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modeling process. From medical imaging to wall shear stress mapping on the aneurysm
walls, there are numerous physical assumptions related to blood flow and wall
dynamics. The majority of such assumptions remain controversial until today. This
review is an endeavor to summarize, in a critical and comprehensive manner, the
different assumptions used to calculate blood viscosity in CFD models of IA
hemodynamics. The tabulated summaries of literature presented herein also highlight
the inconsistency of location choice and imaging techniques used to select IA models
for CFD studies. This review presents a roadmap for the state-of-the art knowledge
about blood viscosity models used with IA CFD models, and suggests future research
directions to further characterize the nature of blood flow which contributes to the
improvement of diagnosis and management of |As.
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1. Introduction

In order to establish the importance of viscosity models in CFD simulations of IAs, the flow
physics, mechanobiology and pathophysiology of IAs must be comprehended. Blood is multiharmonic
pulsatile flow that exhibits a multitude of complex phenomena which flowing in complex arterial
geometries. Endothelial cells (ECs) respond to different regimes of blood flow in numerous
mechanisms that are being investigated until the present moment.

IA is a complex vascular disorder that involves blood flow dynamics, ECs mechanotransduction as
well as vascular pathology. Any CFD simulation is a simplification of this multilayered complexity. The
use of viscosity model, nevertheless, controls the outcome of such simulation in quantitative manner
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and in some qualitative aspects as well. This introduction serves as a brief instructive summary of
such topics in order to show the importance of viscosity models in IAs CFD simulations.

Studies revealed that subarachnoid hemorrhage (SAH) occurred in 6 to 20 cases out of 100,000
individuals all over the world [1]. It is found that 30,000 people in the United States suffer from a
brain aneurysm rupture, while, in Egypt according to the Official national statistics people suffer from
cerebral aneurysm rupture may be around 150 000 to 210 000. In addition, Studies revealed that the
cerebral aneurysm ruptures every 18 minutes in the US [2]. Serious disability or sudden death may
result, depending on the severity of the hemorrhage. SAH has an overall mortality of approximately
40% to 50% [1] and case-fatality rates varied between 32% and 67% [3]. There are two main types of
intracranial aneurysms: saccular and fusiform. The former type represents more than 90% of
intracranial aneurysms [4], having berry-like, spherical, sharply circumscribed sacs connected to the
vessel by a neck. The most common location of saccular aneurysms arise from the arteries in the
subarachnoid space at the base of the brain called the "circle of Willis" [5, 6].

An aneurysm is a weak area in a blood vessel that usually enlarges [7]. It is often developed when
the arterial wall becomes too weak to resist hemodynamic forces [8, 9]. The genesis, growth and
rupture risk of intracranial aneurysms (lAs) are affected by blood flow in arteries, which exhibits
complex physical phenomena [10, 11]. Flow conditions in the IA are among the main reasons of the
lumen's endothelium dysfunction. IAs are normally found at the apex of bifurcations of the main
arteries, at the origin of small arteries branching from large ones. Moreover, it can be found on the
sidewall of arteries with sharp bends [12-14]. It is defined by the deterioration of the cerebrovascular
wall that shows loss of the internal elastic lumina, disruption of the tunica media, and the death of
mural cells [15-18]. These are often followed by remodeling and degradation of extracellular matrix
(ECM) proteins throughout the arterial wall which renders them strongly susceptible to further
proinflammatory responses which are thought to be driven by wall shear stress (WSS) [19, 20]. There
are two parameters that have been correlated to the evolution of the aneurysm, which are: high WSS
and low WSS. Both have been linked with endothelial dysfunction [21, 22] while the former was
linked to arterial wall remodeling. The latter is related to the blood flow recession area in the dome
as a result of the stagnated flow inside the aneurysm which could contribute to the thinning, damage
and subsequent rupture of the aneurysmal wall [8, 9, 23-25]. The flow dynamics' changes during the
development of the aneurysm have been evaluated and results showed that there is a considerably
low WSS at the evolution area [26-28]. Figure 1 shows a mechanistic chart of IA pathobiology
presenting in parallel the stress factors and wall alterations, that gradually cause changes in the IA
morphology. The repetitive pressure and the disturbed WSS cause a gradual enlargement on the
vessel wall. This can lead to loss and degeneration of the internal elastic lamina IEL as a result of
hypertension, atherosclerosis and turbulent flow, followed by the disruption of the tunica media thus
promote mural cell death in the |A [15-18]. These have been followed by remodeling and degradation
of extracellular matrix (ECM) proteins throughout the arterial wall [19]. Therefore, the death of mural
cell is the main event that renders the wall strongly susceptible to rupture risk [29].

The objective of the present work is to review the investigations of computational flow dynamics
by focusing on CFD studies in intracranial aneurysms and comparing the different viscosity models
used to simulate the blood flow. The structure of this article is as follows: Section 2 reviews CFD role
in investigating cerebral aneurysms, Section 3 presents hemodynamic approaches, including the
Newtonian and non-Newtonian models, and finally, Section 4 summarizes the main remarks.
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Fig. 1. Mechanisms of IA initiation, growth and rupture. Many factors and
correlations in such mechanisms are still under investigation

2. CFD as A Research Tool in IA Hemodynamics

For the past two decades, Computational Fluid Dynamics (CFD) has been the most prominent
research tool for investigating the effect of fluid dynamics in intracranial aneurysms and any possible
geometry [30, 31]. CFD is increasingly relied upon for elucidating blood flow dynamics in cerebral
aneurysms [18, 32], such as the WSS, the mean wall shear stress (MWSS), the time average wall shear
stress (TAWSS) and the oscillatory shear index (OSI) [33] and their possible role in determining
rupture risk. Most studies assumed that the fluid flow in human body is laminar [34]. The Reynolds
number in cerebral vessels is in the order of 100, which marks laminar pulsatile flow according to the
classical theory of hydrodynamics. However, recent high-resolution CFD studies have shown the
existence of unstable flow and possible transitional or turbulent flow in some cerebral aneurysms at
such low Reynolds number [35, 36], which is unjustifiable by the hydrodynamic stability theory. This
observation suggests that a much more emphasis on transition in the computational simulation
community might be necessary. The possible consequences of the presence of transitional or
turbulent flow on such pathologies is that, it leads to a deleterious mechanotransduction resulting in
remodeling and degeneration of the arterial wall. In addition, the unpredictability of transitional flow
may even be a feature that aggravate the state.

Most of CFD studies of cerebral aneurysm hemodynamics focus on analyzing the blood flow
characteristics and their effect on the aneurysm wall dynamics. The majority of numerical simulations
of intracranial aneurysm, have assumed the blood as Newtonian fluid when solving the Navier-Stokes
equation for both the steady and pulsatile flows [8, 37-40]. It is nearly a consensus that the alterations
of blood viscosity are inconsiderable. However, some groups reported the significance of non-
Newtonian effects in intracranial blood flow [41-47].

Currently, there is no complete theory which can predict the impacts of the blood rheology on
the hemodynamics in cerebral aneurysms. To that end, it is clear that in order to understand the
initiation and progression of intracranial aneurysm, it is crucial to investigate the effects of different
blood viscosity models on the intra-aneurysmal hemodynamics.
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Understanding the physics of this lesion formation can lead to the right prognosis of the disease
which resulted in more frequent detection of cerebral aneurysm before rupture that assist in limiting
the devastating effects of this disorder and guide to possible therapies.

In addition, another factor affecting the intra-aneurysmal flow is the selection of the image
acquisition datasets and post-processing, because it may yield sources of errors as inaccurate
numerical simulations results. Berg et al., [48] reported that the choice of the data acquisition impact
the hemodynamic simulation mostly in the small blood vessels. Moreover, Geers et al., [49] examined
four patient specific MCA aneurysms by comparing the effect of two image modalities (CTA and
3DRA). They demonstrated agreement of the qualitative flow characteristics. However, they found
considerable conflicts quantitatively in the measurements. Furthermore, there was an
overestimation of the aneurysm neck size illustrated by Schneiders et al., [50] based on 2D-DSA and
3DRA comparisons in 20 patients. They found that this neck size overestimation can have non-trivial
consequences on hemodynamics simulations such as different flow structure characteristics and
significant differences regarding the WSS results.

2.1 BLOOD Rheology Constitutive Equations

There has been a number of controversies concerning the fundamental physical assumptions
underlying aneurysm hemodynamics simulations. A comprehensive meta-analysis survey is
conducted to summarize these controversies. Figure 2 shows a classification of the literature
surveyed on Scopus© bibliographic database according to (a) the method of investigation and (b) the
blood viscosity assumption used in the CFD models of intracranial aneurysms. Syntactic searches used
to classify literature based on TITLE-ABS-KEY fields as following: (1) (TITLE-ABS-KEY ("cerebral
aneurysm" OR "intracranial aneurysm") AND TITLE-ABS-KEY ("computational fluid dynamics" OR
"CFD" OR "numerical simulation")) (2) ((TITLE-ABS-KEY ("cerebral aneurysm" OR "intracranial
aneurysm") AND TITLE-ABS-KEY ("computational fluid dynamics" OR "CFD" OR "numerical
simulation"))) AND ("non-Newtonian"). It can be seen that non-Newtonian models constitute 23% of
the CFD studies. Later in the present review, the differences between such models and Newtonian
assumptions will be highlighted.

B Newtonian Non-Newtonian
Fig. 2. Qualitative statistics on literature

of the blood viscosity models adopted in
CFD simulations of 1A
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3. Hemodynamics Approaches

Blood is responsible for transporting nutrients via a complex mixture of cells, proteins,
lipoproteins, and ions and removing wastes [51]. The blood in the heart and large arteries is usually
modeled as Newtonian and this hypothesis may be acceptable in a lot of cases. However, in other
cases, this assumption is not precise, especially when examining the flow in small arteries [40, 52,
53].

3.1 Newtonian Approach

Most studies of intracranial hemodynamics depended on assuming blood as Newtonian fluid and
that the variations of blood viscosity are unimportant. Some of these studies have not discussed the
fact of this assumption at all [54-56]. While other studies mentioned that the vessel diameter is large
enough to disregard the non-Newtonian behavior of blood [28, 57]. The value of shear rate in which
the blood was assumed to be Newtonian changes according to different studies, for example: in Ref.
[52] the value was 45 s~ 1, in Ref. [58] the value was 50 s~ ,while another studies set the shear rate
greater than 100 s~! [53]. The Newtonian viscosity assumption of blood is only valid in large arteries
(>10 mm diameter) (e.g. aorta), because in large arteries the rheological properties of blood become
linear [59]. In some studies blood was simulated as Newtonian fluid with constant viscosity ranging
from 3.5 mPa to 5 mPa as stated by several authors [60-67] and some other studies simulate blood
with another values of viscosity as in Refs. [68, 69]. Saqr et al., [70] showed, using in-vivo Transcranial
Doppler ultrasound measurements that the use of Newtonian model to calculate WSS results in
significant differences with commonly used non-Newtonian models in CFD.

Several researches performed to study the intracranial aneurysm rupture risk. Some of these
studies based on the morphological changes, for example, the impact of change of the size or the
geometry of the intracranial aneurysm on the flow pattern [25, 71-77]. In addition, other studies
focused more on the effect of hemodynamics factors such as, wall shear stress (WSS), oscillatory
shear index (OSl), inflow jet sizes and impingement regions on the behavior of the flow [28, 37, 54,
78-86].

3.1.1 Morphological studies using newtonian viscosity model

It is important to mention that intra-aneurysmal hemodynamics are substantially dependent on
the morphology of intracranial aneurysm and its parent artery [38, 87, 88].

Stojanovié et al., [71] analyzed 114 patients suffered from ruptured IA. The study examined the
association between the rupture risk and the existence of aneurysmal changes on the cerebral
vessels. Then concluded that high incidence of asymmetrical configuration in the circle of Willis
among patients with ruptured aneurysms suggest the possible relation between asymmetrical
configuration and disturbance in hemodynamic with genesis and rupture of IA. Kayembe et al., [72]
demonstrated that any change from the optimal geometry would contribute to increment in WSS
levels which prone to aneurysm initiation and growth. Cebral et al., [89] investigated the
hemodynamics of four cerebral aneurysms models with respect to the flow division, the mesh size
the viscosity model and the effect of geometry. It was found that the intra-aneurysmal characteristics
do not considerably differ when changing the mean flow rate. For the mesh resolution, three grids
were used. A coarse grid with 0.5 million elements, a medium grid with 1.25 million elements and a
fine grid with 4.61 million elements, and it was found that the important characteristics of the flow
can be captured regardless the mesh size. Regarding the viscosity model, it was observed that the
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main flow features of the basilar artery aneurysm was the most affected case by the use of Casson
viscosity model, because the flow rate is relatively small. However, the rest of the cases were not
affected by using the non-Newtonian viscosity model. Finally, the most effective parameter that was
found to alter the actual intra-aneurysmal hemodynamics and expect the eventual rupture was the
geometry. Chien et al., [80] analyzed 24 patient specific models using 3DRA. These selected cases
were collected from November 2007 to June 2008. They used the 6-region method to study the
hemodynamics properties at the peak systole of the second cardiac cycle of two cardiac cycles
computed. It was observed quantitative alterations in WSS and flow rate which is relative to
aneurysm location. However, no considerable relation was found between the intra-aneurysmal
hemodynamic and the parent artery size. In addition, results revealed that WSS was high in the
arteries compared with the aneurysm. The average WSS obtained was 10.3 +5.2 Pa. High WSS and
flow rate were recorded in the MCA aneurysms. While, the lowest values of WSS and flow rate were
recorded at the basilar artery, followed by the AcomA and ICA aneurysms. In addition, it was found
that the flow in the MCA aneurysms was faster than that of the AcomA aneurysms. A computational
analysis of a developing cerebral aneurysm is presented. The blood flow pattern, WSS distribution
and the geometric progression have been investigated using the 3D computed tomographic
angiography 3DCTA [25]. It was observed that the aneurysm was developed and exposed to a
relatively high WSS, resulting in a geometric change of the proximal parent artery, which caused
significant alterations in the aneurysm hemodynamic.

Parent artery has a major effect on the intra-aneurysmal fluid dynamics. Castro et al., [74] have
proved that the torsion of the upstream artery can crucially affect the IA hemodynamics. The
Womersley profile has been used to study the effect of the geometry of the upstream parent artery
on the intra-aneurysmal flow dynamics in 4 patient-specific cerebral aneurysms under pulsatile flow
[74]. It was observed that the variations found in the intra-aneurysmal fluid dynamics essentially
were due to the geometry of the main vessel. Following that, the hemodynamic patterns exhibited
areas of high WSS in the aneurysm dome and complex flow. Whereas, Wang, et al., [75] studied the
influence of aneurysm geometry on the hemodynamics by altering the aneurysm diameter and the
aspect ratio (AR), where the aspect ratio (AR), defined as IA maximum height divided by the average
neck diameter as shown in figure 3. This study showed that the WSS is globally reduced and the wall
pressure on the aneurysm is increased with increasing AR. However, no such alteration is found when
increasing the sac diameter for constant AR.

Moreover, the influence of changing the radius and the bifurcation angle of the artery in the circle
of Willis on the WSS and the pressure has been estimated, based on patient-specific data [76]. This
study showed that deviations from normal anatomy lead to redistribution of wall pressures and
increased WSS with larger branching angle. The estimated peak values for WSS were greater than 30
Pa, which is counted sufficient to cause the degeneration of the endothelial cell, weakness of the
arterial wall and consequently aneurysmal growth. Additionally, the wall tension and the wall
displacement in intracranial aneurysms have been determined based on patient-specific geometry
with flexible walls [77]. The analysis showed that the WSS and the shape of the aneurysm most
probably are very significant factors that lead to aneurysm evolution and rupture.

The most studied parameter of the IA morphology is the IA size. Even though large aneurysms in
diameter more than 10 mm are found to be dangerous. In fact, numerous studies have revealed that
a great percentage of ruptured intracranial aneurysms are less than 10 mm in size [88, 90-95].
Moreover, several studies noted that there is a relation between the position of the vessel and the
IA rupture [74, 80, 94, 96]. These findings emphasize the significance of the vessel morphology and
location on the IA hemodynamics and rupture risk.
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3.1.2 Hemodynamic studies using newtonian model

Blood hemodynamics have been demonstrated to play a significant role in IA pathophysiology
and eventual rupture. Several studies focused on the influence of hemodynamics factors on the flow
pattern of IA by assuming blood as Newtonian fluid.

Intracranial aneurysms were studied using the 3D rotational angiography 3DRA in 62 patient-
specific models to investigate the relation between the flow dynamic inside the aneurysm and the
risk of its rupture assuming blood as Newtonian [37]. This study revealed that 72% of ruptured
aneurysms had complex or disturbed flow patterns, 80% had small impaction zones, and 76% had
narrow inflows. While, the unruptured aneurysms had 73% simple stable flow patterns, 82% had high
impaction zones and 75% had large inflows. In addition, they found that aneurysms with small
impaction regions were 6.3 times more likely to be ruptured than those with large impingement sizes.
The hemodynamics in 3 saccular cerebral aneurysms with a terminal morphology imaged just prior
its rupture has been examined taking into account the Newtonian properties of blood and the
pulsatile flow condition [79]. It was observed that the following hemodynamics were correlated with
the high risk of rupture which are concentrated inflow jet that affects a relatively small area of the
aneurysmal wall, complex flow structure, elevated levels of WSS in proximity of the impingement
region and low WSS in the most of the aneurysm sac. The flow dynamics of 26 anterior
communicating artery AcomA aneurysms has been examined. Many of these aneurysms correlated
with previous history of rupture [97]. The findings of this study are aneurysms with small
impingement regions, large jet size and consequently higher MWSS were more probable to be burst.
In addition, MWSS can be used as a sign responsible of aneurysmal future rupture.

Although a high WSS plays a main role in the genesis of CA, a low WSS might be a major factor
for its growth. The magnitude and direction of the WSS in and around saccular cerebral aneurysms
in 20 middle cerebral aneurysms have been analyzed, using the 3D computed tomographic
angiography 3DCT [81]. This study found that the magnitude of the WSS of the aneurysm zone is
significantly lower than that of the vessel area. The low WSS may be one of the essential factors
underlying the degeneration of the aneurysmal wall. The influence of hypertension and smoking on
WSS at the site of cerebral aneurysm has been investigated [83]. They found that long-term
vulnerability to elevated WSS as a result of smoking and hypertension can be a possible culprit in the
evolution of intracranial aneurysm. Furthermore, the greatest values of WSS at aneurysm formation
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area were about 5 times greater than the average values in the parent arteries. The association
between low WSS and aneurysm development in seven patient-specific models of cerebral
aneurysms has been determined [28]. Results revealed that the magnitude of WSS inside the
aneurysm is significantly low and this low WSS leading to endothelial dysfunction and may be an
important contributor to the remodeling of the arterial vessel wall and to aneurysm development
and rupture. The relationship between the local hemodynamics and the initiation of blebs in 20
cerebral aneurysms has been investigated [98]. It is found that blisters created at or close to zones
of high WSS in most cases. In addition, this study revealed that locally increased WSS could lead to
arterial wall deterioration which created these blebs. The hemodynamic conditions of 3 saccular
aneurysms have been examined. The change in dynamic pressure and WSS that take place due to
alterations in pulsatile blood flow has been studied when a patient exercise [84]. It was shown that
the overall flow was not substantially changed during moderate aerobic exercise. Furthermore, the
WSS and the pressure on the aneurysmal wall did not significantly differ between rest and exercise.

Seven cases of aneurysms treated with flow diversion have been studied to investigate the
possible rupture mechanisms by comparing 3 ruptured aneurysms with 4 aneurysms with successful
treatment using 3DRA [56]. The hemodynamics including pressure and WSS were analyzed. Blood
flow was modeled as unsteady, Newtonian fluid. From this study, the intra-aneurysmal pressure is
increased which may be the cause of subsequent aneurysmal bleeding, especially in giant aneurysmes.
In addition, significant decrease in the overall WSS and a slow intra-aneurysmal circulation were
observed in the cases of post-treated rupture. The influence of the surgical treatment on the flow
pattern in an enormous fusiform cerebral aneurysm has been studied by using ideal geometry [86].
The finding revealed that the hemodynamic forces that exist through the aneurysmal region are
substantially different when the flow in the feeding vessels changes. Moreover, the simulations
demonstrated that there would have been a pronounced large jet size, high WSS and associated high-
pressure zone on the aneurysmal wall. In that case, blockage of the stenotic artery would greatly
lessen the flow influence on the aneurysm wall.

Flow instabilities have been shown to occur in intracranial aneurysms in vitro and in vivo. Valen-
Sendstad et al., [78] analyzed whether turbulence can occur in a patient-specific middle cerebral
artery (MCA) aneurysm using a pulsatile inflow velocity. The study demonstrated that blood flow
exhibited a non-laminar behavior and tends to be turbulent just after peak systole, before
relaminarization. Furthermore, it was observed that the WSS showed complex and chaotic behavior
at the aneurysm dome. Baek et al., [85] investigated the flow instabilities and pulsatile behavior of
WSS on three patient-specific saccular aneurysms at the internal carotid artery. They proposed that
the oscillatory behavior of WSS vectors might play a key role in the initiation of a cerebral aneurysm.

All mentioned studies using Newtonian model for simulating blood to study difference cases of
aneurysm with patient specific (as shown in Table 1 and Table 2). In addition, in most literature, the
blood was modeled as Newtonian which is not entirely correct as the blood viscosity changes in non-
linear way with the shear rate. Figure 4 presents the relation between the different blood viscosity
models and the shear rate [99]. It can be seen that, the viscosity of the Newtonian model is constant,
while, for the different non-Newtonian shear thinning models, the viscosity increases as shear rate
decreases especially at low shear rate below 100 s™.
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Table 1

Summary of steady CFD studies utilizing Newtonian models for intracranial aneurysm

Ref  Model and Aneurysm location  Study objective Imaging technique used for Summary of findings
geometry model extraction
[71] 114 patient- 45 AcomA Examine the relationship between burst ~ Preoperative cerebral Morphological changes might, partially,
specific 30 MCA aneurysms and the morphological angiography generate alterations in hemodynamic,
16 ICA changes in intracranial arteries which responsible for the aneurysm
17 PcomA initiation
4 PerA
2VB
[75] Ideal 1ICA Study the effect of aneurysm geometry The pressure-velocity coupling The WSS is globally reduced and the wall
on the hemodynamics by changing the was decoupled by using the pressure on the aneurysm is intensified
Aspect Ratio (AR) of the aneurysm SIMPLEC with increasing AR
[86] 1 Patient- 1 BA Model the possible alterations of the Using contrast-enhanced 3D A pronounced high velocity jet, increased

specific

flow field that would result from surgical
intervention

MR angiography

WSS and associated high-pressure zone on
the contralateral aneurysm wall

Table 2

Summary of unsteady CFD studies utilizing Newtonian models for intracranial aneurysm

Ref  Model and Aneurysm location  Study objective Imaging technique used for Summary of findings
Geometry model extraction
[25] 1 Patient- 1BA Investigate the blood flow pattern, the using the 3D computed Significant alterations in the aneurysm
specific WSS distribution and the geometric tomographic angiography (3D- hemodynamics, as a result of the
progression of a growing aneurysm CTA) geometric change of the proximal parent
artery
[28] 7 Patient- 3BA Determine the association between low  Using contrast-enhanced 3D The low WSS has been reported to have a
specific 3ICA WSS and intracranial aneurysms MR angiography negative effect on endothelial cells which
1 MCA development may be an important contributor to
aneurysm growth and rupture
[37] 62 Patient- 22 ICA Study the relation between intra- using the 3D rotational Aneurysms with small
specific 1 AcomA aneurysmal hemodynamic angiography (3D-RA) impingement sizes were 6.3 times more
9 PA characteristics and the rupture of likely to rupture than those with large
13 PcomA cerebral aneurysms impingement sizes
14 MCA
[76] 10 Patient- BA Estimate the effect of variations in Using CTA, MRA, and DSA Deviations from normal anatomy lead to
specific PA vessel radii and bifurcation angles on redistribution of wall pressures and
PcomA WSS and pressure in the circle of Willis increased
PCA
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[77]

(78]

[79]

(81]

(83]

(84]

(85]

[97]

1 Patient-
specific

1 Patient-
specific

3 Patient-

specific

20 Patient-
specific

2 Patient-
specific
3 Patient-

specific

3 Patient-
specific

26 Patient-
specific

1 MCA

1 MCA

2 MCA

1BA

20 MCA

21CA

3 MCA

3ICA

26 AcomA

Determine wall tension in cerebral
aneurysms based on patient specific
geometry

Determine whether turbulence can
occur in a middle cerebral artery (MCA)
aneurysm

Analyze the hemodynamics in a saccular
intracranial aneurysm with a terminal
morphology

Analyze the magnitude of the WSS in
and around saccular cerebral aneurysms

Investigate the influence of smoking and
hypertension on WSS at the site of
cerebral aneurysm formation
Investigate intra-aneurysmal alterations
in dynamic pressure and WSS that occur
when a patient exercises

Investigate the hemodynamics and
pulsatile behavior of WSS in intracranial
aneurysms

Examine the flow dynamics of anterior
communicating artery (AcomA)
aneurysms

Using computed tomography
angiogram images

using the 3D computed
tomographic angiography (3D-
CTA)

using the 3D rotational
angiography (3D-RA)

using the 3D computed
tomographic angiography (3D-
CTA)

using the 3D rotational
angiography (3D-RA)

Using Rotational 3D digital
subtraction angiograms

NA

using the 3D rotational
angiography (3D-RA)

WSS with the larger branching angle. Thus,
cause eventual aneurysmal growth

WSS is highest near the neck of the
aneurysm, and that WSS probably lead to
the growth of the aneurysm

The blood flow exhibited a non-laminar
behavior and tends to be turbulent

The aneurysm had a concentrated inflow
jet, complex intra-aneurysmal flow pattern
and elevated levels of WSS near the
impaction region

The excessively low WSS may be one of the
essential factors underlying the
aneurysmal growth. Although a high WSS
plays a main role in the genesis of CA
Long-term vulnerability to elevated WSS as
a result of smoking and hypertension can
be the main cause in CA evolution

WSS and pressure did not significantly
differ between rest and moderate exercise.
Time-averaged WSS increased by a mean
of 20%

The aneurysmal flow becomes unstable
during the decelerating systolic phase.
Therefore, both the magnitude and the
directions of WSS vectors oscillate at the
range of 20-50 Hz

Aneurysms with small impaction zones,
higher inflows, and, consequently, higher
MWSS were more likely to be ruptured.
Moreover, MWSS potentially could be used
as a predictor of aneurysm rupture
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Fig. 4. Shear-rate dependent viscosity as described by different
non-Newtonian models [99]

The viscosity of the power law model increases, at low shear rate. However, at high shear rate it
reduces linearly. In the power law model, it is feasible to get many analytical solutions to the
governing equations. Nevertheless, it is failed to characterize the blood at quite high or low shear
rates. In addition, the Walburn and Schneck model considered as the extension of the power law
model, which depends on the haematocrit of the blood. Moreover, it is found that the blood viscosity
in the Casson and Carreau models has a tendency to the asymptotic viscosity at shear rate greater
than 104 s'. On the other hand, the Cross and Quemada models show the shear-thinning
characteristics at shear rate less than 102 s™. It is noted that the range of non-Newtonian shear rate
lies between 0.1 s'and 102 s according to Johnston et al., [60].

3.2 Non-Newtonian Approach

Blood flow is a multiphase non-Newtonian pulsatile flow. Blood is composed of red blood cells
(RBCs) and white blood cells such that they are elastic cells suspended in a Newtonian liquid known
as plasma (continuous phase). Due to the multiphase nature of blood, it is clearly obvious that the
blood viscosity will be controlled by the behavior of its microstructural components which are the
suspended cells (RBCs). It is found that at low shear rates the RBCs exhibits a behavior known as
aggregation, such that the red blood cells start to act like a solid and this will lead to an increase in
the blood viscosity. Conversely, as the shear rate increases the RBCs aggregation will be broken and
the blood viscosity will decrease. Essentially, blood viscosity is not only affected by the cell
aggregation, but it depends on other parameters such as the physiological flow conditions, shear
rate, cell shape, plasma viscosity, flow geometry, hematocrit, temperature, cell deformation and
orientation. In addition, blood viscosity models can be divided into two main categories which are
the Newtonian and the non-Newtonian viscosity models [100]. Blood flow in small arteries often
exhibits non-Newtonian characteristics [101-104]. The shear-thinning viscosity models might be
rational for flow pattern that have persistent recirculation zones such as aneurysms [105]. In
addition, Robertson et al., [23] and Rayz et al., [106] have shown that the use of non-Newtonian
viscosity models is merely significant on blood hemodynamics when elevated stagnant zones are
found [51]. Furthermore, Arzani [107] concluded that the non-Newtonian models are only suitable
for simulating blood flow in aneurysms when high residence-time is found at areas of low shear rates
so the RBCs have much time to form rouleaux. In order to determine the most suitable model for
simulating the changes of viscosity in blood stream, several non-Newtonian models have been
investigated [108-110] (as seen in Table 3). Various models to study blood as non-Newtonian model
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used in previous studies and there will be a comparison (as shown in table 4) between different

models of non-Newtonian used in simulation of intracranial aneurysm [111, 112].

Table 3
Summary of CFD studies utilizing non-Newtonian models for intracranial aneurysm
Ref Model Aneurysm  Study objective Imaging Limitations Summary of
and location technique findings
Geometry used
[32] 2 patient- 1 MCA The study aimed to 3D-RA e Non-Newtonian The high OSlis
specific 1 AcomA find a relation fluid using responsible for the
between the genesis Carreau-Yasuda development of the
and evolution of the model daughter saccule,
daughter saccules and e Pulsatile inlet and the flow inside
the hemodynamics flow the aneurysm was
more complex and
chaotic which lead
to aneurysm
rupture
[44] Patient- NA Investigate the 3D-RA e A Newtonian The assumption of a
specific influence of blood and a non- Newtonian fluid can
viscosity on intra- Newtonian fluid  be used in the high-
aneurysmal flow using Casson viscous regions
dynamics in coiled model
aneurysms
[47] 3 Patient- 3 ICA Analyze the sensitivity Using e Three rheology Newtonian fluid
specific of blood flow pattern, Three- models: assumption is
shear rate and WSS dimension e Newtonian satisfactory in CFD
distributions using al viscosity model  simulation of
different blood angiograph and two non- healthy vessels.
viscosity models in y images Newtonian Although, the non-
realistic intracranial models (Casson Newtonian
aneurysm geometries and Herschel- properties of blood
Bulkley) should be taken
e Unsteady flow into account in low
shear flow (<100/s)
[89] 4 Patient- 3ICA A study of the 3D-RA e A Newtonian The most important
specific 1SCA sensitivity of the and a Non- factor that has the
hemodynamic change Newtonian fluid  highest effect on
was carried out in the using Casson the intra-
aneurysm model aneurysmal flow
e Unsteady model patternsisthe
geometry of the
aneurysm and the
connected vessels
[102] Ideal NA Examine the effect of NA e Four modelsare Allthe non-
non-Newtonian investigated: Newtonian models
behavior on the casson, the report a lower WSS
hemodynamics of generalized than that obtained
intracranial power law, and  with a Newtonian
aneurysms of varying the two forms model in the same
morphology of the carreau geometry
models.
e Pulsatileinlet
flow
[124] Ideal NA Examine the CFD e Non-Newtonian = Non-Newtonian and

influences of non-

fluid using

pulsatile effects are
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[126] 1 patient- 1MCA
specific

[128] Patient- NA
specific

[129] Patient- NA
specific

[130] 1 Patient- 1ICA
specific

[131] 3 patient- 3ICA
specific

Newtonian viscosity
and flow pulsatility to
discriminate the stent
designs

The effect of the 3D-RA
blood rheology on the

WSS has been

evaluated

A Carreau-Yasuda 3D- MRA
model was applied to
capture the non-
Newtonian rheology
of blood, and the WSS
was compared for
both Newtonian and
non-Newtonian flows
at different Reynolds
numbers

Study the wall shear
stress distribution in a
cerebral aneurysm
using the lattice
Boltzmann method

3D- MRA

Study the influences 3D-RA
of non-Newtonian

blood properties on

flow patterns and

wall shear stress

Examine the effects 3D-DSA
of WSS that may
contribute to

aneurysm formation

power law
model
Unsteady flow
Rigid walls
Uniform inlet
velocity

A Newtonian
and a Non-
Newtonian fluid
using Carreau-
Yasuda fluid
model
Unsteady flow

Non-Newtonian
fluid using
carreau-Yasuda
model.
Constant inlet
velocity

Non-Newtonian
fluid using
carreau-Yasuda
model
Constant inlet
velocity

A Newtonian
and a Non-
Newtonian fluid
using Herschel—
Bulkley fluid
model
Unsteady flow

Non-Newtonian
fluid using
Carreau model
unsteady flow

important to
include in order to
avoid
underestimating of
WSS and to
discriminate more
effectively between
stent designs

The oscillatory WSS
that indicate the
damage of the
aneurysm is 0.94 Pa
in the Carreau-
Yasuda case and
1.56 Pain the
Newtonian case
The Carreau-Yasuda
model leads to a
lower viscosity near
the walls and a
lower WSS
comparing with
Newtonian flow

It can be observed
that the maximum
value of the WSS is
overestimated by
approximately 30%,
if non-Newtonian
effects are not
taken into
consideration

The impact of
shear-thinning
behavior on WSS
showed significant
alterations only in
regions with high
velocity gradients
than Newtonian
model

WSS oscillated
between a
maximum and
minimum value and
there was also
reversal of WSS
force vectors. The
observance of WSS
reversal could
generate
pathological triggers
causing aneurysm
initiation
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[133] 3 Patient- 3saccular The impacts of non- Using e Two non- The difference
specific cerebral Newtonian blood rotational Newtonian between the two
aneurysms rheology models have CTA scan models (Carreau non-Newtonian
been examined. and Cross) have  models and the
been used and Newtonian one is
compared with higher than the
the Newtonian difference between
model the two non-
Newtonian models
regarding the
velocity magnitude
and the WSS
[134] Ideal NA Study the influence of The e Non-Newtonian The wall shear
coil embolization on geometry fluid using stress and the wall
wall loading in terms considered carreau-yasuda loading within the
of pressure and wall is a bent model aneurysm are
shear stress tube witha e Womersley greatly diminished.
sphere- velocity profile Hence, stabilizes
shaped the evolution of the
aneurysm aneurysm
modeled
as a bulge
located at
the central
location
[135] Ideal NA Assess the impacts of  NA e Non-Newtonian Coil insertion
coiling embolization fluid using decreased wall
on intra-aneurysmal carreau model shear stress and its
flow and wall shear e flat-profile gradient in both the
stress in the dome velocity inlet inflow zone and the
and neck regions e Unsteady flow downstream parent
using CFD vessel
[136] 1 Patient- 1ICA The effect of 3D-CTA e Non-Newtonian  High blood pressure
specific hypertension and fluid using and lower modulus
modulus of elasticity Carreau model of elasticity are
were analyzed in e Flexible walls important factors
terms of fluid flow, e Unsteady flow that potentiate
wall shear stress and aneurysm growth
pressure and rupture
Table 4

Summary of blood rheology models used with intracranial aneurysm CFD models

Viscosity Model

Constitutive Equation

Newtonian
Carreau

Carreau-Yasuda

Generalized power-law

Constant viscosity ranging from 3.5 mPa to 5mPa [60-60,65-69]

n-—1
1= o + (o — Heo)[1 + (A7)?] 72
Ue=0.00345 Pa.s , 1y=0.056 Pa.s, 1=3.313 s and n=0.3568 [1,37,130]
Ue=0.0032 Pa.s, 14,=0.0456 Pa.s, 1=10.03 s and n=0.344 [129]

1= oo + Gt — )1+ AT

Ue=0.0035Pa.s, 1y=0.16Pa.s, 1=8.2s, a=0.64 and n=0.2128 [126]

Carreau A:
Ue=0.00345Pa.s , 1,=0.056Pa.s, 1=1.902s, a=1.25 and n=0.22 [102]
Carreau B:
Ue=0.0022Pa.s, uy=0.022Pa.s, 1=0.110s, a=0.644 and n=0.392 [102,128,129]
1=t + (Mo — Hoo)[1 + (KY)?]"
Ue=0.00345Pa.s , uy=0.056Pa.s, K = 10.976S2 and n = - 0.3216 [32]

l,[_:

/17"_1
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Iyl —b
A=y +Auexp|—|1+ 7 exp\~—

n=ne,—Anexp|— 1+<—) exp(—,)

Ue = 0.0035 Pa.s, Ay = 0.025 Pa.s,a =50

b=3,¢c=50,d=4,n,=1and An = 0.45 [60,101-102]
Power-law u=Kym1

K = 14.67 * 1073NS™/m2and n = 0.7755 [40,99]

K = 0.0161 NS™/m?and n = 0.63 [124]

Cross B= oo + (o — Heo) /(1 + (AV)™)
Ue=0.0036 Pa.s, 11,=0.126 Pa.s, n=0.64 and 1=8.2 s [40,67,133]
Walburn-Schneck p = Cye(Ca+Ca/H?)yA-CotD)

(1=0.00797Pa.s, €,=0.0608, (3=377.7515
and C,=0.00499 [40]

Herschel- Bulkle _ paen-1 To
Y w=Ky"+ ()
K =8.9721 * 1073 NS™/m?, n=0.8601
and o = 0.0175 N/m? [104,129]
. . 2

Casson w=(1/M[Ko(0) + Ky (0)7]

Ky(c) = 0.1937 (Pa)/?,

K,(c) = 0.055 (Pa.s)/? [40]

Z  2UeN,
7
No = /no(1 — Hct) =25

Uoo=+/ (0.625Hct)3

Hct = 0.4
1o = 0.00145 Pa.s [102]

1 __ __ 2
U= He [1 5 (Ko + KV 77e/ (L +T770)) 90]
fo, = 0.0012Pa.s , Ky = 4.33, K., = 2.07
y. = 1.88 571 and ¢ = 0.45 [40]

+ N2

U

Quemada

3.2.1 Hemodynamic studies using non-newtonian models in intracranial aneurysms

Several studies give credence to the relation between hemodynamic forces and the vessel wall
in the genesis of intracranial aneurysm [113-115]. The most debated parameter has been the WSS.
Thus, there are various factors including the non-Newtonian blood rheology effect that should be
taken into consideration when studying the arterial blood flow.

Studies revealed that WSS is an important hemodynamic factor in intracranial aneurysm genesis,
growth and rupture [83, 113, 116, 117]. The most important parameter that affect the WSS is the
blood viscosity. Both, low and high WSS paradoxically involved in aneurysm initiation, development
and rupture. Most literature showed that the high WSS can be a possible culprit in the formation of
IA, when surpass a certain threshold [28, 39, 81, 88, 118, 119], while the low WSS is associated to
growth and rupture of IA [28, 39, 81, 88, 118-120]. Moreover, the low WSS may prompt inflammation
in the wall and then, the apoptosis of EC, which promote the degradation of the aneurysmal wall and
lead to rupture [81, 121, 122].

Most of previous works proved that there is an overestimation of the WSS, when neglecting the
effect of the shear-thinning in the simulation [44, 47]. Leuan et al., [43] found that the use of
Newtonian fluid can give WSS values three times greater than those produced by the non-Newtonian
fluids. On the contrary, some discovered that there is an underestimation of the WSS by neglecting
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the shear-thinning [123, 124]. Figures 5-7 show the average WSS, maximum WSS and minimum WSS
respectively of the Newtonian model compared to the non-Newtonian model [40, 41, 99, 102, 125].

ONewtonian Cnon-Newtonian
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[36] [42] [44] [47] [102] [104] [117] [124] [127]

Reference study

Fig. 5. Comparison of average WSS reported in Newtonian and non-
Newtonian models

Previous studies have reported that the non-Newtonian assumption are more accurate and
significant to model the blood hemodynamics [62]. Surprisingly, most Newtonian models produce
higher average WSS values than the non-Newtonian models, as shown in figure 5. In addition, all the
non-Newtonian models have lower maximum and minimum WSS values than the Newtonian as
shown in figures 6 and 7 respectively. Thereby, the non-Newtonian effect cannot be neglected so as
to avoid overestimating WSS. The effect of the blood rheology on the WSS has been assessed in a
patient-specific middle intracranial aneurysm by comparing the Carreau-Yasuda model to the
Newtonian model [126]. It is concluded that the oscillatory WSS that indicate the damage of the
aneurysm is 0.94 Pa in the Carreau-Yasuda case and 1.56 Pa in the Newtonian case and in the non-
oscillatory case, the results obtaining were the same.
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Fig. 6. Comparison of maximum WSS reported in Newtonian and
non-Newtonian models
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Fig.7. Comparison of minimum WSS reported in Newtonian
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Suzuki et al., [46] studied the differences between the commonly used Newtonian model and the
non-Newtonian model on the WSS in three different sized intracranial aneurysm models. They
normalized the time-averaged WSS distributions by the WSS values obtained with the Newtonian
model. All the results obtained with the Newtonian model show a distribution of 1 because WSS in
these cases was divided by itself. The results obtained with the non-Newtonian model show areas of
markedly increased WSS. However, there are also areas where WSS is lower than that obtained with
the Newtonian model. Therefore, the distributions show a mix of regions where the Newtonian
model overestimates WSS and regions where the model underestimates WSS. Furthermore, the
effect of four non-Newtonian models (Casson, generalized power law, and the two form of Carreau
models) have been investigated by studying the WSS of cerebral aneurysms [102]. It is found that all
the non-Newtonian models report a lower WSS than that obtained with a Newtonian model in the
same geometry. Additionally, they found that the Carreau model is the most conservative predictor
of aneurysm vulnerability as well. From this study, the non-Newtonian effects are found to be more
significant in aneurysms at bifurcations than in sidewall aneurysms, and also more influential within
aneurysms than in the parent vessel. On the contrary, Xiang et al., [47] found that the Newtonian
fluid assumption is satisfactory in CFD simulation of healthy vessels and aneurysms that do not harbor
regions of pronounced low shear. Although, the non-Newtonian characteristics of blood should be
taken into account when modeling the flow dynamics in aneurysms with low shear flow, which are
located in aneurysms with complex geometries.

Carty et al., [127] computed the WSS of a CA by studying the effects of non-Newtonian viscosity
model and compared with a Newtonian model. The study revealed that the value of WSS of a CA was
significantly affected by the non-Newtonian blood analog within low-shear-rate areas which is 42%
lesser than the Newtonian one. In addition, they found that the endothelial cells that are exposed to
high levels of WSS are more prone to vasculature diseases. Thus, the impact of non-Newtonian
viscosity model is very crucial and effective especially for blood flow in low-shear-rate areas in a CA.
Bernsdorf and Wang [128] applied the Carreau-Yasuda model to catch the shear-thinning rheology
of blood and they calculated the WSS for both Newtonian and non-Newtonian flows at different
Reynolds number by using the lattice Boltzmann method. They found that the non-Newtonian
behavior of blood can cause the decrement of viscosity in proximity to the wall and also the
decrement of WSS comparing to the Newtonian model at a range of Reynolds number. However,
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Bernsdorf and Wang [129] found an overestimation of WSS by approximately 30% when ignoring the
shear-thinning effects.

Valencia et al., [130] observed that the impact of the shear-thinning rheology are significant only
in zones with high velocity gradients which show great spatial and temporal alterations on
aneurysmal wall. However, on the aneurysmal wall, results are the same between Newtonian and
non-Newtonian blood flow.

The non-Newtonian effect was studied using the Carreau viscosity model by [131] in 3 sidewall
aneurysms. It was found that the WSS is low before the formation of the aneurysm and then, the
WSS oscillated between maximum and minimum values coinciding with systolic and diastolic cardiac
phases. Additionally, there was a reversal of WSS vectors which create the initial stage causing
aneurysm genesis. On the other hand, Goodarzi et al., [132] found that there were small alterations
on the WSS and WSS divergence when studying the near-wall velocity field of three aneurysms by
using the generalized Carreau model versus the Newtonian model. They concluded that the non-
Newtonian effects on the flow pattern could be neglected.

Moreover, the effect of two shear-thinning models (Carreau and Cross) for blood has been
determined and compared with the standard Newtonian model by using three different realistic
geometries of saccular aneurysm obtained from CTA [133]. It is noted that the difference between
the two non-Newtonian models and the Newtonian one is higher than the difference between the
two non-Newtonian models regarding the velocity magnitude and the WSS. However, the Newtonian
model has the greatest pressure drop, which indicates greater viscous forces than those of the non-
Newtonian ones. So, the selection of the viscosity model can play a noticeable role in the results.

Hippelheuser et al., [42] examined the hemodynamic forces within 26 patient-specific cerebral
aneurysms in the case of bleb formation by studying the impact of the Newtonian and the non-
Newtonian (Carreau) viscosity models. The analysis demonstrated that using the Newtonian
simplification of constant viscosity yielded no statistical differences between aneurysms with and
without blebs, and resulted in greater TAWSS. On the other hand, for the non-Newtonian analysis,
aneurysms with blebs showed significantly lower 5% TAWSS compared to those without.

3.2.2 Applications to IA therapy

The influence of coil embolization on wall loading in terms of pressure and WSS has been studied
numerically in ideal geometry keeping into consideration the non-Newtonian behavior of blood by
using the Carreau-Yasuda model [134]. The study revealed that the WSS within the aneurysm is
greatly diminished for Reynolds numbers (Re=500 and Re=1500) after coil enroliment, and that the
velocity magnitude becomes marginal. In addition, the pressure keeps the same levels before and
after the coil. When the wall loading is decreased, the evolution of the aneurysm could be stopped,
and thus considered as an advantage. Furthermore, Schirmer et al., [135] assessed the impact of coil
insertion on the intra-aneurysmal flow and WSS in the dome and neck regions by using the Carreau
model. Results show a crucial role for the coil embolization position on both intra-aneurysmal and
parent vessel hemodynamics, with little influence on pressure distribution, and that the effectiveness
rank of coil-parallel orientation is greater than the transverse, and also that the transverse is greater
than an orthogonal. In addition, coil enrollment decreased WSS as well as its gradients in both the
inflow zone and the downstream parent vessel. Moreover, the influence of blood viscosity on the
flow within a coiled aneurysm has been investigated [44]. Both Newtonian and non-Newtonian
(Casson) models were considered. To conclude, the assumption of a Newtonian model can be
suitable only for the high-viscous regions. In addition, the influence of the non-Newtonian viscosity
and flow pulsatility has been investigated to differentiate between the most suitable stent designs.
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The flow assumed to be non-Newtonian by using the Power Law model. It is found that the non-
Newtonian and pulsatile impacts are substantial to include in order to avert the belittling of WSS, to
configure the hemodynamics and to more effectively distinguish more between stent designs. A
patient-specific intracranial aneurysm has been analyzed to study the effect of hypertension and
modulus of elasticity, taking the Non-Newtonian rheology of blood into account. The aneurysm
region encountered great stress and deformation, and hence, elevated blood pressure. It is noted
that the maximum deformation of the aneurysmal wall increased with the decrement of the wall
modulus of elasticity. Therefore, elevated blood pressure and lower modulus of elasticity could be
crucial factors which accelerate the aneurysm's growth and rupture [136]. (Readers should refer to
Table 3)

4. Conclusion

This review shows clearly the differences between Newtonian and non-Newtonian modeling
approaches in the CFD models of intracranial aneurysms. There are numerous discrepancies that can
be identified in literature. The staggering discrepancy is found to be the lack of consensus regarding
the non-Newtonian model that could best represent blood flow in intracranial aneurysm. On the
other hand, the Newtonian assumption, which is widely used in literature, produces overestimations
of aneurysm WSS. Therefore, there is no consensus on the patterns of WSS that could lead to rupture
or aneurysm growth. The literature reviewed in this paper shows another important discrepancy in
the state-of-the-art knowledge of IA hemodynamics. Different studies use different IA models
regardless of their anatomical relevance. In other words, in one study, IA models from posterior and
anterior locations are compared, in another study cerebral, carotid and vertebral IA models are
compared. The physiological and anatomical parameters are neglected in some published studies,
which leads to scattered opinions regarding the role of hemodynamics in IA development at large.
Thus, blood viscosity models are debated in different studies, with some works claim that the
Newtonian assumption is sufficient, however, on no solid ground. Future studies aim to bring CFD
models of IA closer to clinical applications should first classify IA models in question according to their
physiological, anatomical and morphological relevance. Future studies should also investigate the
nature of blood flow in IA and whether or not it exhibits effective non-Newtonian behavior. Fine
tuning of non-Newtonian models is also mandatory if the CFD models are intended to present
measures of IA growth and rupture.
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