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  Hemodynamics is an important bio-mechanic factor, which is implicated in the regulation and regeneration function inside 

the vessels. However, disturbing in its factors may cause development of many vascular diseases. Computational fluid dynamics (CFD) 

is alternative tool, which is used to assess hemodynamic factors inside complex cerebral vessels. 

The purpose of this study is to assess the influence of the inlet waveforms under the same mean inflow on different hemodynamic 

factors inside Internal Carotid Arteries (ICA), using computational fluid dynamics combined to patient specific MRI images. 

Four numerical models of (ICA) were reconstructed from 3D TOF MRI images. Navies-Stokes equations were solved inside the 

geometry using finite elements method. Sixteen simulations using four-inlet waveforms and four ICA arteries were performed to 

quantify the influence of the inlet waveform on blood flow inside ICA. 

Varying the Inlet waveform boundary conditions has important effects on the overall instantaneous hemodynamic factors 

assessed on the geometries. However, time averaged factor assessed has been constant for individual cases. 

Information about patient-specific inlet waveform is necessary for the accuracy of the patient-specific computation. 

Keywords: ICA, CFD, inlet waveform, wall shear stress, pressure. 
 

Résumé  

L’hémodynamique est un facteur biomécanique important qui est impliqué dans les fonctions de régulation et de régénération à 

l’intérieur des vaisseaux. Cependant, un déséquilibre des paramètres hémodynamique à l’intérieur des vaisseaux peut causer un 

développement de pathologies artérielles. La dynamique computationnelle des fluides (Computational Fluid Dynamics : CFD) est un 

outil qui peut être combiné à des images spécifiques de patients. Cette méthode permet d'évaluer les différents facteurs 

hémodynamiques à l‘intérieur de géométries complexes. 

L’objectif: dans ce travail est d’étudier l’effet de la forme d’onde d’entrée sur les facteurs hémodynamiques à l’intérieur des 

artères carotides intérieures (ICA) en utilisant la dynamique computationnelle des fluides  combinée à des images spécifiques aux 

patients. 

Quatre modèles numériques de l’ICA ont été reconstruits à partir des images IRM 3D TOF. Les équations de Navies Stokes ont 

été résolues en utilisant la méthode des éléments finis à l’intérieur des modèles numériques d’ICA. Seize simulations en utilisant quatre 

formes d’ondes ont été effectuées afin de quantifier l’influence de la forme d’onde d’entrée sur le flux sanguin à l’intérieur des ICA. 

En utilisant différentes ondes d’entrée dans les modèles CFD, la forme d’onde d’entrée semble avoir une influence sur les différents 

facteurs hémodynamiques instantanés. Cependant, les moyennes temporelles de ces facteurs ne sont pas influencées.  

Les données spécifiques du patient en utilisant le CFD combiné à des images spécifiques de celui-ci sont essentielles à l’évaluation 

du risque de développement de maladies cardiovasculaires. 

Mots clés: ICA, CFD, Forme d’onde d’entrée, Forces de cisaillement. Pression. 

 

لدموية. فقدان التوازن الاموديناميكي يمكن ان يكون سبب في تكون الاموديناميك هو عامل بيوميكانيكي هام مساعد على خصائص توازن و التجديد الخلايا داخل الاوعية ا
 بعض امراض فيها. ميكانيك السوائل الحاسوبي هي أداة تمكن من دراسة الخصائص الاموديناميكية داخل الاوعية الدموية.

 ة بالمرضى.الهدف من هذا العمل هو دراسة تأثير شكل موجة الدخول على مختلف الخصائص الاموديناميكية باستعمال ميكانيك السوائل الحاسوبي وصور خاص
ول استعملت من . ستة عشرة محاكات باستعمال أربع موجات دخMRI 3D TOFكونت من صور للرنين المغناطيسي من نوع    ICAأربعة شرايين  دماغية داخلية

 اجل دراسة تأثير شكل موجة الدخول على مختلف الخصائص الاموديناميكية داخل كل شريان.
 شكل موجة الدخول لها تأثير كبير على المعاملات الوقتية داخل الشرايين المدروسة في حين انه المعاملات بمعدل الوقت لم تتأثر.

 دراسة إمكانية تكون بعض الامراض في الاوعية الدموية.معلومات شكل موجة الخاصة بكل مريض هامة من اجل 

 .الشريان الدماغي الداخلي، ميكانيك السوائل الحاسوبي، شكل موجة الدخول، إجهاض القص، الضغط :المفتاحيةالكلمات 
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1. INTRODUCTION 

Development of cerebrovascular diseases is a complex 

process in which several biomechanical and biological 

elements are involved. Hemodynamic, defined as the 

physical parts that govern blood flow [1],  is an important 

biomechanical factor which prove its implication in 

genesis and the development of many arterial diseases [2, 

3]. Therefore, understanding hemodynamic inside cerebral 

arteries is important to get an initial apprehending of the 

development of cerebrovascular diseases.  

The cerebral vessels are composed by three layers: (i) 

tunica intima, (ii) tunica media, and (iii) tunica adventitia. 

Composed by a single layer of endothelial cells (ECs) [4], 

the tunica intima is  the interface between the blood and the 

other tissues and organs, in where hemodynamic 

environment is a regulating factor of its structure [5].  

Flowing blood applies two essential forces, Wall Shear 

Stress (WSS) and pressure. WSS is the parallel acting force 

to the wall, it can influence on the direction of ECs. Also, 

WSS has a crucial in the proliferation of ECs, which aids 

to repair the endothelium in the case of a toxic injury or 

mechanical desquamation. Moreover, it’s implicated in the 

regulation of vascular tone by stimulating the production 

of nitric oxide (NO) which influence on the smooth muscle 

cells of the tunica media [6]. In addition to WSS forces, the 

pressure (P) which is the normal acting force to the wall, 

can also affect the physiology of the endothelium and the 

tension of the smooth muscle cells [7].  

In the history of Intracranial Aneurysms (IA), the genesis 

is closely associated to disturbed hemodynamic flow 

conditions [8]. High WSS values can be a cause of the IA 

development. If WSS values is very high, it can cause a 

fragmentation of the ECs , which leads to an endothelium 

damage , while the low WSS affects the growth and the 

rupture of IA [9].  

Computational fluid dynamics (CFD) is a powerful tool 

that can be combined with patient specific images, and 

which makes possible assessing hemodynamics inside 

realistic vessels [10]. This method is an alternative tool that 

can predict and provide safe information of flow factors 

[11, 12].  

CFD model is composed by : (a) a geometry of the 

anatomical arterial form (b) a descriptive model of blood 

flow behaviour, and (c) the inflow and outflow boundaries 

conditions [12, 13]. The accuracy of  the results of the CFD 

simulation depends on the precision of these components 

[2, 14].  

Image-based patient specific CFD has been widely utilised 

to investigate the role of hemodynamic in the development 

of cerebrovascular diseases [10, 15-19] in where several 

boundaries conditions and parameters were investigated. In 

a previous work, we investigated the effects of changing 

heart rate on hemodynamic inside a healthy circle of Willis, 

and we found no quantitative effects on hemodynamic 

factors investigated [17]. In this paper, we present a study 

of the effect of change of inlet waveform in hemodynamics 

inside Internal Carotid Arteries (ICA).  The effect of 

changes of inlet waveform was assessed on WSS, pressure, 

Time Averaged Wall Shear Stress (TAWSS), and velocity 

streamlines.   

2. MATERIAL AND METHODS: 

A. Vascular model 

In CFD, the geometric numeric model of the vessel is 

very important; its accuracy can highly affect the results of 

simulations [12]. The geometrical models used in CFD can 

be reconstructed from several imaging modalities [20]. 

However, the models must be reconstructed and truncated 

carefully because geometry characteristics can be 

influenced the hemodynamic factors [10].  

To obtain the geometrical model of ICA, we performed 

a Time Of Flight (TOF) Magnetic Resonance Angiography 

(MRA) sequence for four patients with an 8-head array coil 

using GE HDxt system (General Electric Healthcare). To 

obtain a number varying from 178 to 215 slices 

(reconstruction matrix 512*512 voxel) covering the 

volume of interest. We used the following parameters : 

Time of Repetition TR=25ms, Time of Echo TE=3.1ms, 

flip Angle=20°, slice thickness=1.4 mm.  Using open 

source software 3D Slicer (https://www.slicer.org/) 3D 

patient-specific models obtained from gathering images of 

the angiographic sequences. After gathering the images, 

we truncate the (ICA) arteries to obtain four geometrical 

models (Figure 1- (1-4)).   

B. Blood flow simulation : 

Inside the geometry, the blood flow behaviour can be 

described by unsteady Navies Stokes equations given by 

equations (1) and (2) [21]: 

∇. 𝑣 = 0                                       (1) 

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌𝑢. ∇𝑢 − ∇𝜎(𝑢, 𝑝) = 𝑓                (2)  

In these equations, 𝜌 is the density, 𝑝 the pressure and 

𝑣 the velocity of the fluid.  

For the blood flow simulations, we used finite elements 

method present in the solver of COMSOL Multiphysics 

Software.  The flow was considered laminar and the blood 

is supposed incompressible, newtonian fluid with a density 

ρ=1060Kg/m3 and a dynamic viscosity 𝜂 = 4𝑚𝑃𝑎. 𝑠[12, 

17, 22]. During the simulation, the vascular wall was 

considered rigid with no-slip condition [23]. The solver 

tolerance was 10-3, and time stepping tolerance was 10-2; 

Due to the absence of patient-specific inlet flow rate 

waveform, we have been forced to use a non-specific-

patient data to perform our study. For simulations, a 

pulsatile inlet volumic flow rate was applied. A pressure 

waveform was applied in outlet, we used three pulses (or 

cardiac cycles) as it shows in figure 2, where the first is 

used to examine solution convergence and the second to 

ensure that numerical stability was reached [22]. 

https://www.slicer.org/
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Figure 1: Four internal carotid artery (ICA) were 

analysed in this study (ICA (1), (2), (3) and (4)) 

(1) typical ICA of a 49-year-old female, (2) ICA of an old 

adult female, (3) ICA obtained from a 43-year-old male, 

and (4) ICA of a 73-year-old male. 

 (A-D) Inlet waveforms boundary conditions applied, (E) 

The pressure Waveform applied as outlet boundary 

condition.  

In order to assess the effects of Inlet waveforms inside 

ICA geometrical model, four inlet waveforms were applied 

as inlet boundary conditions. The first (figure 1.A) was a 

waveform obtained from 17 healthy normal young 

volunteers [24], the second (figure 1.B) was a typical ICA 

waveform of a subject of 94 years old [25], the third 

waveform (figure 1.C) was an ICA waveform from a 

normal subject [23]. The fourth waveform (figure 1.D) was 

from female patient of 56 years old with an ICA aneurysm 

[26]. A pressure waveform (figure 1.E) was applied as 

outlet. 

In this work, we appreciate the effect of the change of 

the inlet waveforms on pressure, WSS, TAWSS and 

velocity streamlines. 

3. RESULTS: 

Figure 2 shows the WSS distribution inside the different 

ICA using the four inlet waveforms. It is clearly showed 

that different waveforms produce the same WSS 

distribution at the systolic time. However, we can also see 

that the maximal values changes by changing the inlet 

waveform at the same ICA. In addition the obtained values 

have important changes between the four ICAs. Figure 3 
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1 

shows a quantitative comparison of the maximal values of 

WSS (MWSS) obtained after CFD simulation; we can see 

that by changing the inlet waveforms boundaries 

conditions, the MWSS at systolic times change : 20-25% 

for individual values and exceed twice the values between 

ICA-1- and the other ICAs. 

Waveform A              Waveform B               Waveform C                 Waveform D 

  

 

 

 

Figure 2. WSS distributions at the four ICAs (1), (2), (3) and (4) from pulsatile flow simulations using the four 

different waveforms (A), (B), (C) and (D) using the same mean inflow boundaries conditions. 

 

Figure 4 shows the distributions of time-averaged WSS 

(TAWSS) predicted by the four pulsatile simulations with 

different applied inlet waveforms. For each ICA, different 

waveforms give almost identical TAWSS contour 

distributions in the segments of each ICA. However, we 

observed regional peak of TAWSS for the four ICA with 

the waveform (C).  

Figure 5 shows the pressure repartition inside the four 

ICAs after simulation process using pulsatile inlet 

waveforms (1), (2), (3), and (4). We can see that there is a 

change in the pressure inside the ICAs between the 

different applied waveforms. For ICA-1- pressure varies in 

the range of 84 to 122 mmHg for the minimum pressure 

and in the range of 99 to 141 mmHg for maximum values. 

ICA-2- pressure varies in the range of 78 to 112 mmHg for 

the minimum pressure and in the range of 93 to 133 mmHg 

for maximum values. ICA-3- pressure varies in the range 

of 83 to 122 mmHg for the minimum pressure and in the 

range of 100 to 142 mmHg for maximum values. ICA-4- 

pressure varies in the range o 123 to 169 mmHg for the 

minimum pressure and in the range of 132 to 182 mmHg 

for maximum values. The obtained values show that each 

waveforms applied act differently between individual and 

each ICA used in this work. 

2 

3 

4 
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Figure 3. Quantitative comparison of Maximum WSS 

(MWASS) for the different used waveforms. 

Figure 6 shows the instantaneous velocity streamlines at 

the systolic time inside the ICAs using the fours waveforms 

with the same mean inflow applied as boundaries 

conditions to CFD. Velocity shows a regular flowing of the 

blood inside the vessel. However, figure shows that for 

each inlet waveform boundaries conditions applied, we 

find different values of velocity inside the ICA. Velocities 

found was ranged in 0.81m/s to 1.43 m/s with a maximum 

found in ICA-1- with waveforms (B) and (C) in where we 

located maximum value of WSS. 
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       Waveform A              Waveform B           Waveform C         Waveform D 

 

 

  

 

Figure 4. TAWSS distribution after the application of the four inlet waveform boundaries conditions to the CFD. 

 

4. DISCUSSION:  

Since the introduction of image-based patient-specific computational fluid dynamics (CFD), this method has been 

widely used to investigate the role of thermodynamics in the development of cerebrovascular pathologies [15]. Image-

based CFD requires assumptions like blood behaviour, artery wall dimensions, and inlet and/or outlet boundaries 

conditions [12, 13], in which depends the accuracy of CFD results.  

Several studies demonstrated the accuracy of CFD to estimate hemodynamic factors inside realistic arteries in where 

a good quantitative agreement was observed  between experimental and numerical velocities and WSS values using 

different modalities like PC-MRI  [8, 27-30]  

In the clinical routine, the patient specific flow measurements are not allowed, therefore CFD researchers employ non-

patient specific flow waveforms as inlet boundaries conditions [31]. In this study, we assess the effects of the change of 

inlet waveform on hemodynamic inside normal cerebral arteries. We have examined these effects on four important 

hemodynamic parameters, which are WSS, pressure, TAWSS and velocity streamlines.  

 

 

1
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Waveform A              Waveform B                   Waveform C                Waveform D 

 

 

 

 

Figure 5. Pressure distribution inside the ICAs (1), (2), (3) and (4) after CFD simulation using the four-inlet 

waveforms boundary condition. 

 

We found that WSS is highly influenced by the inlet waveform, which is due to the effects on the acceleration and 

deceleration of the flow. In addition, the pressure forces were highly influenced by the change of inlet waveform, this 

change is caused by the complex transitional flow dynamics effected by the inertial and viscous forces [31]. 

However, we found that TAWSS have small changes, which is in agreement with findings of [26] suggesting that 

CFD carried out under the same inlet flow rate for the same group of geometries in the same analysis methods, using 

different waveform boundaries conditions, could give similar time-averaged WSS distributions and magnitudes.  
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       Waveform (A)              Waveform (B)             Waveform (C)              Waveform (D) 

 

 

 

 
Figure 6. Velocity streamlines obtained after CFD using the different inlet waveform boundary condition applied. 

 

 

Our findings demonstrate that the change in the inlet 

waveform may affect the hemodynamic parameter inside 

normal cerebral arteries, which supports the findings from 

few studies using CFD simulation. For example, several 

hemodynamic factors (WSS and Oscillatory Shear index 

(OSI)) were compared in [24] for two cases using patient 

specific waveforms and idealized averaged waveform from 

[32], as conclusion, they suggested that patient specific 

information flow may be necessary [33].   

In another research, a comparison between  flow 

velocities extracted from PC-MRI and flow velocities 

obtained using intra-arterial doppler angiography reveals 

differences in flow velocities which is consistent with our 

findings [34] 

In this work, we can report several limitations like 

assumptions about the blood newtonian nature and rigid 

walls commonly adopted in a CFD model, which are 

believed to effect the flow field (for example 

overestimation of WSS values) [35].  However, we believe 

that the effects of these boundaries conditions are minimal. 

In addition, the number of ICA studied which is limited. 

The aim of our work is to demonstrate the importance of 

patient-specific inflow when using surrogate waveform in 

a CFD study. However, more investigations must be done 

to validate our finding.  

CONCLUSION 

In this paper, we performed a patient specific CFD to 

investigate the effects of the change of inlet waveform on 

the hemodynamic inside healthy ICA. Inlet waveform has 

an important impact on the instantaneous hemodynamic 

parameters, however the time-averaged parameters 

remains constant.  

Patient specific waveform is required for the accuracy 

of patient specific hemodynamics to investigate potential 

cerebrovascular pathologies.  
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