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potential treatment options. A patient-specific Magnetic Resonance Imaging (MRI)
scan of a human brain was utilized to create a 3D model of the arterial system. Blood
flow simulations were conducted using the ANSYS (Fluent) R2021 software package.
The ICEM meshing tool within the ANSYS software was employed to prepare the
models. The velocity rise and pressure drop were observed in the branching of the
basilar artery. This can provide valuable patient specific information on various
cerebral diseases, and drug delivery cases. The non-Newtonian properties of blood

Keywords: were established by inputting the Power Law parameters into the ANSYS Fluent
Brain MRI; vertebral-basilar artery; non- system. It was observed that the effects of non-Newtonian properties of blood are
Newtonian blood relatively negligible for the large vessels studied (> 200 um).

1. Introduction

Mathematical modelling has emerged as a valuable tool for researchers to investigate and
analyze a wide range of blood flow conditions in the human body using computational methods [1-
4]. The primary objective of these studies is to enhance our understanding of the propagation of
diseases and facilitate the discovery of new drugs [5,6]. By utilizing mathematical models, researchers
can simulate complex physiological processes and investigate how various factors affect blood flow,
enabling them to make accurate predictions and test different hypotheses [7-10]. These studies have
the potential to significantly advance our understanding of the human body and pave the way for
more effective treatments for a range of medical conditions.

During the past decade, the computational analysis of blood flow in human arteries has been
elaborately studied [11-16]. CFD helps researchers analyze blood flow conditions inside complex
artery systems, that are highly difficult to analyze empirically. One of the most critical and complex
artery systems is the cerebral artery [17]. Diseases that may take place in the cerebral artery system
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include stroke, carotid stenosis, vertebral stenosis, intracranial stenosis, aneurysms, and vascular
malformations [18]. Gaining knowledge on patient-specific blood flow through the cerebral arteries
will provide valuable insight into the mentioned disease propagation and possible treatment steps.

The method to incorporate a PC-MRI signal model into a Newtonian fluid computational model
was proposed by Rispoli et al., [19] where the researchers studied fluid flow in a carotid bifurcation.
Another study performed by Gharahi et al., [20] introduced a computational model that studied
carotid bifurcation based on actual human anatomy and volumetric flow rate obtained by PC-MRI
data. They found that the PC-MRI data outputted non-precise results when measuring the blood
velocity near the artery walls, whereas Computational Fluid Dynamics (CFD) on the other hand
provided more accurate results. Furthermore, various mathematical modeling studies have been
performed where the non-Newtonian properties of blood have been explored. For example,
Priyadharsini et al, [21] performed a study on blood viscosity changes based on body
thermoregulatory responses in a stretched capillary. Krishna et al., [22] proposed a continuum model
for the transport of red blood cells (RBC) inside arteries and capillaries of small diameters. Haipeng
et al, [23] aimed to investigate the differences in cerebral hemodynamic metrics built with
Newtonian and non-Newtonian fluid assumptions, in patients with intracranial atherosclerotic
stenosis.

Although there have been numerous CFD studies that involve a non-Newtonian model of blood,
the study that incorporates a patient-specific non-Newtonian blood flow model in a human cerebral
basilar artery has not been widely studied [24-27]. A non-Newtonian fluid is a fluid that has viscosity
changes with applied shear. Blood is a shear-thinning fluid, which means the viscosity decreases with
increased shear [28-30]. On the other hand, a Newtonian fluid is a fluid that has constant viscosity
with applied shear. A patient-specific CFD model that is incorporated with the non-Newtonian
properties of blood, can be a suitable platform to broaden the understanding of cerebrovascular
diseases.

This study focuses on simulating and comparing Newtonian and non-Newtonian blood flow
properties inside a patient-specific anatomically accurate vertebral-basilar artery system (an artery
within the cerebral system) (Figure 1). The aim of this report is to study hemodynamic parameters
(velocity & pressure) inside the arterial system of interest. The model includes the vertebral artery,
basilar artery, and posterior cerebral artery.

An actual MRI of a human brain was considered for obtaining the 3D model of the arterial system.
ANSYS (Fluent) R2021 software package was used to perform the simulations. The meshing tool ICEM
within the ANSYS software system was used to perform the meshing of the models. The non-
Newtonian properties of blood were established by inputting the Power Law parameters in the
ANSYS Fluent system.
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Fig. 1. A) Vertebral-basilar artery system [31], B) 3D model of the vertebral-basilar artery
considered for simulation.

2. Material and Methods

In Figure 1A, we can see the Vertebral-basilar artery system. The cerebral arteries are responsible
for supplying blood to different regions of the brain and adjacent structures. The largest of these
arteries is the middle cerebral artery, which provides blood to the lateral surface of each hemisphere.
In contrast, the anterior cerebral artery supplies blood to the medial surface of the brain, while the
ophthalmic artery supplies blood to the eye and related facial structures. At the level of the
brainstem, the two vertebral arteries merge to form the basilar artery, which supplies blood to the
posterior part of the cerebral hemispheres, including the occipital and posterior temporal lobes, the
cerebellum, and the brainstem. This is also known as vertebrobasilar or posterior circulation [31].

MRlIcroGL, VMTK, Paraview, and Meshmixer softwares were used to get from an actual human
brain MRI scan to an isolated blood vessel for simulation. An actual human brain MRI Dicom file was
opened using the MRIcroGL software. The dicom file was converted to nii format using a tool within
the MRIcroGL software. Then the nii file was opened in VMTK and converted to vti format. The vti
file was opened using the Paraview software and the vessel section of interest was isolated. The
isolated vessels were opened again in VMTK software for iso-surface selection and was saved in stl
format. Iso-surface parameter of 100 was selected for this study. The stl files were opened in
Meshmixer to further isolate the blood vessels. The Vertebral-basilar artery was isolated in
Meshmixer and the inlets and outlets were demarcated. The final 3D geometry was exported as an
stl part file. The workflow process of achieving a 3D geometry from an actual human MRI is shown in
Figure 2. The geometrical features of the 3D model of the cerebral artery are shown in Table 1.

47



CFD Letters
Volume 15, Issue 9 (2023) 45-55

Dicom file nii file

MRIcroGL ParaView VMTK
stl file

3D model of
the vertebral-
basilar artery

Meshmixer

Fig. 2. Workflow to obtain stl 3D geometry from Dicom MRI file.

Table 1
Geometrical features of the Vertebral-basilar artery system
Vertebral-Basilar Artery Length (mm): 16.87

Measurements of Vertebral Artery Posterior Cerebral Artery
Interest Large Inlet Small Inlet Large Outlet Small Outlet
Lumen dia (mm) 6 4 4.5 1.62

Arm Length - - 13.6 16

The numerical workflow of performing the CFD analysis is shown in the flow chart in Figure 3. The
3D geometry obtained from Meshmixer was used to generate the mesh. Suitable physics models for
Newtonian and non-Newtonian blood were set up in ANSYS Fluent and calculations were run (more
descriptions on each step have been provided later). The simulation results were cross-examined by
manual calculations and validation of the non-Newtonian flow model was provided.
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Fig. 3. Numerical methodology flow Fig. 4. Progression of mesh sizes:
chart for fluent simulation [32] coarse to fine

ICEM tool was used to generate three different sizes of mesh. The minimum mesh element sizes
selected for the model were 0.2 mm, 0.3 mm, and 0.5 mm respectively. Three layers of mesh were
generated for vessel walls to obtain a well-defined fluid boundary layer in the interior walls. For the
different mesh sizes 0.2, 0.3, and 0.5, numbers of generated elements were 1.4 M, 0.42 M, and 97 K
respectively. Figure 4 shows the different types of the generated mesh.

In the setup section of Fluent the inlet temperatures were set as 310 K (normal temperature of
human blood). The heat transfer energy equation was incorporated in the setup (Eq. (1)) [33]. In Eq.
(1) kesr is the effective conductivity (k + k:, where k: is the turbulent thermal conductivity, defined by
the active turbulence model), and ] 7j is the diffusion flux of species j. In Eq. (1), the right-hand side
includes three terms that represent how energy is transferred in the system. The first term is related
to conduction, the second term is related to the diffusion of species, and the third term is related to
viscous dissipation. S, includes the heat of chemical reaction. The inlet of the small vertebral artery
blood velocity was set to 0.32 m/s and the large one was set to 0.3 m/s, assuming a total blood flow
through the cerebral artery to be 750 ml/min (normal range in healthy adults) [34]. For fluid flow
through the artery, Fluent solves the Navier-Stokes continuity equation and the equation of motion
(Eg. (2), Eq. (3) respectively) [35]. The continuity equation (Eq. (2)) states that the rate of change of
mass in a given volume of fluid is equal to the net rate of mass flow into or out of that volume. In
other words, it says that mass cannot be created or destroyed, only redistributed within the fluid.
The equation of motion or momentum equation (Eq. (3)) states that the rate of change of momentum
in a given volume of fluid is equal to the net rate of momentum flow into or out of that volume, plus
the net force acting on the fluid. In other words, it says that momentum cannot be created or
destroyed, only redistributed within the fluid.
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A custom input was provided in the material section to create Newtonian blood. The density,
specific heat, thermal conductivity, and viscosity of the blood was set to be 1060 [kg/m?3], 3513 [J/
Kg-K], 0.44 [W/ m-K], and 0.003 [kg/ m-s] respectively [36]. To create non-Newtonian blood the
“turbulence- expert” was activated in the Fluent console window and the option “non-Newtonian
Power Law” was selected for viscosity. The Power Law parameters for the consistency index k, power
law index n, minimum viscosity limit, and maximum viscosity limit were selected to be 0.2073 [kg sn-
2m-1], 0.4851, 0.00125 [kg/ m-s], and 0.003 [kg/ m-s] respectively. These parameters were based on
previously published literature [37,38]. The convergence tolerance was set to le-6 for the
calculations. 200 iterations of calculation were performed per simulation case. The vessel wall
material was selected as Aluminium and the blood velocity along the vessel was set to be zero. The
reason is, as the bulk of the blood flow happens within the vessel wall due to arterial blood pressure
(lies between 60 and 80 mmHg) [39], the flow induced by vessel wall permeability is negligible [40].

To validate the obtained simulation results some manual calculations were performed for the
small outlet and large inlet velocity and pressure using the volume flow rate equation (Eq. (4)) and
Bernoulli’s equation (Eq. (5)). In Eqg. (4), Q is the flow rate, A cross-sectional area of the artery, and V
the blood velocity within the artery. In Eq. (5), P1, v1, and hy are the vessel inlet blood pressure,
velocity, and height respectively and P2, v, and h; are the vessel outlet blood pressure, velocity, and
height respectively.

Q=AV (4)

1 1
Py+ 2 pvi+ pghy = Py + 5 pvi + pghy (5)

3. Results and Discussion

The simulation results have been summarized in Table 2. It was observed that for all the mesh
conditions the velocity and pressure results were in a similar range, meaning the model is mesh-
independent to an acceptable degree. Thus, just one mesh size (0.3 mm) was considered for non-
Newtonian flow analysis. Figure 5. shows how the velocity has a spike near the outlet of the artery
and the pressure has a sudden drop (velocities and pressures were calculated along the X-axis: length
of the Basilar). Due to the small outlet lumen, this abrupt velocity and pressure change were
observed. The pressure drops to zero in the outlet as the blood escapes the vessel enclosure.
However, this pressure drop to zero is due to considering the artery is sectioned off from the full
cerebral artery systems. In actual human brain anatomy the basilar-artery branches into smaller
sections, and morphs into capillaries, distributing the flow and pressure. So our model gives valuable
pressure and velocity information within the vessel system, and the values at the outlet are not of
consideration. From, Figures 5A and 5B we can see how the velocity increases and the pressure drops
when the basilar-artery branches into two posterior cerebral arteries. In Figure 5, the branching
happens when the X-axis point is at -60 m (position along the artery length). At that point, the velocity
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of the blood increases 7X (0.5 m/sto 3.5 m/s) and almost a 7000 Pa pressure drop occurs. This sudden
change in velocity and pressure in the branching can be a key factor in studying the cerebral
aneurysm that occurs near the branch [41].

Figure 6 shows the contour, vector, and streamline plots for the velocity and pressure. Assuming
the blood flow rate through the small outlet to be 300 ml/min the calculated velocity using Eq. (4)
was seen to be 2.4 m/s and the large inlet pressure was calculated to be 2290 Pa (using Eq. (5)). Figure
6A, 6B, and 6B show the velocity contours, velocity streamlines, and velocity vectors of the blood
within the vessel respectively. This can provide valuable information on patient-specific targeted
drug delivery and drug discovery studies. Figure 6D shows the local static pressure regions within the
vessel. Itis possible that this information can offer personalized data to identify the exact point within
a blood vessel that may be at the greatest risk for cerebral hemorrhage.

Table 2
Result Summary
Inlet-large Inlet-small Outlet-large Outlet-small
Mesh Blood Property Pr. \Y Pr.(Pa) V(m/s) Pr.(Pa) V(m/s) Pr.(Pa) V(m/s)
(mm) (Pa) (m/s)
0.3 Newtonian 2725 0.3 2925 0.32 0 1.71 0 2.02
0.2 Newtonian 2550 0.3 2720 0.32 0 1.69 0 2.06
0.5 Newtonian 2800 0.3 3130 0.32 0 1.773 0 2.25
0.3 Non- Newtonian 2650 0.3 2820 0.32 0 1.725 0 2.11
ANSYS
3.50e+00 2021 R1
3.00e+00 —
¢ int_created_material_8
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Magnitude 150e+00
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It was observed that setting blood as a non-Newtonian fluid did not significantly change the
velocity and pressure values as found for Newtonian blood. This might happen due to the fact that,
non-Newtonian properties of blood are significantly apparent for microcirculation i.e. for very small
vessel diameters (< 200 um). As the minimum lumen diameter this study dealt with was around 1.5
mm, the non-Newtonian properties of blood did not factor in. It was also observed that the calculated
velocity at the outlet was within 19% of the simulations, and the pressure at the large inlet was within
16% of the simulations. These discrepancies may have occurred due to not considering the
gravitational effects of fluid and the un-uniform nature of the blood vessel inlet in the manual
calculations.

4. Conclusions

The effects of non-Newtonian properties of blood are relatively negligible for large vessels (> 200
um). The simulations were within a tolerable percentage of the manual calculations (¥15%). The 3D
geometry of the Vertebral-basilar artery was mesh independent to an acceptable degree. Although
the simulations were not verified using PC-MRI data, the simulation models provided in this study
can be used to analyze the effect of blood flow patterns for complex disease conditions, such as the
development of a cerebral aneurysm. Also, the model can potentially analyze cerebral drug delivery
using blood as the medium. The patient-specific computational simulation can also provide valuable
information on targeted drug delivery and drug discovery studies.

Future work could include the study of non-Newtonian blood flow for microcirculation through
capillaries, to incorporate pulsatile flow behaviors in the model, to see how blood behaves when
subjected to blood thinners (i.e. Heparin), etc. A potential future work could be to incorporate
dynamic meshing and boundary conditions suitable to analyze the effects of vascular resistance and
vessel compliance on fluid dynamics.
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