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INTRODUCTION   

Nowadays, Computational Fluid Dynamics (CFD) studies are improving significantly. With initially verifying the 

result value of military purposes [1], CFD has been acknowledged as the most important study to the automobile industry, 

chemical engineering, machinery, and also for aviation. Nevertheless, CFD is applied widely in the biomechanical and 

biomedical engineering fields in the current trend [2]. The simulation of airflow distribution in the bronchial studies [3] 

and the velocity flow simulation in cardiovascular circulation [4, 5] are the examples of the biomechanical engineering 

field in which CFD studies are much needed for future interventions. In cardiovascular circulation, CFD studies are very 

dedicated to manipulating variables, especially in fluid velocity profile and deriving some equations from parameters 

such as force (F), pressure (P) [6], and wall shear stress (WSS) [7]. Phase Contrast Magnetic Resonance Imaging (PC-

MRI) has been recognized as the reflection instruments in artificial structure research [8] and the method is presented as 

three-dimensional (3D) PC-MRI in the investigation. The integration between PC-MRI and CFD has already shown in 

the research conducted by Wood et al. [9] with a detailed explanation for the blood flow inside the aorta of heart and also 

simulation on the corrected way of lower or higher WSS where it correlated to areas of arteriosclerosis problems. Several 

research groups did the same observation but practically focus on Carotid Bifurcation Artery (CBA) [10–17]. From the 

previous studies [18–21], the authors have investigated the abdominal bifurcation. Time is very compulsory when we use 

the MRI measurement and until now, there is no journal reporting the interest that can be gifted always [22]. The CFD 

can compute the gaps between the calculated data and actual PC-MRI measurements, however, the acceptable integration 

between both PC-MRI and CFD simulation velocity data is required. Too many techniques or setups for conducting 

simulation have been found from the previous studies but there is less or no research concerning the integration between 

PC-MRI measurements and CFD simulation, typically on velocity flow field and WSS distribution. This perspective 

review tends to describe the technical aspects of model geometry reconstruction, review on both CFD and PC-MRI 

methods, compare the mesh models, obtain boundary conditions, define the governing equations in CFD, define the 

material properties, and assumptions used in running the CFD simulations. 

ABSTRACT – Nowadays, the knowledge of precise blood flow patterns in human blood vessels, 
especially focusing on Carotid Bifurcations Artery (CBA) area by using computational and modern 
techniques are very important to develop our understanding regarding to human diseases for both 
essential research and clinical treatment. This paper tends to discuss the progress regarding to the 
integration between Phase Contrast Magnetic Resonance Imaging (PC-MRI) and Computational 
Fluid Dynamics (CFD), specifically to the human diseases. We technically define the model 
geometry reconstruction, review both PC-MRI and CFD methods to create mesh models, obtain 
boundary conditions, define the governing equations in CFD, define the material properties, and 
assumptions used in running the CFD simulations. Detailed information on PC-MRI and CFD is 
provided in tables, such as the MRI setup, software used, CFD model setup, measurement 
parameter, and summary of the result contribution from each reviewed article. Numerous fusions 
between PC-MRI and CFD are specified by summarizing the investigation carried out by significant 
group’s research, reviewing the important outcomes, and discussing the techniques, drawbacks 
and possibilities for further study. We hope that this perspective analysis will encourage a fusion of 
PC-MRI and CFD research contributing to continuous advancement of human health with close 
cooperation and collaboration among clinicians and engineers.  
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PC-MRI PERSPECTIVE 

Presently, the best collective biomedical imaging procedures which cast off to restructure Carotid Bifurcation Artery 

(CBA) model geometry are Megnetic Resonance Imaging (MRI) and Computed Tomography (CT) scan. The CT scan is 

an effective tool for generating X-ray images by classifying human body parts. These images with high contrast resolution 

allow whole human body to be examined through a small change in the resolution of the distinction. However, the MRI 

uses strong magnetic field instead of X-ray radiation which provide clearer image data on the vacular parts as compared 

to the CT scan. For the determination of CBA imaging, the Phase Contrast Magnetic Resonance Imaging (PC-MRI) result 

is mostly a very good prediction since the blood itself can be substituted for a contrast terminal. Besides, the PC-MRI 

may use to measure blood flow rates with time-varying and offer the required flow velocity boundary conditions at both 

artery inlets and outlets which are unavailable in the CT scan [23].  

The model geometry reconstruction usually involves two main stages after image acquisition: image segmentation 

and surface modelling [24,25]. Generally, the image-based reconstruction methods are based on two-dimensional (2D) 

segmentation [26, 27]. The threshold of image intensity is used to automatically detect the area of images that can be 

measured in the investigated model. These techniques can be performed with modifications where it depends on the 

software used either with more or less automation in the detection of data resolution and also the resolution of the medical 

image data [25].  

 

PC-MRI Geometry Detection 

In the medical perspective, the blood and vessel wall are the parameters to be well-known in PC-MRI. Research has 

been ongoing for years and the consistency of the measurement result obtained from PC-MRI is very significant [28]. 

Numerous segmentation methods available nowadays are mainly based on artificial intelligence (AI) recognition and 

mathematical algorithm or modelling [29]. However, there is a consequence of error on the velocity vector data measured 

in a straight tube geometry with the use of mathematical modelling in segmenting image data as reported by Moore et al. 

[30]. Table 1 shows the synopsis of voxel size achievement components in the formerly observed integration between 

CFD and PC-MRI. In this investigation into the detection of vessel model geometry using PC-MRI, there are three basic 

problems detected which are the technique of smoothing process, the chosen optimal voxel size, and the noise at the PC-

MRI measurements. 

 

Table 1. Synopsis of voxel size achievement components on the integration between PC-MRI and CFD [31] 

Author Aim of the study  b (mm) a (mm) △t (ms) 

Thomas et al. [16] Carotid bifurcation 0.313 2 - 

Weston et al. [32] U tube 0.78 2 40 

Long et al. [19] Abdominal bifurcation 1.25 1.5 - 

Xu et al. [21] Abdominal bifurcation 0.94 1.5 - 

Long et al. [13] Carotid bifurcation 0.47 5 NA 

Long et al.[18] Abdominal bifurcation 1.09 1.5 - 

Botnar et al. [33] Carotid bifurcation 0.5 4 25 

Ladak et al. [14] Carotid bifurcation 0.31 2 NA 

Zhao et al. [12] Carotid bifurcation 0.47 1.5 - 

△t is time varying flow between 2 acquisitions, “a” refers to slice thickness, “b” refers to pixel size 

 

Vessel Geometry Segmentation and Assessment to Inflow and Outflow with MRI 

The user must define a start and an endpoint on the vessel to be analyzed in the 3D data space. The vessel segment is 

then automatically detected based on the level set method (threshold). After these segmentation processes and 3D 

reconstruction of the vessel, the cross-sections along the vessel are calculated. Once the geometry of the vessel is 

recognized, the inflow and outflow distributions are compulsory for the assessment of velocity profiles and WSS 

distributions. To reach the accurate inflow and outflow data, it is required to have a description of velocity profiles at 

specific positions. It is based on a standard MRI blood flow achievement yielding accurate and incorrect flow data 

distribution [22]. It is presumed that the parabolic flow velocity profiles in both straight tube and CBA models as shown 

in Figure 1 are the efficient models for blood flow in small diameter vessels with a relatively steady rate of flow. Details 

from the previous studies on the flow acquisition with PC-MRI setup are listed in Table 2 and Table 3 in the following 

section. 
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(a) 

 

 
(b) 

Figure 1. Development of steady blood flow through (a) Straight tube and (b) Carotid Bifurcation Artery (CBA) with 

parabolic flow velocity profiles [34, 35] 

 

Table 2. The difference between inlet and outlet boundary condition type with PC-MRI integrated CFD [31] 

Author Target Geometry Inflow Outflow 

Thomas et al. [16] Carotid bifurcation By hand MR MR 

Weston et al. [32] U tube Prescribe Uniform pressure MR 

Long et al. [19] Abdominal bifurcation Snake Mass MR 

Xu et al. [21] Abdominal bifurcation Snake MR+Mass MR 

Long et al. [13] Carotid bifurcation Snake MR+Mass MR 

Long et al. [18] Abdominal bifurcation Snake MR+Mass MR 

Botnar et al. [33] Carotid bifurcation WLS MR NA 

Ladak et al. [14] Carotid bifurcation Balloon MR MR 

Zhao et al. [12] Carotid bifurcation Snake Uniform pressure Mass 

Cebral et al. [17] Carotid bifurcation TDF MR MR 

TDF: tubular deformable model, WLS: surface modeling using weighted least squares splines, Mass: mass preservation, MR: MRI 

velocity measurement, Uniform pressure: a uniform pressure distribution is set on the boundary, Snake: snake model, Balloon: 

balloon model, NA: not available  

 

Mesh Generation based on a Segmented Vessel 

The current method for mesh generation of a PC-MRI data set will be described particularly on a CBA. Each segmented 

vessel is stated as a load of cross-sections while the CBA is defined by three segmented vessel with each involving a load 

of cross-sections as shown in Figure 2(b). Figure 2(c) illustrates the locations where the PC-MRI velocity profiles are 

measured. To simulate the region between the measured inflow and outflow cross-sections, the segmented image is cut 

off at these positions as shown in Figure 2(c). The cross-sections of the model geometry segmented from PC-MRI were 

converted to rectangles with the same 3D distribution as the rectangles at the mesh surface. Lastly, the standard mesh was 

changed until it matched the segmented data set as shown in Figure 2(d) [36]. 
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(a) (b) (c) (d) 

Figure 2. (a) PC-MRI image; (b) Segmented image; (c) Position of velocity and (d) Matched mesh 

 

CFD PERSPECTIVE 

CFD Geometry Setup 

The first step of pretending blood flow (hemodynamics) is the creation of the CBAs model geometry structure in CFD. 

There have been numerous computational studies reporting the geometrical setup with a flow dynamic pattern in both 

steady flow and unsteady flow conditions [37–43]. Most of the studies claimed that there are difficulties in extracting 

model geometry measurements and velocity flow patterns. Some researchers also established the effect of arch curvature, 

the resulting velocity profiles and the configuration of the flow patterns in the investigated model geometries. 

 

Mesh Generation Process 

In producing a 3D model geometry through the discretization method of the CFD domain, we need to choose among 

structured (hexahedral) or unstructured (tetrahedral or polyhedral) mesh types. For curved branch or unrealistic CBA 

geometries, hexahedral mesh type is preferred. In the patient with aneurysms, the most collective method is to use 

unstructured mesh created by feasible meshing tools, however it requires a different resolution for spreading mesh 

independence through lower computational costs than structured meshes. Further improvements were also notified in 

additional studies and the weak orientation with the crucial flow direction and the high numerical diffusion error 

associated with unstructured meshes were recognized [44]. Hexahedral meshes have been known to provide greater 

accuracy but are typically more difficult to generate in complex geometries. Table 4 presents the mesh types used by a 

few authors’ simulations. Besides, mesh improvement has been infrequently distinguished as the curcial factor by Prakash 

et al. [7] and the resolution of WSS is regularly needed to give more attention. The mesh generation of boundary layer 

methods can also be practiced to upsurge the mesh density close to the wall of arterial [45]. 

 

Material Properties for Human Blood 

It is known that human blood is highly complex. Originally, the human blood is considered as a non-Newtonian fluid 

with relation to the shear rate factor, but it is regularly assumed as a Newtonian fluid in the CFD studies. Although some 

previous studies have initiated important modifications between the results from CFD analysis with and without non-

Newtonian fluids [46–48], most authors claimed that the Newtonian approach is basically perfect in terms of 

approximation based on theories [49]. The key reason for not considering non-Newtonian feature of blood is due to the 

high shear rates at artery with large diameter, especially in transient flow environments, after slow or converse blood 

flow, which make the non-Newtonian properties to be illogical. 

 

Mechanics of Blood Flow in Arteries using Governing Equation 

Throughout the field of engineering, a set of partial differential equations (PDE) known as the Navier–Stokes 

equations can accurately describe the 3D fluid flows in a mathematical form. They are focusing on the law of motion 

(momentum equation), mass conservation (continuity equation), and energy conservation (equation of energy). Under the 

premises [34] of an incompressible, homogenous, and Newtonian fluid, the Navier–Stokes equations can be defined as: 

( ) 2.
u

u u p u
t

  


+  = − + 


 (1) 

. 0u =  (2) 
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where the main variables are the velocity vector, u = [u,v,w], and the pressure, p that varies in space x, y, z as well as 

time, t. By considering the variables, the non-Newtonian effect is possible if the above equations are correctly modified 

[34]. These PDEs have an empirical approach for certain basic cases [50, 51]. Nevertheless, the structure of Navier–

Stokes equations by mathematical approaches should be clarified at flows containing complex geometries and boundary 

conditions. Finite Element Methods (FEM) and Finite Volume Methods (FVM) appear to be important for solving the 

governing equations. Many research groups have already established their CFD solvers to raise their exact difficulties 

faced. Meanwhile, CFD also uses iterative approaches to solve the governing equations (GE). Different investigators 

practice different procedures of GE but it is general to express some local and global flow parameters that would enter a 

steady-state in residuals that would decrease below the threshold value [34]. Arteries are represented as rigid-wall and 

the blood is expected to be a homogeneous incompressible Newtonian fluid [26, 35, 52, 53]. 

 

Observation to Previous Literature Study with Velocity Profile and Flow Rate as Boundary Condition 

From our investigation, several researchers set the flow rate distributions and flow velocities into PC-MRI on the 

inlets and outlets models [9, 13, 18–21, 32, 33, 54]. As we know, the boundary conditions have numerous solutions such 

as the pressure distribution setup on inflow and outflow [9], a condition of mass conservation [19, 20], MRI velocity 

profile [13, 18, 21, 32], and the uniform velocity profile [32]. It is also found that a few research groups set the developed 

blood flow velocity profiles on the inlet area of lumens. Either using PC-MRI [14–17] or Doppler [12], the evaluated 

time-varying flow rates are considered. The expected errors in the CFD will be introduced when the privation of 

consistency in the flow measurements occurs. From Weston et al. [32], the authors used the measurement data from MRI 

and they found that a steady stage condition of flow rate achieved was about 16% higher than that from the CFD results. 

In other cases, they found about 15% of the mean flow rate from PC-MRI was high as compared to what CFD measured. 

So from the overall investigation on measuring the flow rate, there has no author successfully set the flow rate with the 

highest accuracy into MRI flow velocity data on every boundary condition. It is known that the correct flow rate is not 

essentially the prediction from the calculated flow velocity. From Long et al. [13], they claimed that the moderately large 

inconsistencies flow were always found between PC-MRI integrated CFD measurement data. Wood et al. [9] reported 

that the CFD analysis on a human descending aorta usually detected variances from the meantime of flows: 5000 mL/min 

and 3500 mL/min at the inlet and outlet, respectively [34]. These inconsistencies are certified to the measurement of the 

uncertainties effects at small outflow branches. About ± 28% of uncertainty was found from the CFD flow rate 

measurement data [31]. Within uncertainty limits, some authors predicted that the variation of the flow between inlet and 

outlet will generally decrease. This statement is an acceptable prediction and it will discover the weakness of MRI flow 

measurement in the boundary condition setup. In the present investigation, the significance of the right flow rate is 

stressed. During a systole and diastole cycle, the CBA diameter can suddenly change more than 17% of the results, 

especially in the diastolic condition [55]. This is because there has no agreement in the error of flow rate, especially in 

the MRI velocity measurement results. Besides, the agreement from Zhao et al. [12] for the CFD flow simulation can be 

realized successfully in the CBA studies. The results showed that the velocity profile changes corresponded to the findings 

of the former researchers. The main concern of the mentioned techniques is to reduce the computational cost of the 

integration between PC-MRI and CFD. 

 

Boundary Condition for CFD Setup 

In the CFD simulation, the critical step is to set the boundary condition for inflow and outflow. The boundary condition 

setup for CFD simulation is crucial for obtaining simulation results such as velocity flow field and WSS distribution with 

low deviation as compared to the MRI measurement [25]. Through the blood flow in the CFD simulation, there are three 

types of physical boundary setup and the wall setup is the common type. By setting zero in the velocity components (no-

slip condition), there is no flow velocity acceptable via the wall of the blood vessel. The previous review is briefly 

described in Table 4.  

 

Inlet Boundary Condition 

Generally, the inlet boundary condition is given at the upstream side of CBAs, with an unrealistic profile such as a 

flat/straight, completely established or based on time-varying velocity data gathered from PC-MRI. Mainly, the 

flat/straight velocity distribution is used together in the transient studies. The hypothesis regarding to the straight velocity 

profile lines at CBA inlets has been clarified through numerous in vivo conditions [56–59]. Furthermore, with the 

omission of Morbiducci et al. [60] and Renner et al. [61], there is no study investigating the consequence of different inlet 

velocity profiles and describing its outcome in the other CBAs [62–65]. Morbiducci et al. [60] examined the impact of 

straight and complete developed inlet velocity profiles on the patient-specific CFD hemodynamics and compared them 

to the PC-MRI integrated CFD velocity flow data. The achieved outcomes were compared to the distribution of WSS. It 

was reported that the obligation of PC-MRI data on velocity profiles at the inlet may require to concern shear stress 

behaviour for satisfactory precision. There are three main boundary conditions involving CFD with PC-MRI velocity 

measurements: a uniform inflow, a developed inflow, and an inflow set corresponding to the MRI velocity measurements  

[31]. There is no physiological but long inflow is required for the first boundary condition study, the second boundary 
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condition decreases central processing unit (CPU) time expressively but more understanding is needed on how to develop 

the flow, and the third boundary condition can also decrease the CPU time region sequence if the procurement position 

is close to the interest area of study. In the general flow area, the option of filtering for different geometry (thresholds) 

has been shown to create similar results. 

 

Outlet Boundary Condition 

In physical conditions, the branches of CBAs are linking with smaller vessels. It is impossible to locate most of the 

bifurcation in the simulation and the model has to be completed at some stage depending on the study's specific objective. 

Additionally, such divisions must be interpreted into the correct terminal description and thus, the characteristics of CBAs 

can be practically characterized. Formerly, the outlet boundary conditions for CFD analysis of CBAs were approved with 

constant or time-varying pressures, normally as zero. Moreover, the simulations could not be achieved where the flow 

and pressure fields are parts of the preferred solutions [66, 67]. However, Gallo et al. [68] lately investigated the effects 

on the obligation of personalized PC-MRI measurement by defining blood flow rates as outlet boundary conditions. In 

order to gain physiologically accurate outcomes, the restrained flow rates have to be executed at 75% of the carotid artery 

model outlets. Nevertheless, there is no practical estimation of this flow ratio for patient-specific Fluid-Structure 

Interaction (FSI) models and also motivation adhering to the constant flow through the arch branches during the whole 

cardiac cycle [69]. 

 

VALIDATION ON INTEGRATED PC-MRI AND CFD 

PC-MRI is a 3D imaging that allows a non-invasive and accurate assessment of vessel as well as the blood flow field 

in all vessels. The inflow and outflow of a vessel segment can be assessed through the velocity from PC-MRI [70]. When 

the boundary conditions are obtainable, a comparison of blood flow can be studied by using PC-MRI integrated CFD as 

illustrated in Figure 2. Through the velocity from PC-MRI, the flow during numerous phases in the cardiac cycle can be 

assessed with a medium systematic error. These have been mainly used at in vitro geometrical models [71], [72] when 

comparing to the CFD validation studies. From Kung et al. [73], their study has related to numerical analysis of blood 

flow and pressure distribution including vessel wall deformation under physiological flow condition. Concerning the in 

vivo validation, some comparative studies have been comparing patient-specific CFD with PC-MRI measurements [71, 

74, 75]. For patient-specific intracranial aneurysms problems, Boussel et al. [76] have conducted a comparison between 

CFD and PC-MRI measurement. 

 

 
(a) (b) (c) 

Figure 3. (a) PC-MRI image; (b) DSA image (Used for CFD Simulation); (c) Integrated MRI mesurement and CFD 

simulation for analysis 
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Table 3. Overview of measurement parameter and PC-MRI setup from the previous studies 

 Author 

Focus Area  Measurement Parameter PC-MRI 

CBA IA WSS V V V P Streamline Software Data Size 
Slice 

Thickness 

Velocity 

Encoding 
TR/TE FOV 

Jonas et al. [77]  ○ × × ○ ○ ○ 
1.5T Philips 

Achieva  
○ ○ ○ 40/- ms 10cm 

Masao et al. [78] × ○ ○ × ○ ○ ○ 256x256x60 1.5mm 40cm/s ○ ○ 

Quan et al. [13] × ○ × ○ × ○ 1.5T Signa 256x256x21 1.5mm 100cm/s 45/8.7ms 12cm 

Ooij et al. [79] ○ × ○ × × ○ 
3T Philips 

Healthcare 
200x200x92 ○ 70cm/s 21/4.2ms 22cm 

Jing et al. [80] × ○ × × ○ ○ 1.5T Signa 525x525x25 ○ 500cm/s 14/3.6ms 16cm 

Haruo et al. [81] ○ × × × ○ × 1.5T Signa 160x160x32 ○ 100cm/s 40/2.2ms 32 cm 

Loic et al. [82] ○ × × ○ × ○ 
1.5T Philips 

Achieva  
512x512x90 1.2mm ○ 50/2.0ms 24cm 

Sebastian et al. [83] × ○ ○ × ○ × 
3.0T 

Siemens 
○ ○ 15cm/s ○ ○ 

Long et al. [18] × ○ × × × ○ 1.5T Signa 256x256x128 1.5mm 50cm/s 45/7.5ms 28cm 

Kohler et al. [84] × ○ × ○ ○ ○ 1.5T Signa 256x256x100 0.9mm 100cm/s 25/6.0ms 18cm 

Glor et al. [31] × ○ ○ ○ × ○ 
1.5T Philips 

Medical  
256x256x120 5.0mm ○ 19/9.4ms 16cm 

Ooij et al.[85] ○ × ○ ○ × ○ 
1.5T Philips 

Medical  
200x200x30 ○ 100cm/s 11/3.9ms  25cm 

Zhao et al. [86] × ○ ○ ○ × ○ 1.5T Signa 256x256x128 1.05mm 110cm/s 25/7.0ms 13cm 

Papathanasopoulou et 

al. [87] 
× ○ × ○ ○ ○ 1.5T Signa 256x256x128 1.05mm 110cm/s 25/6.5ms 13cm 

Marshall et al. [88] × ○ × × ○ ○ 1.5T Signa ○ 1.40mm 120cm/s ○ ○ 

×: available, ○: not available, CBA: carotid bifurcation artery, IA: intracranial aneurysm, WSS: wall shear stress, VV: velocity vector, VP: velocity profile, TR: repetition time, TE: echo time, FOV: 

field of view.  
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Table 4. Overview of CFD setup from the previous studies 

Author 

Focus Area CFD 
Equation 

 (Fluid Flow) 

CBA IA Software 
Viscosity 

(kg/ms) 

Density 

(kg/m3) 

Total 

Element 

Mesh Type Rigid 

Wall 

Steady 

State 
Newtonian 

Incom-

pressible 
NSE CE GE 

Tetrahedral Hexahedral 

Jonas et al. [77] ○ × CFX 14.5 0.0040 1050 ○ ○ ○ ○ ○ ○ ○ × ○ × 

Masao et al. [78] × ○ Fluent 5.0 0.0045 1055 ○ ○ ○ × × ○ × × × ○ 

Quan et al. [13] × ○ CFX 4.2 0.0040 1050 ○ ○ ○ × ○ × × ○ ○ ○ 

Ooij et al. [79] ○ × Fluent 6.3 0.0040 1063 2608270 × ○ ○ × ○ × ○ × ○ 

Jing et al. [80] × ○ Fluent 12.0 0.0035 1050 ○ × ○ ○ ○ × × × × ○ 

Haruo et al. [81] ○ × ACUSIM 0.0038 1054 753178 × ○ ○ ○ × × ○ ○ ○ 

Loic et al. [82] ○ × Fluent 12.0 0.0035 1054 ○ × ○ × ○ × ○ ○ ○ ○ 

Sebastian et al. 

[83] 
× ○ 

COSMOL 

Multiphysic

s 

0.0040 1060 ○ ○ ○ ○ ○ × × ○ ○ ○ 

Long et al. [18] × ○ CFX 4.0 0.0040 1054 ○ ○ ○ ○ ○ × ○ × ○ ○ 

Kohler et al. [84] × ○ CFX 4.0 0.0033 1050 ○ ○ ○ × × ○ × × × × 

Glor et al. [31] × ○ 

PAMFLOW

-GEN 3D 

(ESI 

Software) 

0.0010 998 ○ × ○ ○ × × × ×  × 

Ooij et al. [85] ○ × Fluent 12.0 0.0010 1000 ○ ○ ○ × × ○ ○ × ○ ○ 

Zhao et al. [86] × ○ CFX 4.0 0.0038 1020 41600 ○ × ○ × ○ ○ × ○ × 

Papathanasopoulo

u et al. [87] 
× ○ CFX 4.0 0.0038 1020 41600 ○ × × × ○ ○ × ○ × 

Marshall et al. [88] × ○ CFX 4.0 0.0035 1050 42000 ○ × × ○ ○ ○ × ○ ○ 

× : available, ○: not available, CBA: carotid bifurcation artery, IA: intracranial aneurysm, WSS: wall shear stress, VV: velocity vector, VP: velocity profile, CFD: computational 

fluid dynamics, NSE: Navier Stokes equation, CE: continuity equation, GE: governing equation  
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Most of the velocity findings were slightly different to PC-MRI data calculated at various parts of the CBAs which 

were not used as the boundary conditions [89–94]. The reported CFD simulation findings did not agree well with PC-

MRI integrated CFD in velocity forms. In ther words, the prediction still does not show that the velocity flow is correctly 

assumed but it gives some good potential to the first step towards validation and verification. Besides, the validation 

studies may likely involve the achievement of more measurement data but additional computational cost is the critical 

value on CFD simulation based on the results in the future study. From Zhao et al. [86], the authors reported that good 

qualitative agreement was shown in CBAs phantom under a pulsatile flow condition with some quantitative difference 

between PC-MRI and CFD but still, there was low agreement on WSS distribution at intracranial aneurysms between PC-

MRI and CFD. Moreover, the configuration and position of shearing velocity in PC-MRI integrated with CFD were 

similar in term of flow direction as reported by Isoda et al. [95]. Furthermore, Mohd Adib et al., [96] claimed that low-

velocity difference was achieved with velocity-field-optimized (V-optimized) approach and they also introduced a 

physically consistent feedback control-based data assimilation (PFC-DA) method [97] to improve blood flow analysis by 

coupling the body force with the pressure boundary condition, but there was still 20% of deviation on the velocity 

difference. 

 

FUTURE RECOMMENDATION 

The blood flow study enhancement through integrated between MRI measurement and CFD simulation with several 

aspects in terms of model geometry, mesh generation, and boundary condition were investigated in this article. All of the 

computational, numerical and simulation approaches were considered in this paper. The existing approach emerges 

primarily from a physical point of view, thus the mathematical reliability is still not adequately vindicated. It is confirmed 

that the variations in treating boundaries affect the velocity flow field abd WSS distributions in CBAs. In this paper, we 

have explained the current approach based on some numerical studies. In future, this research can be extended to examine 

the current formulation in a pearl of mathematical wisdom towards a unique direction of the data assimilation based blood 

flow analysis.  

 

CONCLUSION 

CFD has expanded great significance in understanding and investigating human diseases. However, as noted 

previously, the level of difficulty to get the result requires more information such as characteristics of the mechanical 

behavior (mass flow rate) from PC-MRI and setup of boundary conditions from the CFD. Unfortunately, some bits of 

intelligence presented the result by trial and error. Many physicians do not have all the specific equipment required to 

assess the multiple tasks in a short time and also to plan the optimal corrective techniques estimating the patient's result 

for a given diagnosis which is only based on CT-scan and MRI images [34]. So, this perspective review aims to extend 

computational work contributing to continuous development of human health with robust cooperation and collaboration 

between clinicians and engineers.  
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