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Abstract 

Cerebrovascular accident remains as a prevailing contributor to mortality in contemporary times. The coexistence of 

vulnerable plaque and carotid web within the carotid artery represents a significant indicator for determining the likelihood 

of thrombus formation, leading to stroke and prolonged disabilities. In this paper computational fluid dynamics (CFD) as a 

computational method has been employed to examine the effects of carotid artery hemodynamic characteristics and to 

predict the likelihood of plaque rupture inside the artery. In the developed model, blood flow was assumed to be non-

Newtonian, turbulent, and pulsatile. The simulated results (from the model) revealed that the hemodynamic characteristics of 

the carotid artery were notably impacted by the geometric attributes of plaques and carotid web, alongside flow conditions. 

A significant disturbed flow patterns were observed in the sinus region of the artery. Relatively diminished wall shear stress 

in the region downstream of the plaque dilation at the carotid bifurcation was also observed, which was a known contributor 

to atherosclerotic plaque development. 
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Introduction and Background 

Stroke stands as a substantial contributor to both disability and mortality [1,2]. Approximately 20 % of all strokes are caused 

by carotid artery stenosis and rupture of an atherosclerosis plaque in the artery [3]. Carotid artery performs the vital task of 

efficiently supplying oxygenated blood to the brain. It is located bilaterally in the neck, comprising three sections: Common 

Carotid Artery (CCA), Internal Carotid Artery (ICA), and External Carotid Artery (ECA). The complexity of carotid arterial 

system necessitates performing biomechanical computational analysis utilising patient-specific data. This approach aims to 
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either mitigate more severe clinical events or minimise the incidence of unnecessary surgeries, or to provide a 

comprehensive understanding of hemodynamic parameters on the plaque regions prone to rupture and emergency treatment 

of the patient. Accordingly, hemodynamic simulation studies using Computational Fluid Dynamics (CFD) has been 

extensively utilised to enhance comprehension of the functional, diagnostic, and therapeutic implications of blood flow 

within the arterial system. Development of atherosclerosis is the main cause of carotid artery disease. Atherosclerosis is a 

condition characterised by the occlusion of major arteries within the human circulatory system, resulting in diminished or 

inadequate blood flow to tissues. Arteriosclerotic plaques commonly form near the carotid artery bifurcation, where the CCA 

branches into the Internal and External Carotid Arteries (ICA and ECA) [4]. Moreover, carotid sinus, owing to possessing 

values of Wall Shear Stress (WSS) less than 1.5 pa, is known for atherosclerosis prone region [5]. Carotid web is described a 

linear shape and spur-like intraluminal projection observed along the proximal ICA posterior region through angiography 

[6]. Histologically, the defining characteristic of a carotid web is fibrous intimal thickening [7]. Unlike conventional 

atherosclerotic disease, the carotid web is recognised as a manifestation of Fibromuscular Dysplasia (FMD) [8]. The carotid 

web is recognised as an infrequent contributor to ischemic strokes, notably recurrent in younger adult patients. Its occurrence 

near the proximal aspect of the ICA is believed to accelerate accumulation of atherosclerotic plaque and clot formation. 

Within the carotid arteries, complex flow patterns are considered to exert a significant influence on localised hemodynamic 

stresses [9,10]. Elevated peak stresses within the fibrous cap of carotid plaques are associated with an increased risk of 

rupture. Biomechanical models are employed to evaluate stresses within these plaques, typically employing CFD techniques 

to analyse patient-specific artery. 

 

Literature Review on CFD Analyses of Carotid Artery 

Computational Fluid Dynamic (CFD) analyses are increasingly employed to explore hemodynamic parameters and their 

changes under pathological conditions, crucial signs for diagnosing cerebrovascular and cardiovascular diseases. CFD 

simulation has demonstrated its reliability in modelling arterial blood flow. CFD not only offers a three-dimensional 

visualisation of pressure and velocity fields but also provides the distribution of wall shear stress and pressure gradient, 

which is challenging to acquire through direct measurements. In the following, some findings of other researchers are 

discussed. Kumar et al. [11] conducted a comparative analysis of different models of blood viscosity, including Power Law, 

Carreau and Newtonian to assess their impact on hemodynamic parameters employing CFD analysis. Low Wall Shear Stress 

(WSS) regions leading to flow reversals and in areas comprising stenosis with reduced diameter, the Newtonian model tends 

to overestimate hemodynamic parameters and lacks accuracy in predicting outcomes. In contrast, the Carreau model offers 

improved approximations at critical sites. In another study, Lee et al. [12] assessed the quantitative influence of various 

methods to incorporate the influence of blood viscosity on WSS levels through CFD analysis. The Wall Shear Stress (WSS) 

values during the end-diastolic phase, as determined by Newtonian models, were roughly thirty percent less compared to 

those obtained using a non-Newtonian model. This research highlights the necessity of integrating non-Newtonian behaviour 

of the blood flow, specific blood viscosity of the patients, the geometry of the artery, and precise inlet flow conditions into 

blood flow simulations for accurately WSS calculation across arterial segments. Li et al. [13] conducted a three-dimensional 

CFD analysis of the carotid artery, modelling rigid walls and considering blood flow as non-Newtonian, laminar, and 

pulsatile transient. The study revealed that the blood flow in the proximity of the outer sidewalls of the carotid sinus 

(positioned at ICA) and the ECA exhibited notably reduced velocity and dynamic pressures, accompanied by an intensified 

velocity angle. The carotid bifurcation exhibited a notable rise in WSS. Kanokjaruvijit et al. [14] carried out a three 

dimensional analysis of a carotid artery employed from Movahed [15] model. The blood flow considered incompressible, 
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non- Newtonian, and laminar. The highest values of WSS were identified at the locations with minimum flow area, 

characterised by elevated velocities. At 60% stenosis, there was a notable increase in WSS peak in the symmetric case. 

Sousa et al. [16] used 2D cross-sectional and longitudinal images for the carotid artery reconstruction. Blood flow modelled 

isotropic, incompressible, homogeneous, Newtonian viscous fluid Pulsatile transient flow. Remarkable agreement noted 

between ultrasound imaging data and results from computational simulations. Previous studies have primarily concentrated 

on assessing hemodynamic parameters in carotid artery atherosclerosis plaques. However, none of the published works 

considered combined effect of both atherosclerosis and carotid web, and how they influence WSS and blood velocity within 

the artery. 

The objective of the current study is to identify the hemodynamic parameters that influence atherosclerotic regions by 

utilising a three-dimensional computational model to analyse fluid dynamics in a diseased carotid artery with the existence 

of a carotid web. The blood is considered incompressible, non-Newtonian, turbulent and pulsatile. Hence, twofold aims are 

considered; First, WSS magnitudes are computed at pivotal locations to assess the potential for plaque development and 

rupture within the arterial system. Secondly, the velocity profiles at different time steps are assessed to observe the velocity 

variation at carotid bifurcated region and carotid sinus. 

 

Method 

Geometry reconstruction 

The carotid artery geometry utilised in this study was derived from Ref. [17], reconstructed via MATLAB 2021b [18] and 

ANSYS 2023R1 [19] based on data from a patient without any specific cardiovascular disease [20]. The carotid web model 

features a web length of 4.5 mm and an acute angle of 73.2°. To identify atherosclerotic plaques within the carotid geometry, 

a severe condition of the patient artery was simulated, incorporating a number of plaques at three distinct locations to the 

geometry of the model in [17], determined to have the highest likelihood of plaque presence based on prior research. Carotid 

stenosis measurement is generally measured by criterion from the European Carotid Surgery Trial (ESCT) and the North 

American Symptomatic Carotid Endarterectomy Trial (NASCET) [21]. According to these trials and based on surgical 

indications, the moderate stenosis is considered 50% to 69% of the lumen. Hence, in the present study, two plaques situated 

at the carotid apex and carotid bulb are modelled accordingly, while the plaque proximal to the ECA (before bifurcation) is 

simulated with a lesser severity (<50%). Figure 1 shows the geometry of carotid artery including both plaques at different 

locations and carotid web posterior to carotid bulb. The model was discretised using tetrahedral elements in ANSYS Fluent 

2023R1. The fluid domain comprised 624,587 elements, with a mesh skewness of approximately 0.5. 
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Figure 1: Carotid artery model, showing location of plaques and carotid web. The simpler version of this diagram (with no 

plaques) has previously been reported in [17]. 

  

Blood model 

Blood flow is modelled as a non-Newtonian, pulsatile, turbulent and incompressible, characterised by a density ρf = 1060 

kg/m3. To facilitate the comprehensive analysis of fluid dynamics within the arterial system, the solved governing equations 

for mass and momentum conservation are [22,23]: 

 Continuity: The construction of the continuity equation is founded on the principle of mass conservation, and it is 

expressed in a general form as follows: 

 Momentum: The formulation of the momentum equation is grounded in the principle of momentum conservation, in 

accordance with Newton’s second law, and being succinctly expressed as follows: 

 

Where, ρ signifies the density of fluid, Ui represents the mean velocity vector, μ stands for dynamic viscosity, and p 
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denotes the static pressure. In turbulent flow scenarios, the time-averaging procedure produces the unspecified Reynolds 

stresses (uiu j), necessitating their modelling through turbulence theory. Conversely, in laminar flows, the Reynolds stresses 

decrease substantially towards zero. Arterial stenosis of moderate to severe degree has the potential to create 

significantly disrupted flow patterns downstream of the stenosis site, featuring turbulent flow patterns. The viscosity of 

blood flow is determined using the Carreau model [24]: 

Where λ stands for the relaxation time (λ = 3.313 s), n = 3.568, µ∞ = 3.5 × 10^−3 Pa s, and µ0 = 5.6 × 10^−2 Pa s. 

Given the limitations of laminar flow modelling and Reynolds Averaged Navier-Stokes (RANS) based turbulence models in 

accurately representing fully turbulent flows [25], this study employs the transitional Shear Stress Transport (SST) k-ω 

model [26]. Specifically designed to detect transitions to turbulent states, the SST k-ω model includes additional equations 

for intermittency and criteria for transition onset. Additional elaboration on this model, with justification for its application 

under physiological flow conditions was reported by [17,27,28]. 
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Here, Y denotes the diffusion term, Γ denotes effective diffusivity, G stands for the generation term and D denotes cross-

diffusion. 

 

Boundary conditions 

In the domain of fluid, the inlet is positioned at the CCA and is configured to feature blood flow pulsatile profile, similar to 

that used in Ref. [17]. Three distinct time steps are utilised to illustrate the results, involving systolic phase at t= 0.2 s, early 

diastole phase at t= 0.3 s and late diastole phase at t= 0.7s. The simulations are conducted over three cardiac cycles. 

Transient pressure waveforms are applied as boundary conditions at the outlets, similar to that employed in Ref. [17], with 

peak pressure happening at t = 0.45 s, highlighting the temporal offset between peak flow and pressure levels during the 

cardiac cycle. 

 

Results and Discussion 

The influence of WSS on blood flow along the vessel wall has been demonstrated to significantly affect the evolution of 

atherosclerotic plaque from initiation to progression and eventual destabilisation. Increased changes in shear stress within 

plaques-containing regions coincide with lumen constriction and increased vulnerability of lesions [29,30]. It was indicated 

by other researchers [31] that high shear stress correlates with fibrous cap degradation in stenotic lesions and the 

development of a plaque phenotype prone to rupture. Figure 2a-2c depict WSS gradients during both systolic and diastolic 

phases within the plaques and carotid web regions. At systolic phase, a significant increase of WSS is mainly found at 

plaque locations and the region of carotid web. Elevated shear stress within the lesion’s neck region can further facilitate 

pathophysiological processes that destabilise the plaque and thicken the fibrous cap, ultimately culminating in plaque 

disruption. On the contrary, in diastolic phase, when WSS levels decrease, there is an increased tendency for plaque 

progression and arterial remodelling characterised by constriction. 

It is seen in Figure 2d that WSS shows a significant increased values at stenosed regions, particularly at web and apex 

plaque regions. Furthermore, the plaque located at inner posterior wall of the ICA sinus experienced exceptionally low WSS, 

with the minimum value observed at the proximal end of the ICA bulb (following the web region), whereas WSS levels were 

notably elevated downstream of the ICA. This region may display an increased susceptibility to plaque development. In 

conducted studies by other researchers [32], it was observed that secondary turbulence, low WSS, and recirculating flows 

downstream from the stenosis are typical characteristics associated with disease progression. Usually, lesions evolve at low 

shear stress [33,34]. The region downstream of the carotid plaque, subjected to low and oscillatory shear stress, exhibits a 

notably higher concentration of vascular smooth muscle cells and reduced inflammation. Conversely, the upstream shoulder 

region, potentially exposed to low shear stress, displays increased inflammation, characterised by significant presence of 

macrophages and elevated gelatinolytic activity [35]. WSS exerted on the endothelial cells that line the inner surface of 

blood vessels serves as mechanical stimuli, initiating biological signalling pathways essential for maintaining vascular 

homeostasis [36]. Prolonged deviations of WSS from physiological norms lead to a variety of endothelial cell-mediated 

mechanisms, such as vascular remodelling, extracellular matrix degradation, cellular apoptosis, and proinflammatory 

reactions [34]. The findings of this study validate earlier studies indicating that lower values of WSS, reduced velocity 

magnitudes, and vortex distribution downstream contribute to plaque formation on the distal side. Diminished WSS 

magnitudes impact cellular flow rate, resulting in a notable augmentation of cell movement and increased disruption in 

intracellular connections. This subsequently leads to intensified LDL permeability of arterial walls [37]. 

Hence, when a stenosis arises in the artery (at the carotid bifurcation or following carotid web induced highly disturbed 

flow), the growth rate of plaques increase, and the likelihood of the formation of new plaque is amplified within the post-

stenotic region of the stenosis, particularly in the zone of flow reattachment. The outcome concurs with the experimental 

observations of Deng et al. [30], who observed increased cholesterol uptake within the region of reattachment. 



 

 

Figure 2: WSS gradients for the region of plaques and carotid web at different time instants, a) Systole, b) Early diastole, c) 

Late diastole; d) WSS variation at different locations over the cardiac cycle. 

 

The flow patterns within the carotid artery were depicted using instantaneous streamlines and velocity contour plots, with 

colours representing blood flow velocity magnitude at various time intervals (Figure 3a-3c). A thorough examination of the 

computational findings reveals the typical features observed in the carotid sinus, including the occurrence of reverse axial 

flow during the peak of systole, persisting until the conclusion of diastole, primarily attributable to the existence of the 

carotid web. The blood flow within constricted regions affected by stenosis exhibited notably greater velocity compared to 

that in the CCA and upstream of the bifurcation, maintaining a skewed trajectory following the stenosis. On the contrary, the 

blood flow velocity within the ICA bulb region was observed to be lower compared to other regions of the artery. This 

phenomenon, particularly evident near the proximal aspect of the carotid web, indicates consistently disturbed flow 

dynamics across all time intervals. The distribution of velocity across various points during the cardiac cycle, as depicted in 

Figure 4, illustrates that the highest velocity is observed in proximity to the stenosis of the ECA and the lesion connected to 

carotid apex, with similar values detected downstream of the ECA. Conversely, the CCA exhibits the lowest velocity 

magnitude, attributable to its larger arterial diameter in that particular segment. 

 



 

 

 

Figure 3: Velocity streamlines and the contours of velocity module at a) Systolic phase, b) Early diastolic phase, c) End 

diastolic phase. 



 

 

Figure 4: Velocity variations at different locations. 

  

 

Conclusion 

A CFD model of a diseased carotid artery comprising plaques and carotid web has been presented in this paper using a 

patient specific geometry. The geometry of a moderate stenosis plaque, along with a web characterised by an acute angle and 

length, were simulated to determine the critical condition of the carotid artery. Variation of hemodynamic simulations 

parameters, i.e. velocity and WSS, has been investigated. Through the study presented in the paper, the following 

conclusions can be drawn: 

 The simulation results show there was a swirling or disturbed systolic flow existing in the region affected by the 

web and proximal to the bifurcation. 

 These conditions may predispose the plaque to rupture and cause damage to the downstream wall. 

 A variety of flow disruptions were noted in the vicinity of the stenosis area, which might result in the elevated shear 

stress in the region of the plaques and reduced shear stress in the area following the plaques. 
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