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In recent years, Computational Fluid Dynamics (CFD) has been applied to biological systems for the 
study of physiological properties and the development of new medical devices. It has also been used 
for the hemodynamic evaluation of care in the diagnosis, treatment, and prevention of cardiovascular 
diseases. This article presents a brief analysis of the application of Computational Fluid Dynamics in 
hemodynamics in atherosclerosis, with a review of CFD in the study of blood flow, and in the medical 
area.
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 Computational Fluid Dynamics (CFD) is a 
set of numerical methods that obtain solutions 
to problems involving physical and chemical 
phenomena of fluid dynamics and heat transfer 
[1]. 
 CFD has applied only in high technology 
engineering a few decades ago [2]. However, its 
use has now expanded to other applications, such 
as petrochemicals, automotive, aerospace, and 
medical industries.
 The medical field has shown increasing interest 
in computer simulations because of the ability 
to reproduce the effects that influence medical 
diagnoses [3]. There are many advantages of using 
CFD in the area of health. It is a non-invasive 
method for research in biological systems, 
reducing the risks involved in a procedure. Also, it 
is faster and involves lower costs when compared 
to experimental and theoretical methods [4,5]. 
 Computational Fluid Dynamics has been 
applied in different fields of research in several 
medical areas. Augusto (2014) [6] studied air 
flow and particle deposition in the pulmonary 
airways using CFD (Figure 1). Similarly, Kim and 
colleagues (2013) [7] used the method to simulate 
airflow inside the nasal cavity.

Figure 1. Velocity areas in the time of air inspiration 
in the trachea. 

Source: Augusto 2014 [6].

 CFD has also been used for the development of 
medical devices and endoprosthesis. Feurhuberand 
colleagues [8] used the statistical approach of CFD 
for steam sterilization tests. The results concluded 
that the model developed by CFD can predict 
properties, such as temperature, steam quality; 
and also the visualization and understanding of the 
sterilization procedure.
 Another significant area is the computational 
analysis of blood flow. The application of CFD 
in hemodynamics has featured in several studies, 
especially those related to cardiovascular diseases, 
such as atherosclerosis and aneurysms.
 Lima and colleagues (2015) [5] and Blessy 
and colleagues (2016) [9] presented studies that 
reviewed the application of numerical methods 
and computational simulations in hemodynamics.
The present work aims to demonstrate the 
relevance of CFD applied to hemodynamics in 
atherosclerosis through a brief literature review.
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Computational Fluid Dynamics

 Fluid dynamics is based in Navier-Stokes 
equations, which is conduct by the mass 
conservation and momentum (Equations - (1) - 
(3)]. 

p = pressure; t = time; x, y, z = Cartesian directions; u, v 
and w = velocities in x, y, z directions (three-dimensional 
velocity vector); μ = viscosity of the fluid; SMX, SMY, SMZ = 
transitory terms in the directions described.

 The difficulty in solving the conservation 
equations analytically for turbulent flow and 
complex geometry applications requires the 
application of numerical solutions.
 There are 3 different streams of numerical 
solutions techniques: finite difference, finite 
element, and spectral methods. The method 
of finite volume method is central to the most 
well-established codes, such as CFX/ANSYS, 
FLUENT, PHOENICS and STAR-CD [10].
 Despite using numerical models, the approach of 
the turbulence phenomena requires the application 
of turbulence models to reduce computational time. 
References and theoretic indications frequently 
used turbulence models (Table 1).

The Use of CFD in Hemodynamics

 Hemodynamics is the study of blood 
circulation through blood vessels, arteries, veins 
and capillaries that make up the cardiovascular 
system [11]. Mathematical models proposed by 
CFD can simulate the cardiovascular system [12]. 
The study of CFD in hemodynamics can help to 
understand what occurs during blood flow. As a 
result, it could aid in the diagnosis and prevention 
of cardiovascular diseases; the identification of 

Table 1. Models of turbulence.

hemodynamic properties; the analysis of advanced 
diseases; surgical procedure and the development 
of medical devices.
 The application of CFD is based on the following 
7 steps: clinical imaging, segmentation and 
reconstruction, discretization, contour conditions, 
simulation, post-processing and validation [13].
 Medical images provide anatomical and 
physiological details, which are obtained from 
ultrasound, computed tomography and magnetic 
resonance imaging [13]. The conversion of clinical 
images into geometric models is the base of the 
segmentation and reconstruction' stages.
 Discretization is the production and refinement 
of the computational mesh that divides the geometry 
into volumetric cells. The limit conditions are the 
physical conditions for the entry, exit, and walls of 
the model, and the initial parameters and properties 
of the fluids used.
 Computer simulation of cardiovascular system 
in 3D consumes time and computational demand. 
Post-processing is done, such as graphs and tables 
for analysis, to extract the relevant data. After that, 



www.jbthonline.com

JBTH 2019; (March) 17CFD Applied to Atherosclerosis Hemodynamics

the results obtained are analyzed and compared with 
existing parameters in medicine for validation [13].
 An important hemodynamic factor is the 
viscosity of blood flow. The blood’s viscosity can 
vary according to the applied shear stress. If the 
strain rate is higher than 100 s-1, which happens in 
the large arteries, the blood behaves as a Newtonian 
fluid (constant viscosity). However, if the rate is 
lower than 100 s-1, the viscosity will present non-
Newtonian behavior (variable viscosity) which 
occurs in the small arteries [14,15]. 
 There are some models for representing the 
non-Newtonian behavior of blood flow, such as the 
Casson model, the Carreau model and the Power 
Law model [12]. A comparison of the viscosity of 
these models is shown in Figure 2 [12]. The Use of CFD in Atherosclerosis

 Heart disease is the leading cause of death in 
the world [19], and atherosclerosis will become 
the primary source of this disease by 2020 [20].
 Atherosclerosis is the result of the deposition 
and accumulation of fatty-rich and inflammatory 
substances that accumulate on vessels walls and 
form atherosclerotic plaques. These events limit 
the blood flow, causing a narrowing and hardening 
of the vessels, causing an inadequate supply to 
vital organs (Figure 4) [21-23]. 
 Atherosclerosis affects regions of complex 
hemodynamics, such as arterial bifurcations, 
usually in areas of low shear stress [24]. The 
shear stress in the vessel walls is one of several 

Figure 2. Comparison between the viscosity of 
the Newtonian and non-Newtonian models.

Source: Brambatti (2010) [12].

 Tabacow (2014) [16] used CFD in a study of 
cardiovascular diseases, in which the influence 
of endoprosthesis on aneurysms through a 
computational analysis of circulation of blood 
was analyzed. This result was able to justify the 
implantation of an endoprosthesis in patients to 
reduce the degradation of the vessel.
 Azevedo (2010) [17], as well as Shishir and 
colleagues (2015), studied hemodynamic properties 
in models of saccular aneurysms to understand the 
pathology (Figure 3).

Figure 3.Types of saccular aneurysms.

(a) lateral aneurysm; (b) fusiform aneurysm; (c)terminal 
aneurysm; (d) aneurysm in a bifurcation.
Source: Adapted from Azevedo (2010) [17].

Figure 4. Representation of atherosclerotic 
plaques on artery walls.

Source: Henriques (2015) [23].
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hemodynamic factors that are related to the 
development of the disease [25]. Therefore the 
identification of these factors could enable early 
detection and prevention of atherosclerosis [26], 
as well as help in assessing the severity of stenosis 
[23].
 Computational simulations of atherosclerosis 
can help in the determination and analysis of 
these factors, collaborating with the treatment and 
prevention of the disease. Figure 5 shows the shear 
stress in the artery with atherosclerosis, showing a 
tension peak in the existing damage point.
 The CFD method has contributed to the 
therapeutic and surgical planning of the most 
various cardiovascular diseases [27]. It could 
also collaborate in the surgical procedures by 
predicting the results of stenosis. The study 
developed by Polanzyck and colleagues (2018) 
[28] is a comparison of before and after surgeries 
of stenosis through computational simulations 
and medical examinations. It was possible to use 
CFD to assist in predicting the outcome of critical 
stenosis surgeries with a 90%-98% accuracy in 
results [28].
 Furthermore, several studies are using CFD 
for medical devices that aid in the treatment and 
procedure of atherosclerosis [29-32]. Figure 6 
shows the results of the variation in shear stress 
with a stent implanted in the artery. There has 
also been research into the development of 
equipment, such as the analysis developed by 
Dehlahi and colleagues (2008) [33], which 
compares the properties of different stent 
models.

Future Perspectives

 According to Lima and colleagues [5], the 
implementation of computational methods 
combined with conventional methods will enable 
the development of predictive medicine, such as 
the choice of appropriate surgery based on the 
comparison between results of computational 
surgeries performed. Furthermore, the mapping 
of the physiological properties of atherosclerosis 
hemodynamics should be done for prevention 

and diagnosis, as well as the development of 
technologies and devices for treatments and 
procedures in the disease.

Conclusions

 Computational Fluid Dynamics can contribute 
to advances in medicine, especially in the study 
and analysis of hemodynamics applied to 
cardiovascular diseases.
 However, more studies are needed with CFD 
applied to medicine to apply this method for 
other diseases, using new fields of Engineering in 
Medicine. 
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