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The significant progress in computer innovation technique, computational fluid
dynamics (CFD) has been applied for real applications on patient-specific
hemodynamics and extensively used to study cerebral aneurysm rupture. In addition,
the computational study with representative blood vessel configuration has become a
great tool in providing comprehensive information on geometry, the flow field of blood
and wall shear stress (WSS). Generally, the numerical simulations have an expected
problem on the specification of the exact boundary conditions which leads to
unphysical numerical solutions. Therefore, this paper tends to find out whether CFD
simulation manages to obtain precise and better predictions of hemodynamics
patterns at present time especially for phase-contrast magnetic resonance imaging
(PC-MRI) in terms of the velocity flow field and WSS distribution. Several research
articles are included and their qualitative and quantitative results on hemodynamics
have been compared. Both MRI measurement and CFD simulation have reasonably
good agreement on velocity flow fields and a detailed spiral recirculating flow pattern
can be observed in CFD simulation as compared to MRI measurement instead.
However, CFD simulation has overestimated the WSS, especially at the maximum WSS
location. The CFD simulation is capable to achieve good agreement on velocity flow
fields with MRl measurement, yet the result for WSS distribution has to be further
improved and justified with consistent assumptions and techniques.

Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

The consideration of hemodynamics is crucial for a comprehensive understanding and diagnosis
of biological responses towards the cerebrovascular system of humans [1-4]. One of the pronounced

* Corresponding author.

E-mail address: shehhong.lim@gmail.com (Lim Sheh Hong)

https://doi.org/10.37934/arfmts.68.2.112123

112



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 68, Issue 2 (2020) 112-123

biological responses, particularly subarachnoid hemorrhage (SAH) is typically initiated due to cerebral
aneurysm rupture [5]. The yearly reported case of a cerebral aneurysm in Malaysia is up to 1.1-1.7
percent of 100,000 population while the rupture of cerebral aneurysms is supplementary to notable
morbidity and a monthly mortality rate of up to 35 percent [6-8]. Therefore, clinicians and
researchers in the medical industry nowadays are striving for a better diagnosis or interpretation
method to determine the hemodynamics of cerebral aneurysms.

The current available approaches are phase-contrast magnetic resonance imaging (PC-MRI) [9—
19] and model-based computational fluid dynamics (CFD) simulations [9,10,13—18]. PC-MRI has been
widely used in modern years due to its hustle-free operation and unrestricted 3D anatomical
coverage image. The flow velocity and magnitude images are able to be extracted from PC-MRI
images. The measurement is taken into account for qualitative interpretation to reveal the presence,
magnitude, and direction of blood flow. Plus, flow velocity, volume flow rate and displaced volumes
can be acquired through the quantitative interpretation from the measurement [20-22]. The only
limitation of PC-MRI is because of the inadequate spatial and temporal resolutions which
subsequently affect the exactitude of hemodynamics approximations [23]. Therefore, CFD simulation
is further used as a substitute to predict behavior or blood flow patterns in various vascular
geometries, namely cerebral aneurysms [1,9,13], cerebral arteries [17], thoracic aorta [24] and
carotid bifurcation [9,15,18].

The CFD simulation performs fluid flow numerical analysis through the constructed three-
dimensional (3D) models which are replicated from radiography and medical imaging sources to
visualize the flow fields of blood and dictate hemodynamics using Navier-Stokes equations. With
regard to the parameters involving geometry and physiology, the CFD simulation is known to be time-
consuming for solving the governing equations. During the simulation, users are required to define
boundary conditions, but there is no unified rule to define the boundary conditions. Therefore, the
validation of the results is unreliable due to human error which depends on one’s particular
assumption [25].

However, there are researches concluded that CFD simulation can be reliable and achieves good
agreement with PC-MRI measurement [15,17,18]. Therefore, this review paper is to find out whether
CFD simulation manages to attain accurate, close and better approximations of patient-specific
hemodynamics as PC-MRI measurement at present. The qualitative determination of the velocity
flow field and quantitative determination of relative WSS distribution between PC-MRI measurement
and CFD simulation are the principal and secondary outcomes in this paper, respectively.

2. Methodology
2.1 Article Preference

Original research articles involving the studies and comparisons of hemodynamics effects such as
velocity flow field and WSS distribution by showing the level of agreement in terms of PC-MRI
measurement and CFD simulation specifically in the patient-specific cerebral aneurysm are preferred.
Most of the selected articles must have involved both PC-MRI measurement and CFD simulation for
comparison. Other research articles involving animal-specific cerebral aneurysm are excluded from
the analysis. The research articles which involve the study of both patient-specific cerebral aneurysm
and blood vessel or artery are taken into consideration and being reviewed by focusing on the
aneurysm measurement only.
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2.2 Data Extraction and Analysis

Several data had been extracted from each research article to facilitate analysis or comparison.
The extracted data includes the author, patient age, aneurysm location, aneurysm diameter (if
available), PC-MRI acquisition technique, CFD simulation acquisition technique, parameter
assumption (primary viscosity, density, velocity and pressure if available) for CFD simulation, level of
velocity flow field agreement and level of WSS distribution agreement. For the qualitative
determination of the velocity flow field between PC-MRI measurement and CFD simulation, specific
images were extracted from the articles and compared at respective orientation or direction
gualitatively. For the quantitative determination of relative WSS distribution between PC-MRI
measurement and CFD simulation, the quantitative measurements from the articles were extracted
and then compared the relative values of WSS distribution in terms of percentage between PC-MRI
measurement and CFD simulation.

2.3 Material Specifications

The research conducted by Rispoli et al., [10] demonstrated the use of CFD—MRI combined solver.
The authors conducted simulations using the approach of the finite volume method. Also, idealistic
assumptions such as rigid walls and Newtonian viscosity were imported to the SIMPLER algorithm in
Cartesian grids in Matlab for simulations. In their work, combined solver simulations assumed
density, viscosity and flow velocity of blood to be 1,100 kg/m3, 0.005 Pa.s and 8 cm/s, respectively.
In vitro and in vivo analyses were conducted by Van Ooij et al., [11] on WSS estimations on the
patient-specific cerebral aneurysm. For in vitro analysis, a replicated artificial glass model of a 9 mm
diameter aneurysm of an anterior communicating artery (AcomA) was used. However, for the vitro
model, it was then scanned with a 3.0 Tesla MR scanner. The 3D model was processed using VTMK
and FLIRT. The CFD simulations were performed using FLUENT by applying constant and pulsatile
flow. The density, viscosity and flow velocity of blood used in their analysis have a slight difference
from Rispoli et al., [10] which were 1,060 kg/m3, 0.004 Pa.s and 15 cm/s, respectively. Naito et al.,
[12] performed flow dynamics analysis on patient-specific cerebral aneurysms using magnetic
resonance fluid dynamics (MRFD). The authors determined the differences in both the velocity flow
field and hemodynamics between MRFD and CFD simulation. A total of 15 elderly people were
investigated. The aneurysms were scanned with a 3.0 Tesla MR scanner with a resolution of 1 x 1 x
0.8 mm. For the CFD simulation, three-dimensional (3D) models were constructed by using
Aquilium64 through CT measurement. The velocity fields and WSS were computed using FLOVA by
using DICOM data from the PC-MRI image. The non-Newtonian fluid property for blood was assumed.
The simulations were performed using density, dynamics viscosity and flow velocity of the blood of
1,055 kg/m3, 0.0049 Pa.s and 10 cm/s, respectively.

Isoda et al., [13] also conducted a comparison on the hemodynamics of patient-specific cerebral
aneurysms between PC-MRI measurement and CFD simulation on five patients of 51 to 71 years old.
The diameters of the aneurysm from the patients were within 3 to 8 mm. The PC-MRI imaging on the
aneurysms was performed by using a 1.5 Tesla MR scanner with the same resolution used by Naito
et al., [12]. The aneurysm models used for CFD simulation were built using Amira software. Image
smoothing and segmentation were also conducted using the same software. The CFD simulation for
the aneurysm models was then performed by using ACUSIM software to acquire 3D velocity vector
fields. The fluid conditions were Newtonian and incompressible with a specific density and viscosity
of 1,054 kg/m3 and 0.0038 Pa.s, respectively. The vessel wall conditions used were rigid with no-slip
conditions. A research article published by Boussel et al., [1] concerning the exactitude of PC-MRI
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measurement implemented in vivo in three patients ranged from 44 to 68 years old. The studied
subjects, referring to the cerebral aneurysms with a diameter of 12 to 18.2 mm were found at the
basilar trunk. The aneurysms were scanned with a 1.5 Tesla MR scanner with a resolution of 1 x 1 x
1.2 mm. For the CFD simulation, 3D models were constructed by using Rapid form through contrast-
enhanced magnetic resonance angiography (CE-MRA) measurement. The background noise together
with the non-participated smaller vessels was removed and the surface was smoothened. The
velocity flow fields and WSS were figured using FLUENT. The flow conditions used were laminar and
Newtonian while the rigid arterial walls were considered as the lack elastin aneurysmal blood vessels.
The viscosity of blood used was 0.035 Pa.s.

The simulation work by Mohd Adib et al., [26] was conducted based on three approaches on ten
patients diagnosed with aneurysms with diameter ranging from 1.81 to 9.13 mm at peak systole
condition at which the different maximum blood velocities were obtained through PC-MRI
measurement images, unlike the other authors who held the velocity at constant. The PC-MRI images
were captured using 3.0 Tesla MR scanner. The 3D models of aneurysms were constructed from
digital subtraction angiography (DSA) images using AMIRA software and were then exported to CD-
Adapco software to generate the velocity flow field and WSS distribution with polyhedral meshing.
The conditions applied on fluid were Newtonian, compressible with density and viscosity of 1,050
kg/m3 and 0.035 Pa.s while the conditions applied on vessel wall were rigid and no-slip. Some details
extracted from the articles are listed in Table 1.

3. Results
3.1 Principal Outcome: Velocity Flow Field Comparison

The results obtained by Boussel et al., [1] on the flow conditions of aneurysms located at basilar
trunk at peak systole which displayed a complete illustration of the flow complexity for
measurements showed that the visual comparison with regard to velocity flow field of PC-MRI
measurement has good agreement with the results obtained from CFD simulation. The visualizations
of the velocity flow field for patient 1 and patient 3 were similar as compared to the PC-MRI images.
However, the velocity flow field for patient 3 showed high visibility of the recirculating flow due to
the high value of WSS in the region of fast passage in CFD simulation. Isoda et al., [13] reported that
the velocity flow fields generated from both measurements have a high level of agreement. The
shearing velocities in PC-MRI images and CFD simulations were similar with regards to location and
pattern. The authors also mentioned that minor shearing velocities were perceived above the 3D
streamlines spiral flow and the only image which showed significant visualization at basilar artery-
superior cerebellar artery (BA-SCA) (refer Figure 1). They claimed that the location at which the spiral
flow was observed did not always correspond to what obtained in the MRFD image as compared with
the CFD image.

The results obtained by Naito et al., [12] showed that the 3D velocity flow fields have similarities
in the results acquired from the PC-MRI image and CFD simulation. They also reported that CFD
simulation showed less visualization in one case when evaluating the aneurysm flow but somehow
CFD simulation managed to show unusual flow pattern at one posterior communicating artery
(PcomA) aneurysm of a 72 years old patient before rupture (refer Figure 2) as compared to MRFD
which was constructed based on PC-MRI measurement. The study by Rispoli et al., [10] proposed an
algorithm incorporating both the Newtonian fluid physics model and a linear PC-MRI signal model to
generate the velocity flow field. Velocity flow fields with better agreement were generated through
direct PC-MRI measurements (refer Figure 3). The proposed approach improved the exactitude of
the velocity flow field estimations. Moreover, it thoroughly satisfied the fluid dynamics equations.
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Table 1
Details of studied articles
Article, Year Patient Age Aneurysm Location  Simulation Viscosity Velocity
(years old) Software (Pa.s) (cm/s)
Boussel et al., [1], 44 Basilar trunk FLUENT 0.035 NA
2009 59 Basilar trunk FLUENT 0.035 NA
68 Basilar trunk FLUENT 0.035 NA
Isoda et al., [13], 51-71 BA-SCA ACUSIM 0.0038 NA
2010 IC-PC ACUSIM 0.0038 NA
IC-PC ACUSIM 0.0038 NA
MCA ACUSIM 0.0038 NA
IC-Oph ACUSIM 0.0038 NA
Naito et al., [12], 63 AcomA FLOVA 0.0049 10
2012 81 ICA FLOVA 0.0049 10
58 BA FLOVA 0.0049 10
50 ICA FLOVA 0.0049 10
54 PcomA FLOVA 0.0049 10
59 ICA FLOVA 0.0049 10
78 ICA FLOVA 0.0049 10
59 PcomA FLOVA 0.0049 10
65 BA FLOVA 0.0049 10
78 PcomA FLOVA 0.0049 10
56 ICA FLOVA 0.0049 10
66 MCA FLOVA 0.0049 10
76 ICA FLOVA 0.0049 10
72 PcomA FLOVA 0.0049 10
69 ICA FLOVA 0.0049 10
van Qoij et al., [11], NA AcomA FLUENT 0.0040 15
2013 Model AcomA FLUENT 0.0040 15
Rispoli et al., [10], NA NA MATLAB 0.0050 8
2015
Mohd Adib et al., [26], NA ICA CD-Adapco 0.0035 21.2
2017 NA ACA CD-Adapco 0.0035 60.1
NA MCA CD-Adapco 0.0035 29.4
NA BA CD-Adapco 0.0035 72.9
NA ICA CD-Adapco 0.0035 20.1
NA MCA CD-Adapco 0.0035 33.5
NA ICA CD-Adapco 0.0035 30.7
NA ACA CD-Adapco 0.0035 73.1
NA ACA CD-Adapco 0.0035 46.3
NA BA CD-Adapco 0.0035 45.5

Abbreviations: BA basilar artery, BA-SCA basilar artery-superior cerebellar artery, /C-PC internal carotid-
posterior communicating, MCA middle cerebral artery, /IC-Oph internal carotid-ophthalmic, AcomA anterior
communicating artery, ICA internal carotid artery, PcomA posterior communicating artery, ACA anterior
cerebral artery, NA not available

Mohd Adib et al., [26] compared three approaches, namely P-fixed, Q-control and V-optimized in
their work of investigating the relationships of threshold values on the velocity flow field. They found
that there was a smaller difference of 19.3% on the velocity flow field using a V-optimized approach
as compared to other approaches. They claimed that the difference in the velocity flow field might
be induced from the spatial resolution setting. However, they did mention that the assumptions used
on the vessel wall might also affect the finding results as well.
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Fig. 1. Representation of shearing velocity image
facing the apex of the spiral flow (temporal average)
at BA-SCA of a 51 years old female patient. The MRFD
image (left) is compared with CFD simulation image
(right) [13]

MRFD, stream line | CFD, stream line 2 et
Fig. 2. Representation of specific flow patterns indicative
of prospective rupture at PcomA. The MRFD image (left)
is compared with CFD simulation image (right) [12]
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velocity magnitude (cm/s)

Fig. 3. Vector field representation: a)
PC-MRI; b) CFD; c) CFD guided by PC-
MRI measurement relating to the main
velocity component; and d) CFD guided
by PC-MRI measurement relating to all
three velocity components [10]
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3.2 Secondary Outcome: WSS Distribution Comparison

The analysis performed by Boussel et al.,, [1] showed that PC-MRI measurement provided a
reliable velocity flow field pattern inside the aneurysm with satisfactory velocity values dedicated to
clinical diagnostic. Nonetheless, the measurements of velocity gradients caused large errors which
led to misinterpretation of maximum stress and WSS distribution in CFD simulation. The 4D flow MRI
measurement delivered estimation on WSS distribution and it was incapable of providing accurate
absolute measurements of WSS. The authors claimed that the average WSS magnitude of 4D flow
MRI measurement was approximately eight times of that obtained in CFD simulation. There was a
high discrepancy in the measurements and a low agreement on the WSS distribution between 4D
flow MRI measurement and CFD simulation. Isoda et al., [13] performed a regression study and the
results showed a low degree of relationship in WSS distribution at aneurysms between MRFD
produced from PC-MRI results and CFD simulations. The authors used the distinction of the interval,
0.575 and 0.009 mm of the WSS calculation point. This might be the factor contributing to the
distinction of WSS distribution on the aneurysm wall between MRFD and CFD simulations. The
research showed that WSS distribution obtained from CFD was 1.6 times greater than 4D flow MRI
measurement. Naito et al., [12] identified that there was good agreement on the overall magnitudes
for WSS distribution in CFD simulations as compared to MRFD measurement. The authors interpreted
the WSS distributions between MRFD and CFD simulations through a grid with 64 segments. The
authors mentioned that more than 90% compatibility of WSS distribution on the overall investigated
arteries. In spite of the fact that there was an issue of reliability on the absolute value of WSS between
MRFD and CFD, the measurement of the comparative WSS distribution and flow fields can be utilized
to anticipate the hazard of broadening or rupture of aneurysms.

From the analysis conducted by van Ooij et al., [11], it was reported that the WSS approximations
between 3D PC-MRI estimations and CFD simulation were moderate. The WSS magnitude derived
through CFD simulation was doubled as compared to 3D PC-MRI estimations. The authors claimed
that a huge difference in WSS distribution occurred in areas with maximum WSS such as dome and
bleb of the aneurysms even though the boundary conditions used were the same for simulations.
The research by Mohd Adib et al., [26] reported that the flow pattern in WSS distribution was aligned
and provided good agreement with CFD measurement provided that realistic boundary conditions
based on V-optimized approach were applied in simulation. They also claimed that poor and
unrealistic boundary conditions applied to fluid flow and geometry might lead to incorrect estimation
on WSS distribution. The summary of studied articles on the level of agreement on WSS distribution
is shown and illustrated in Table 2 and Figure 4, respectively.

Table 2

Summary of results on WSS distribution

Article, Year Agreement on WSS Distribution
Boussel et al., [1], 2009 Low with errors at high WSS area
Isoda et al., [13], 2010 Low with MRFD

Naito et al., [12], 2012 Good with MRFD

van Qoij et al., [11], 2013 Moderate at high WSS area
Mohd Adib et al., [26], 2017 Good with V-optimized approach

Abbreviations: WSS wall shear stress, MRFD magnetic resonance fluid dynamics,
V-optimized velocity-field-optimized

118



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences Penerbit

Volume 68, Issue 2 (2020) 112-123 Akademia Baru
180
0,
159%  163%
160

M Boussel et al., [1], 2009

M Isodaetal,, [13], 2010
i Naito et al., [12], 2012

(e}
o

M van Ooij et al., [11], 2013

o]
o

M Mohd Adib et al., [26], 2017

Compatibility of WSS Distribution (%)
D
o

N
o

o

Article
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4. Discussion
4.1 Summary of Findings

From the pooled analysis of the papers, most of the reliable discoveries with respect to the
principal outcome on the velocity flow field comparison disclose that only the approximation of
velocity flow fields obtained from both MRI measurement and CFD simulation has reasonable good
agreement and significant spiral circulation of flow field can be observed clearly in CFD simulation as
compared to MRI image with missing signals due to resolution profile.

Besides, the major consistent findings regarding the secondary outcome on WSS distribution
between MRI measurement and CFD simulation exhibit that the CFD simulation has overestimated
the WSS distribution as what obtained at MRI measurement and the difference between MRI
measurement and CFD simulation on the WSS distribution is more pronounced at the area with high
WSS. It is found that using an organized approach for simulation alleviates measurement errors.

4.2 Reasons for Discrepancy of WSS Distribution

The pre-processing and post-processing of measurements for the construction of the 3D model
might be a factor contributing to the inconsistency of WSS distribution. There are several commercial
software such as AMIRA, Aquilium64, VTIMK and FLIRT used for image smoothing, image
segmentation, improving signal-to-noise ratio and building 3D model but somehow, it also depends
on the human factor in terms of techniques and opinions which is subjective and unique with
individuals. Some authors claimed that the technique in processing images strongly affected the
results of WSS estimations [27]. However, there are papers that do not clearly state the procedure in
image processing. Although a traditional approach to process the image by setting all voxels at the
exterior of vessel lumen to 0 m/s, the WSS values obtained may be unexpectedly high.

From the analysis performed by van Ooij et al., [11] and Boussel et al., [1] who utilized distinctive
resolutions in CFD simulations, it was found that there was inconsistency with WSS distribution,
especially at the high-velocity area. This shows that the difference in resolution setting between MRI
measurement and CFD simulation is a significant contributor to WSS distributions or patterns
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[2,27,28]. Most of the CFD simulations imported the inlet boundary conditions from MRI
measurements which may affect the computation of CFD calculation. Stalder et al., [29] mentioned
in their research that the implementation of high spatial resolution showed a remarkable effect on
WSS distributions however, their research was conducted on aorta instead of the aneurysm. This
implies that the setting of spatial resolution is indeed an important factor in simulation. Mohd Adib
et al.,, [26] did mention in their paper that the use of low spatial resolution might lead to
underestimation of vascular vessels and therefore, they introduced a physically consistent feedback
control-based data assimilation (PFC-DA) method [30] to improve blood flow analysis by coupling the
body force attributed to the velocity residual errors due to resolution settings with the pressure
boundary condition for the pressure-driven blood flow system. Most of the authors did not mention
the resolution settings which unconsciously contributed to inconsistency in result validations.

The assumptions or boundary conditions are crucial for solving the Navier-Stokes equation and
yet, the validation of the result is still uncertain. Boussel et al., [1] assumed the wall vessel to be lack
elastin but somehow, in reality, the healthy elastin-containing vessel does account for compliance
and the hemodynamics effect was not aligned with the wall compliance. Besides, the vessel wall is
flexible as assumed in CFD simulation albeit, with inherent elasticity, this unconsciously leads to an
overestimation of CFD measurements due to the use of rigid phantom in reality [3,31,32].
Furthermore, as mentioned by Mohd Adib et al., [26] in their paper, the assumptions used in
simulation might affect the finding results. Most of the authors might apply no-slip condition on the
vessel wall but there is research concluded that it is more preferable to apply slip condition on vessel
wall as it is more similar to the actual characteristic of the human vessel and might give a better
approximation on hemodynamics [33].

Besides, it could be noticed that most of the studied articles in this review paper assumed
Newtonian as the blood flow property but non-Newtonian by Naito et al., [12]. The study conducted
by Mohamad Shukri et al., [34] claimed that assuming non-Newtonian as the fluid property for
simulation induced profound effects on blood flow pattern and WSS distribution, especially at the
bifurcation and blood recirculation areas. They concluded that non-Newtonian models have to be
utilized in simulations relating to blood flow investigations which give more reliable approximations
than Newtonian models and this might be the contributing factor leading to good agreement of WSS
distribution in CFD simulation as reported by Naito et al., [12]. However, the research work
conducted by Sabaruddin et al., [35] indicated that Newtonian fluid model showed no effect on the
velocity profile and streamline pattern but on temperature distribution and temperature profile of
blood flow, especially at the bifurcated arteries with different stenosis shapes establishing different
blood flow profiles. The authors claimed that different Reynold number would be the dominant
factor affecting the velocity profile and streamline pattern. Yet, the effects of Newtonian and non-
Newtonian have to be further explored in more detailed to provide new anticipation on
hemodynamics in blood flow analysis.

4.3 Limitations

The inconsistency of the result obtained especially for WSS distribution may be due to the broad
consensus among researchers in performing experiments or simulations. The methodologies held by
researchers vary in terms of measurement format, software for image processing and simulation,
assumption of boundary conditions and strength of scanner. The diversity in methodologies held by
researchers leads to many uncontrollable variables and causes inconsistent results. The type and
specification of the instrument (software) have to be clearly stated.
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The parameter to be reported among researchers has to be consistent. In the pooled analysis
with a large volume of measurement, this may make researchers confused to concisely report the
results obtained in the study. It is also subjective to the researchers on which parameter to report.
Some researchers may not mention at which orientation or angle the image is captured, what
meshing size is used for simulation, which WSS (average or maximum) is reported and which cardiac
cycle the WSS is extracted. Consequently, the accuracy of the extracted measurement is affected.

5. Conclusions

The advancement in medical imaging techniques has contributed to the high specification
diagnosis of small patient-specific cerebral aneurysms. Consequently, this has drawn the attention of
researchers and clinicians to approach the imaging strategies which can help in stratifying the hazard
of cerebral aneurysm rupture. This can also bring better intervention to deal with the aneurysm. The
velocity flow field and WSS have seemed to have potential in stratifying risk in various vascular
diseases, just that there is controversy whether low or high WSS leads to initiation, growth and
rupture of cerebral aneurysm and which method is perfectly used to stratify the risk as well as to
study the hemodynamics. In this paper, MRl measurement seems to have a better visualization of
the velocity flow field as CFD simulation but MRl measurement seems to underestimate the WSS
distribution obtained from CFD simulation. Thus, MRI measurement is still considered as the
potential clinical decision-making tool for diagnosis as it has high feasibility and less complexity.
However, the diagnosis of vascular disease can be more practical and accurate with a more advanced
method. The CFD simulation is capable to achieve good agreement with MRI measurement, yet the
result for WSS distribution has to be further improved and justified with consistent assumptions and
techniques.
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