a pilot study was performed to investigate hemodynamic behaviour in the intracranial
carotid artery in areas where calcifications were known to develop. To realise this, a pipeline was
created to generate healthy reconstructions of calcified arteries. Starting from segmented contours
retrieved from CTA imaging, stenosed contours were identified and corrected to develop a healthy
surrogate for the calcified artery. CFD models of the ICA were developed in the finite element software
FEBio. CFD simulations were run on the healthy lumens to study the time-averaged wall shear stress,
oscillatory shear index and relative residence time.

Following the simulations, the majority of the arteries showed increased TAWSS and decreased RRT in
areas where calcifications were known to develop. Overall, the OSI was lower in the areas which would
be affected by calcifications. In addition, the TAWSS increased towards the distal end of the arteries,
while the RRT decreased in this direction. The OSI showed some local differences, but remained low
along the complete artery. In the following paragraphs, these results will be discussed in more detail.

4.1. Areas prone to develop calcifications

Out of all six arteries, the segments mainly affected by calcifications were segments C4 and C5. The
largest segment C2, which covered 1560 of 4216 sectors, was not affected by any calcifications in any
artery. This pattern was also found in previous studies [20] [41]. Both studies studied the distribution
of calcifications along the carotid siphon in adults aged 40 years or older, using cone-beam computed
tomography. They found the lowest percentage of calcifications in the petrous (C2) segment, followed
by the lacerum (C3) segment. Paknahad et al. reported an increased incidence of calcifications with
increasing age, irrespective of gender. They discovered the highest prevalence of calcifications in the
cavernous (C4) segment, followed by the ophthalmic and clinoid (C5/C6) segments [41]. Findings by
Berghout et al. showed similar results, with 56% of calcifications being present in the C4 segment,
followed by the C5 segment (24%) and the C6 segment (16%) [8]. Thus, segments C4, C5 and C6 are
especially of interest when considering the hemodynamics.

4.2. Hemodynamics

The cut-off values commonly used in literature are a TAWSS smaller than 0.4 Pa [37] and an OSI
greater than 0.2 [42]. Values below or above the cut-off are observed in areas with atherosclerosis.
This has been shown for the carotid bifurcation [33] [24] [43] [61] and in cerebral arteries, such as the
MCA [17]. An absolute cut-off value for the RRT is less common in literature, however relatively high
RRT values are commonly reported in atherosclerotic regions. Since the RRT is derived from the OSI
and the TAWSS, a high RRT will exist if the OSl is high and the TAWSS is low.

From the primary analysis, it is evident that the TAWSS in all six arteries was greater than 0.4 Pa.
Interestingly, the median TAWSS was larger in the calcium-containing sectors compared to the calcium-
free sectors for the combined result. However, the values of 2.76 Pa and 1.98 Pa, respectively, were
both above the cut-off value. Only in one artery did the median TAWSS approach the cut-off value,

23
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with a median TAWSS of 0.71 Pa. However, this value was seen in the calcium-free sectors. Following
the segment analysis, the TAWSS was low in the segments which where the least affected by calcium.
Segments C4, C5 and C6 demonstrated the greatest TAWSS values and the lowest RRT values.

Few studies have investigated blood flow in the carotid siphon. An experimental study by Takeuchi et
al. showed that atherosclerotic wall thickening was prevalent on the inner walls at curved segments of
the carotid siphon. Here, they found that the flow was either slow or disturbed with the formation of slow
secondary and recirculation flows [51]. In the illustrative example discussed in subsection 3.1.1, some
helical flow was seen at the curved region of segments C2, C4, and C5. At the inner curve of segment
C2 the OSl was increased locally, indicating that the flow deviated from its mean direction. However, in
this area of disturbed flow, no stenoses or calcifications were found, contrary to the findings of Takeuchi
et al. In addition, the increased OSI did not attain large values with a median of 0.76 x 10°3.

A CFD analysis by Zhang et al. showed low TAWSS at the outer walls of the siphon (C4) and the
inner wall of segment C6. They computed the stenosis risk for the low TAWSS areas and found that
this resembled the incidence of stenoses in these areas. In addition, they found high OSI values in
the stenosis areas [62]. However, they only compared their findings to stenosis incidence and also
did not provide whether this stenosis was caused by atherosclerotic plaques or purely by calcifications.
Nonetheless, both studies demonstrated that arteriosclerosis was more prevalent in areas with slow
flow or low TAWSS.

The TAWSS, derived from the WSS, is dependent on the radius of the artery (Equation 2.7). There-
fore, the elevated TAWSS values observed in the reconstructed arteries may partially result from the
reconstruction procedure itself. The corrected contours were scaled based on the upstream and down-
stream physiological contours surrounding the stenosed region. Although this approach restored lumen
continuity, it may have underestimated the local lumen radius in some regions, thereby leading to an
overestimation of the physiological TAWSS magnitude.

However, such reconstruction effects would primarily influence the absolute magnitude of the TAWSS
rather than the overall spatial distribution along the artery. Across all reconstructions, the intracranial
ICA still demonstrated tapering, consistent with physiological anatomy. Consequently, the observation
of increasing TAWSS towards the distal segments may still reflect an underlying anatomical trend rather
than solely a reconstruction artefact.

Regarding the oscillatory shear index, in none of the arteries was an OSI found that approached a
value of 0.2. The highest OSI| was found in the non-calcified sectors of Artery 3L. However, the value of
0.0018 was still below the cut-off. The secondary analysis also showed that the OS| was greater in the
non-calcified sectors, independent of the segment. Nonetheless, no matter the presence of calcium, the
OSl remained close to 0 for all sectors. Therefore the differences found might be considered negligible.
The finding of low OSlI values in all sectors indicated that the WSS direction remained consistent during
the cardiac cycle. The blood flow was consistently in the downstream direction and reverse, negative
flow or transverse flow was very little. Often, studies of the ICA report high OSI in areas of low TAWSS
[33] [43]. This trend was also not observed.

Lastly, the relative residence time revealed a trend of decreasing values in the downstream direction.
Since the RRT is inversely related to the TAWSS, this trend aligns with the expectations. An increase
in RRT is often reported in atheroprone regions of the arteries, indicating an increased duration of time
that the particles in the blood flow can stay close to the arterial wall. The simulations revealed that
the RRT demonstrated the highest value in the segment where no calcium was found. The current
exploratory findings thus do not align with the hypothesis that low TAWSS, high OSI and high RRT
create an atheroprone environment.

The characteristics of low TAWSS and high OSI are predominantly proven for atherosclerosis and
intimal calcification. As mentioned in the introduction, little research has been performed linking non-
atherosclerotic calcium presence in the vascular wall to hemodynamics. Therefore, itis unclear whether
the atheroprone cut-off values for TAWSS and OSI are also associated with calcium development.
However, mechanisms related to endothelial dysfunction and vascular calcification have been studied.
In fact, in response to altered shear stress and turbulent flow, endothelial cells (ECs) have been shown
to exhibit different behaviour. Enzymes associated with nitric oxide (NO) production decreased when
ECs were exposed to oscillating, slow flow [11]. NO is an important factor in maintaining the contractile



4.3. Limitations 25

phenotype of VSMCs. In addition, altered flow stimulates ECs to produce osteogenic factors which
induces a change in VSMCs from the contractile phenotype to an osteogenic phenotype. This results
in VSMCs behaving similar to osteoblasts, cells involved in bone formation [56].

These findings seem to point towards a connection between altered blood flow and non-atherosclerotic
calcium development. However, the interplay between TAWSS and OSI and non-atherosclerotic cal-
cium development might be more subtle compared to atherosclerotic calcification. In addition, due to
the amount of mechanisms involved, assuming hemodynamics as a major initiator of calcium devel-
opment might not be reasonable. Instead, the scope might need to be broadened and other unique
aspects of the intracranial ICA should be considered.

For example, a point of consideration is the fact that the intracranial ICA is very different from the
common arteries investigated in CFD analyses. Not only is the ICA partially encapsulated by rigid
bone, it is also very tortuous and curved compared to coronary arteries or the extracranial part of the
ICA. A study by de Jong et al. [30] described the characteristics of the carotid siphon based on the
anatomical surroundings of the segments. They mentioned the carotid canal surrounding segments
C2 and C3, which inhibits these segments from free movement and pulsation. Segments C4 and C5
are intracranial and hence can move more freely. They postulated that the curvature and flexibility
of C4 and C5 lead to energy deposition in the arterial wall, which in turn contributes to damage and
calcification. This hypothesis is based on the fact that in curved arteries, a centripetal force is necessary
to ensure continued flow. This force is generated by a pressure gradient across the lumen, with the
highest pressure along the outer wall compared to the inner wall. The pressure acts as a normal load,
resulting in circumferential strain within the vessel wall. Part of the flow energy is therefore transferred
to the vessel wall, leading to flow attenuation.

Attenuation of pulsatile flow can be quantified using the Pulsatility Index (PI). Schubert et al. [47]
examined this quantity in 17 healthy individuals, and found that the Pl decreased between segments
C4 and C7 of the ICA. On the contrary, between segments C1 and C3, the velocity Pl has been shown
to increase, suggesting that these regions contribute less to pulsatility damping and may therefore
experience less cyclic wall strain [54]. Thus, the distal segments are disproportionally responsible for
damping of kinetic energy and are exposed to associated wall strain. However, these findings are
related to circumferential stress and strain. Therefore, the high TAWSS found in segments C4 and C5
cannot directly be explained by these results.

Aspects associated with the geometry, such as the curvature and the tortuosity, have not been studied
extensively in this thesis. The initial aim was to describe the hemodynamics without directly relating
it to the geometry of the arteries. However, the secondary analysis focused on anatomically defined
segments, which consistently showed differences in terms of curvature, length, and size. Especially in
the curved regions, the magnitudes of the TAWSS, OSI and RRT locally increased or decreased. These
findings were discussed in subsection 3.1.3 on a qualitative basis. A more in-depth analysis, which
would focus on the curved regions, could have provided a quantitative comparison. Other studies
on blood flow in the intracranial arteries separate the curved regions into inner and outer curve or
anterior and posterior prior to a quantitative analysis [17]. By doing so, a relation between curvature
and hemodynamics or curvature and calcium presence could have been studied. The qualitative results
of Artery 2R, showed calcium along the inner curve of segments C5 and C6, located on the posterior
side. However, since these findings only represent one case, no conclusions can be drawn and more
extensive research is necessary.

On a larger scale, the siphon of the ICA can be separated into four distinct shapes, the U-, C-, S- and
V-shape. The different siphon shapes have been shown to be differently associated with the stenosis
prevalence [63]. The current analysis did not differentiate between siphon shapes, however, such an
analysis might reveal new insights on a relation between calcifications and morphology of the siphon.

4.3. Limitations

A few limitations are present in this work. The first limitation being the small number of arteries studied.
With only six arteries included in the CFD analysis, it is challenging to capture the total range of the
hemodynamic parameters. Although the selected arteries did resemble the broader dataset of stenosed
arteries in terms of size, length and amount of calcium bodies, this does not imply that the current



4.3. Limitations 26

selection of six arteries is an accurate representation of the general population. Especially considering
the fact that the intracranial ICA shows great geometric variety, even in healthy subjects. Gender affects
the size, with greater diameters of the ICA found in men compared to women [32]. The anatomical side
can also have an effect on the magnitude of the hemodynamics. In the region proximal to the intracranial
ICA significant left-right differences were found, with higher WSS and OSl in the left-sided carotid artery
bifurcation [50]. Such differences might also be present in the areas downstream from the bifurcation.
To accurately represent the intracranial ICA, all these different aspects should be proportionally covered
in the dataset. Therefore, six arteries is probably not a sufficient number.

Another shortcoming of this thesis is the use of a generic flow curve for the inlet boundary condition.
This flow curve was based on an internal carotid artery of an average size, and was measured at the
proximal part of the ICA [34]. The range in circumference of the arteries in this thesis was quite broad.
Therefore, for the arteries on the further ends of the range, the flow curve used might have been a
mismatch compared to the true physiological flow curves in these arteries. The arteries which had a
small inlet surface area had the highest TAWSS values. The mismatch in flow curves could be a reason
for the high TAWSS found in those arteries. An improved study design would include personalised
flow curves, measured for each subject individually. This could be achieved by measuring the blood
flow using MRI or Doppler ultrasound. Apart from the tendency to overestimate the magnitude of the
hemodynamics, the distribution of the hemodynamics was only slightly affected by the generic flow
curve. Therefore, the local areas of increased and decreased values still provide valuable information,
albeit that the absolute values should be treated with some caution.

Although the results with respect to the calcium location could be verified by previous research, such
justification was lacking for the results of the hemodynamic parameters. Unfortunately, little research
has been performed on CFD analyses of the intracranial ICA of non-stenosed arteries. This complicated
the interpretation of the TAWSS, RRT and OSI values that were retrieved from the simulations. Ideally,
a validation process would have been incorporated into the study design. In such a process, in vivo or
in vitro measurements of the blood flow and velocity for each artery should be performed and compared
to the numerical results.

The current findings seem to point out that TAWSS is high and RRT is low in areas where calcifications
of the intracranial ICA will develop. This conclusion was based on the comparison of the medians
for the hemodynamic parameters between calcium-containing and calcium-free sectors but the signif-
icance of these findings has not been computed. A statistical test to prove significance and test for
possible correlations would have been a valuable addition. However, a standard linear regression or
t-test would not be sufficient for this analysis due to the hierarchical nature of the data.

The hemodynamic measurements were retrieved for each node of the mesh, which was thereafter
mapped to the 2D maps. This resulted in as many data points as sectors per patient for each pa-
rameter. Given the number of sectors in total (N = 4216), a conventional regression analysis would
reveal extremely optimistic p-values, as it would assume completely independent data. To resolve this,
medians of the hemodynamic parameters per patient were used to compare the data. However, this
substantially reduced the amount of data available for statistical analysis. The number of observations
decreased from 907 calcium-containing sectors and 3309 calcium-free sectors to only 12 observations
per parameter, corresponding to one median value for calcium-containing sectors and one for calcium-
free sectors for each of the six arteries. With such a limited sample size, detecting statistically significant
differences becomes unlikely.

Given the nature of the data in this study, using a mixed effects model would be a more suitable method
to test for significance [48]. A mixed effects model would take into account the dependencies that exist
within the data. Multiple dependencies were present in the data set, such as the patient and artery.
Random effects model the dependent structure of the data. Instead of testing for significance on 4126
independent data points, the test would partition variability into between-cluster and within-cluster com-
ponents. For example, the data points coming from one patient would be treated as a clustered data
set. In this manner, the significance testing would account for within cluster dependence, while still
making use of all available data points.

Lastly, there could be an improvement in the pipeline that was established. Reconstruction of the pre-
calcified lumen mainly consisted of enlarging the lumens or reshaping the lumens. Enlargement of
calcified lumens was often realised through the scaling method. While this method proved successful
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to enlarge the stenosed sections of the calcified contours, it sometimes would decrease the size of
other contours in the calcified region. In Appendix D this can be seen for Artery 1R and 4R. For both
arteries the calcified lumen contours upstream of the stenosed section were larger compared to the
unaffected, healthy contours. Unfortunately, the scaling method smoothed out such areas of local en-
largement. Although this does not necessarily have to mean that the reconstruction was incorrect, the
approach affected the geometry of the artery more than intended.

A possibility for refinement of the reconstruction methods lies in the procedure used to select the con-
tours for reconstruction. In the current methods, contours to be reconstructed were solely based on the
presence of calcium. However, the effect of calcium presence on the contour size and shape was not
equal among all calcified contours. An attempt to ensure that calcium presence was associated with
substantial lumen deformation was made by only selecting arteries with at least 70% stenosis. How-
ever, even within this selection of arteries, variability in the stenosis degree along the length of each
artery remained. A different selection procedure or an additional check might be useful to be more
precise and create better reconstructions. Another option would be to make use of available software
packages to handle the reconstruction process.

4.4. Future outlook

If a relation between hemodynamics and intracranial carotid artery calcification exists, future protocols
should be developed to evaluate the patient-specific hemodynamics in vivo. This would help clinicians
find people at increased risk for intracranial calcification, allowing for early prevention or coordinating
scheduled surveillance. Given the number of people suffering from ICAC and associated morbidities,
such developments would be a valuable addition to the current diagnostic toolbox. But before these
tools could be developed, more research is necessary on hemodynamics and intracranial calcification.

The current study design offers a unique solution to investigate the relation, since it enables the eval-
uation of hemodynamics specifically in areas where future calcifications will develop. The raw data
required are CTA images, which are often created as part of routine clinical care. Given that the analy-
ses can be performed with commonly available data makes the developed approach rather accessible.
However, the study design is still in an early phase and needs more development. The exploratory
findings of this work emphasise the need for further research, since the findings seem to contradict the
usual pattern of low TAWSS and OSI in atheroprone regions. The true meaning of this result should
be explored through new studies employing a larger data set and the correct statistical models.

In addition to research on hemodynamics, more focus could be placed on the geometry of the in-
tracranial ICA. The curvature and the tortuosity have not been studied in this thesis, but they might be
interesting parameters to evaluate in future studies.



Conclusion

This thesis provided a pipeline to create reconstructed, pre-calcified 3D models, derived from 2D CTA
imaging data of patients with severe stenosis of the intracranial internal carotid artery. CFD simulations
on the healthy 3D models revealed high TAWSS and low RRT in areas where calcifications were known
to develop. A segment-wise analysis revealed an increase in TAWSS magnitude towards the distal
end of the arteries. In contrast, the RRT demonstrated decreasing magnitudes in this direction. The
OSI remained low, irrespective of the future presence of calcium or the anatomical segment. These
initial findings seem to contradict the classical atheroprone hemodynamic pattern, characterised by
low TAWSS, high OSI and high RRT. However, due to the limited size of the dataset and the lack of a
statistical analysis, these findings should be treated with caution.

The pipeline developed offered a way to study hemodynamics in healthy surrogates of potentially pre-
disposed arteries, which only required CTA imaging data as raw data. Although the methods used
should be refined more, this pipeline could serve as a starting point for future research. Future research
should indicate whether hemodynamics might be a suitable biomarker for ICAC. If so, non-invasive, in
vivo measurements of hemodynamics could be a new diagnostic tool to find people at risk for ICAC
early on. This might lead to intensified monitoring and preventive treatment, eventually minimising the
negative effects associated with ICAC.
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Boundary Conditions

A.l. Outlet pressure

At the outlet, a fluid resistance boundary condition was applied. In total, four different arrangements
were tested on Artery 2R to select the most suitable boundary condition. Since Artery 2R represented
the average size of the six arteries, this artery was chosen. All of these options ensured that the
fluid pressure changed in response to the blood flow. Apart from the pressure BC, all other boundary
conditions were kept similar between the different models.

For the first three options, the pressure was derived from the following equation:

P=RQ+P, (A1)

With parameter R as a measure to describe the resistance of the fluid to flow. For the first option, this
parameter was retrieved from a study by Kizhisseri et al. [31]. They analytically derived the fluid resis-
tance value using geometry data of clinical images. For the second option, the value was calculated
using a method described by P. Ramya [44]. Following this method, Equation A.1 is formulated twice,
first using a systolic pressure (120 mmHg) and the maximum flow rate for P and Q, and second using
a diastolic pressure (80 mmHg) and the minimum flow rate. The values for P, and R are derived by
solving this linear system of equations. The third option was provided by a F.Fontana, who had com-
puted the values using the aforementioned method. Thus, options 2 and 3 used the same approach,
but different values were assumed for P, and R. The calculated offset pressures from options 2 and 3
were 75 mmHg and 115 mmHg, respectively. Both were reasonably within the range of physiological
values (80-120 mmHg).

For the last option, the pressure was derived from the three-element Windkessel model (Equation A.2).
This equation describes fluid flow using an electrical circuit analogy. Compared to Equation A.1, this
equation accounted for differences in fluid resistance between the proximal and distal vasculature with
respect to the outlet of the artery. Here Rp represents the proximal fluid resistance while Ry represents
the distal fluid resistance. The values for both resistance values were retrieved from an in vivo study
by Schollenberger et al.[46].

R iQ P AP
eu+ iy o, L o

_ AP A2
Ry it Ry T (A.2)

Due to the nature of CFD simulations, the walls of the artery and the distal vasculature, which was not
included in the model, were considered rigid. Therefore, the capacitance (C) was set to zero. In FEBio,
the fluid RCR setting was used at the outlet. Since options 1 and 4 did come with an offset value, a
value of 10640 Pa was set, corresponding to 80 mmHg. The parameters and corresponding values for
all four options are shown in Table A.1.
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Table A.1: Parameter values for the pressure boundary conditions at the outlet. Options 1-3 use a resistance model, Option 4
uses an RCR model.

R (kg/m*s) Ry (kg/m*s) P, (Pa)
Option 1 5.98 x 107 10640
Option 2 1.13 x 10° 15500
Option 3 6.67 x 108 10000
Option 4 9.66 x 108 8.90 x 108 10640

The pressure drop (AP) was determined for all four simulations. By subtracting the pressure values at
the outlet from the values at the inlet, the pressure drop was computed. For all simulations, the max-
imum pressure drop and minimum pressure drop were selected, corresponding to the pressure drop
at peak-systole (APsys) and end-diastole (APgis), respectively. A slight pressure drop was expected
due to the tortuosity of the artery and the viscosity of blood, leading to frictional forces. However, a
AP greater than 10 mmHg would suggest inaccuracies in the boundary conditions. Therefore, options
resulting in pressure drop values above 1330 Pa were considered too large and not suitable for the
simulations.

Table A.2: Pressure drop values for all four options. The values were measured at peak-systole and end-diastole.

APsys (Pa) APdia (Pa)
Option 1 872 161
Option 2 748 161
Option 3 741 160
Option 4 745 161

As demonstrated in Table A.2, all pressure drop values were below the cut-off value. An additional
analysis was performed to establish whether the resulting pressures corresponded to physiological
values. Pressure values were deemed physiological if they ranged from 80 mmHg at diastole to 120
mmHg at systole [39].

Table A.3: Maximum absolute pressure values at systole and diastole for all four options.

P, (mmHg) Max Psys (mmHg) Max Pg4i; (mmHg)
Option 1 80 88 82
Option 2 112 154 130
Option 3 75 100 83
Option 4 80 123 104

Only options 1, 3, and 4 were within the physiological range, as shown in Table A.3. Option 2 demon-
strated values above 120 mmHg and was therefore not suitable as a BC for a healthy simulation. Option
1 fell within the specified range, but the difference between the systolic and diastolic pressure was min-
imal. Therefore, this option was also deemed not representable for a healthy artery. Options 3 and 4
both showed acceptable values. Thus, for the final simulations, option 3 was selected.

A.2. Inlet velocity

At the inlet, two different pulsatile velocity curves were considered. The first velocity curve was based
on an average pulsatile flow curve described by Lee et al.[34]. From the flow curve, velocity values
were retrieved by dividing the flow magnitudes by the size of the inlet area of the artery.

The second velocity curve was derived from in vivo MRl measurements by Bammer et al.[6]. They
measured the blood velocity at the C2 segment of the ICA in healthy people. This curve was directly



A.3. Effect of adjusted flow curve 35

applied as the inlet condition. Compared to the first curve, the Bammer curve shows lower velocity
values. Both curves are shown in Figure A.1.
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Figure A.1: The Lee curve and Bammer curve over two cardiac cycles. A sigmoid curve was used to gradually reach the
minimum velocity of the velocity curve.

To determine which of the two velocity curves was most suitable for the simulations, two test runs
were performed on Artery 2R. For both runs, the outlet pressure condition of Option 3, as mentioned
in Table A.1, was prescribed. Velocity values at different locations along the ICA were retrieved and
compared to velocity values reported by literature, shown in Table A.4.

For segments C2, C5 and C6, the maximum blood velocity was retrieved at the peak of systole and the
end of diastole. At end-diastole, the Lee and Bammer curves were both close to the velocity values
found in literature. However, at peak-systole, the Bammer curve resulted in velocity values much lower
than the literature values. The Lee curve also seemed to underestimate the velocity values. However,
the measured velocities deviated less from the literature values. Therefore, the Lee curve was chosen
as the inlet condition for the final simulations.

Table A.4: The maximum velocities during peak-systole (vsys) and end-diastole (v4i4) in segments C2, C5, and C6 of the
internal carotid artery. The literature values were measured in healthy subjects.

Segment Vdia (MM/s) Vsys (MM/s)
Literature Lee Bammer Literature Lee Bammer
Cc2 209+47[6] 174 221 3844102[6] 595 441
C5 150-250[38] 282 265 700-900[38] 682 518
C6 200-300[38] 312 291 800-1000[38] 954 611

A.3. Effect of adjusted flow curve

To examine the effect of adjusting the flow curve to the size of the individual artery, an additional sim-
ulation was performed. Following the method of Lee et al., the average curve was scaled using the
following equation:

Aartery

Qa'rtery = Qa'ug * Aavg

Here, Qavg was the flow curve of an average-sized artery, as provided by Lee et al. A,rery Was the cross-
sectional surface area at the inlet of the individual artery, and A,y was the average cross-sectional
surface area of the internal carotid artery. Artery 5L was used for this simulation because it exhibited
the largest TAWSS magnitude of all arteries when the average flow curve was used. As  at the inlet
was 10 mm2. For Aayg, a value of 17 mm22 was used, which corresponded to a mean diameter of the
ICA in women [32].

In Table A.5, the resulting differences in maximum inlet flow (Qmax), maximum inlet velocity (vmax), and
maximum time-averaged wall shear stress (TAWSS,5«) are shown.
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Table A.5: The resulting maximum flow rate, velocity and TAWSS corresponding to the average and the adjusted flow curve.

Flow curve Qmayx inlet (mm?3/s) Vpax inlet (mm/s) TAWSS,.x (Pa)

Qavg 7589 728 70
Qs 4648 447 34

The adjusted curve resulted in lower maximum values for the hemodynamic parameters. However, the
2D maps revealed minimal change in the distribution of the hemodynamic parameters along the artery,
as shown in Figure A.2. Therefore, the original flow curve corresponding to the average-sized ICA was
eventually used.

TAWSS (Pa) 35.668 oS! 0.1565 9.4871
31.711 0.1391 8.4346
27.754 0.1217 7.3820
23.797 0.1043 6.3295
19.841 0.0870 5.2769
15.884 0.0696 4.2244
11.927 0.0522 3.1718
7.9711 0.0348 21193
4.0144 0.0174 1.0668
0.0576 0 0.0142
18.374 = 0.0731 RRT 10.027
16.337 0.0650 8.9162
14.301 0.0569 7.8054
12.265 0.0488 6.6945
10.229 0.0406 +5.5837
8.1930 0.0325 44728
6.1567 0.0244 3.3620
4.1205 0.0163 2.2512
2.0843 0.0081 1.1403
0.0480 0 0.0295

Figure A.2: 2D maps of the TAWSS, OSI and RRT from simulations run with the average and the adjusted flow curve.



Mesh convergence analysis

The mesh convergence analysis was performed on the global and local mesh. The global mesh was
used for the majority of the arterial lumen, while the local mesh was used in the boundary layer.

A simpler model was used to determine the effect of the mesh properties on the output variables. For
this model, Artery 5L was used. The inlet velocity was kept constant at 250 mm/s and the pressure was
fixed at 13300 Pa (corresponding to 100 mmHg) at the outlet. The time step used was 0.001 seconds.

Quantities of interest were related to the blood velocity at the inlet and outlet of the artery, as well as the
fluid pressure. The effect of larger element sizes was quantified by computing the percentage change
between the least coarse mesh and the coarse mesh of interest, as shown in Equation B.1. With M
and M, being the outcome quantities of the the fine and the coarse mesh, respectively.

_ |Mf - MC|

A% = g < 100% (B.1)
2

A percentage change of 1-5% was deemed an acceptable value. Values above 5% were deemed too
far off the least coarse mesh. Hence, meshes that resulted in a percentage change >5% were qualified
as too coarse and not suitable for the simulation.

B.1. Global mesh

To determine the effect of the element size, simulations were run with prescribed element sizes of 0.15,
0.2, 0.25, 0.3, and 0.35 millimeters, while keeping the boundary layer mesh unchanged. Table B.1
illustrates the edge lengths that correspond with the different element sizes.

Table B.1: Element size settings for the tetrahedra elements of the different global meshes.

Element size = No. of elements  Average edge length (mm) Max edge length (mm)

0.35 165874 0.333 0.477
0.30 242377 0.289 0.412
0.25 382397 0.243 0.357
0.20 677508 0.197 0.290
0.15 1445637 0.149 0.221

Pressure drop, inlet pressure, and the blood velocity were analysed for all of the global mesh runs.
By subtracting the pressure values at the outlet from the values at the inlet, the pressure drop was
computed. In Table B.2, the results are shown. The mesh with the largest element size of 0.35 mm did
not reach convergence, and the simulation resulted in an error termination. The meshes with smaller
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element sizes all converged and demonstrated a small effect on the quantities of interest. Only the
0.3 mesh demonstrated a percentage change >5% for the pressure drop. The 0.2 and 0.25 mesh
both demonstrated percentage changes within the acceptable range for all the quantities of interest.
Therefore, an element size of 0.25 was chosen for the final mesh.

Table B.2: Results of different element size settings for the tetrahedra elements.

Element size vag outlet (mm/s) A% P,y inlet(Pa) A% AP (Pa) A%

0.35

0.30 913.76 1.21 16514 1.24 3212 6.46
0.25 906.60 0.42 16461 0.92 3161 4.86
0.20 906.35 0.39 16380 0.43 3080 2.27
0.15 902.79 16310 3011

B.2. Local mesh

At the boundary of the lumen a local mesh was used, consisting of pentahedron elements. A layer
thickness of 0.1 mm was set, with a bias value of 2. This ensured that the boundary layers increased
in thickness closer to the centre of the lumen. To analyse the boundary layer mesh, the number of
boundary layers was altered to compare three different meshes. The element size of the global mesh
was kept at 0.25 mm. The effects of changes in the local mesh were analysed by looking at the average
velocity at the outlet of the artery, as well as the average pressure at the inlet and the pressure drop.
The results of the three different local meshes are shown in Table B.3.

Table B.3: Results of the boundary layer refinement.

Layers vaygoutlet(mm/s) A%  Payginlet(Pa) A% AP (Pa) A%

4 910.45 0.38 16536 0.30 3234 1.69
5 913.76 0.02 16514 0.18 3212 0.97
6 913.90 16485 3183

As evident from Table B.3, the amount of boundary layers exerts a minimal effect on the outcome
measures. With all outcomes being well within the acceptable range of the percentage change, the
final amount of boundary layers was set at five.



Time step

To determine an appropriate size for the time step, the Courant-Friedrichs-Lewy(CFL) number was first
determined. The CFL number is a dimensionless number which must stay beneath a value of 1 to en-
sure stability and accuracy of a numerical simulation. When this condition is violated, information, such
as the velocity or pressure, travels more than one mesh element per time step. Such a phenomenon
could lead to inaccurate results and divergence.

The cut-off value is used a strong limit for explicit solvers, while the limit is more loose in case of an
implicit solver. For implicit solvers, this number can be in the range of 5-50 [1]. The CFL-number is
derived from the maximum velocity through a mesh element multiplied by the time step and the inverse
of the characteristic length of an element, as shown in Equation C.1. With dt = time step in seconds,
U = maximum velocity in m/s and dx = the edge length of an element in meters.

crr—v. % (C.1)
dx

To estimate the size of the time step, the maximum velocity measured in Artery 5L was used as an input.
This artery was selected because it had a relatively small lumen, thus velocities were expected to reach
high values. For dx, the average edge length of the global mesh was chosen. A CFL-number of 1 was
used for a conservative estimation of the time step. This resulted in dt = 0.00005 s. However, since
FEBio utilises an implicit solver, the CFL-number was allowed to be greater than than 1. Therefore, a
few larger time steps were also analysed: 0.01, 0.001, 0.0001 s.

Table C.1: The effect of using different time step sizes on velocity and pressure values at the in- and outlet of the artery.

Time step (S) Vavg inlet (mm/s) v,,g outlet (mm/s) P,y inlet (Pa) AP (Pa)

0.01 250 914 16514 3212
0.001 250 914 16514 3212
0.0001 250 914 16514 3212
0.00005 250 914 16514 3212

As evident from Table C.1, increasing the time step size did not affect the velocity and pressure values.
However, the time step of 0.01 seconds did lead to divergence issues. Therefore, to increase the
stability of the simulations while minimising computational costs, a time step size of 0.001 seconds
was chosen, corresponding to a CFL-number of 20.
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Reconstructions
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Figure D.1: Reconstruction results for the left arteries, lateral view. On the left, the lumen contours are shown. Grey =
original unaffected contours; Red = original contours affected by calcium; Cyan = reconstructed contours. On the right, the final
reconstructed lumens are shown. For Artery 3L, a top view is shown since this visualised the reconstructed region best.
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Figure D.2: Reconstruction results for the left arteries, medial view. On the left, the lumen contours are shown. Grey =
original unaffected contours; Red = original contours affected by calcium; Cyan = reconstructed contours. On the right, the final
reconstructed lumens are shown.
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Figure D.3: Reconstruction results for the right arteries, lateral view. On the left, the lumen contours are shown. Grey =
original unaffected contours; Red = original contours affected by calcium; Cyan = reconstructed contours. On the right, the final
reconstructed lumens are shown.



43

dl

=14

=i7%

49

Figure D.4: Reconstruction results for the right arteries, medial view. On the left, the lumen contours are shown. Grey =
original unaffected contours; Red = original contours affected by calcium; Cyan = reconstructed contours. On the right, the final
reconstructed lumens are shown.
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Results

E.l. Artery 1R
a. b.

TAWSS (Pa)
5.6e-02 2 4 6 8 10 1.3e+01

_— —

TAWSS (Pa)

13.109

11.659

10.208

8.7582

7.3078

5.8574

4.4070

2.9565

1.5061

0.0557

Figure E.1: TAWSS of Artery 1R in Pa. a) Lateral view of the TAWSS. b) 2D map of the calcium presence. c¢) Medial view of
the TAWSS. d) 2D map of the TAWSS.
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Figure E.2: RRT of Artery 1R. a) Lateral view of the RRT. b) Medial view of the RRT. c) 2D map of the RRT.
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Figure E.3: OSI of Artery 1R. a) Lateral view of the OSI. b) Medial view of the OSlI. c) 2D map of the OSI.
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E.2. Artery 1L

TAWSS (Pa)
5.6e-02 5 10 15 20 2.8e+01
|

— —

__TAWSS (Pa) _ 28.385
25.236
22.087

118.938

115.789

112.640

4 9.4909

6.3419

3.1928

0.0437

Figure E.4: TAWSS of Artery 1L in Pa. a) Medial view of the TAWSS. b) 2D map of the calcium presence. c) Lateral view of
the TAWSS. d) 2D map of the TAWSS.
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C. RRT 5.3409

4.7491

4.1574

3.6e-02 1 2 3 4 5.3e+00 3.5657

2.9739

2.3822

1.7905

1.1988

0.6070
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Figure E.5: RRT of Artery 1L. a) Medial view of the RRT. b) Lateral view of the RRT. c) 2D map of the RRT.
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Figure E.6: OSI of Artery 1L. a) Medial view of the OSI. b) Lateral view of the OSI. c) 2D map of the OSI.
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E.3. Artery 2R

TAWSS (Pa)
4.6e-02 2 4 5.6e+00

_\ J_
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13.1313

M
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Figure E.7: TAWSS of Artery 2R in Pa. a) Lateral view of the TAWSS. b) 2D map of the calcium presence. c¢) Medial view of
the TAWSS. d) 2D map of the TAWSS.
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C. RRT

Figure E.8: RRT of Artery 2R. a) Lateral view of the RRT. b) Medial view of the RRT. c) 2D map of the RRT.
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Figure E.9: OSI of Artery 2R. a) Lateral view of the OSI. b) Medial view of the OSlI. c) 2D map of the OSI.
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E.4. Artery 3L
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Figure E.10: TAWSS of Artery 3L in Pa. a) Medial view of the TAWSS. b) 2D map of the calcium presence. c) Lateral view of
the TAWSS. d) 2D map of the TAWSS.
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Figure E.11: RRT of Artery 3L. a) Medial view of the RRT. b) Lateral view of the RRT. c) 2D map of the RRT.
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Figure E.12: OSI of Artery 3L. a) Medial view of the OSI. b) Lateral view of the OSI. c) 2D map of the OSI.
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E.5. Artery 4R
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Figure E.13: TAWSS of Artery 4R in Pa. a) Lateral view of the TAWSS. b) 2D map of the calcium presence. c) Medial view of
the TAWSS. d) 2D map of the TAWSS.
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Figure E.14: RRT of Artery 4R. a) Lateral view of the RRT. b) Medial view of the RRT. c) 2D map of the RRT.
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Figure E.15: OSI of Artery 4R. a) Lateral view of the OSI. b) Medial view of the OSI. ¢) 2D map of the OSI.
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E.6. Artery 5L
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Figure E.16: TAWSS of Artery 5L in Pa. a) Medial view of the TAWSS. b) 2D map of the calcium presence. c) Lateral view of
the TAWSS. d) 2D map of the TAWSS.
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Figure E.17: RRT of Artery 5L. a) Medial view of the RRT. b) Lateral view of the RRT. c) 2D map of the RRT.
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Figure E.18: OSI of Artery 5L. a) Medial view of the OSI. b) Lateral view of the OSI. c) 2D map of the OSI.
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Figure F.1: TAWSS, OSI and RTT from the segment analysis, shown for the individual arteries. From top to bottom:
Artery 1L and Artery 1R.
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Figure F.2: TAWSS, OSI and RTT from the segment analysis, shown for the individual arteries. From top to bottom:

Artery 2R, Artery 3L, Artery 4R, and Artery 5L.
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