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Abstract
Rapid technological developments in computed tomog-
raphy (CT) imaging technique have made coronary CT 
angiography an attractive imaging tool in the detec-
tion o� coronary artery disease. Despite visualization 
o� excellent anatomical details o� the coronary lumen 
changes, coronary CT angiography does not provide 
hemodynamic changes caused by presence o� plaques. 
Computational fluid dynamics (CFD) is a widely used 
method in the mechanical engineering �ield to solve 
complex problems through analysing fluid flow, heat 
trans�er and associated phenomena by using computer 
simulations. In recent years, CFD is increasingly used 
in biomedical research due to high per�ormance hard-
ware and software. CFD techniques have been used to 
study cardiovascular hemodynamics through simulation 
tools to assist in predicting the behaviour o� circulatory 
blood flow inside the human body. Blood flow plays a 
key role in the localization and progression o� coronary 
artery disease. CFD simulation based on 3D luminal 
reconstructions can be used to analyse the local flow 
fields and flow profiling due to changes of vascular ge-
ometry, thus, identi�ying risk �actors �or development 
o� coronary artery disease. The purpose o� this article 
is to provide an overview of the coronary CT-derived 
CFD applications in coronary artery disease.

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: Coronary computed tomography (CT) angiog-
raphy is limited to the visualization o� anatomical de-
tails of coronary artery tree, while computational fluid 
dynamics (CFD) overcomes this limitation by providing 
hemodynamic changes to the coronary artery due to 
presence o� plaques. CFD has been increasingly used 
in the investigation o� cardiovascular disease due to its 
ability of providing flow changes and variations. This 
article provides an overview of the clinical applications 
o� coronary CT-derived CFD in coronary artery disease.
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INTRODUCTION
Coronary artery disease (CAD) is the leading cause of  
death in advanced countries and its prevalence is increas-
ing among developing countries[1]. Traditionally, diagnosis 
of  CAD is performed by invasive coronary angiography 
which is considered the gold standard technique, since it 
has superior spatial and temporal resolution leading to ex-
cellent diagnostic accuracy. However, it is an invasive and 
expensive procedure associated with a small but distinct 
procedure-related morbidity (1.5%) and mortality (0.2%)[2]. 
Furthermore, invasive coronary angiography usually re-
quires patients to stay for a short period in the hospital 
after the examination and this causes discomfort for the 
patients. Thus, a non-invasive technique for imaging and 
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diagnosis of  CAD is highly desirable.
Cardiac imaging has experienced rapid growth in re-

cent years. Several techniques have been investigated for 
diagnosis and prognosis of  patients with proven or sus-
pected CAD. Although currently there is no less-invasive 
imaging modality that can replace invasive coronary an-
giography, the development of  computed tomography 
(CT), magnetic resonance imaging (MRI), single photon 
emission computed tomography and positron emission 
tomography contribute to the detection and diagnosis of  
CAD less invasively when compared to the invasive coro-
nary angiography[3-11].

Despite promising results achieved with these less-
invasive modalities, the application is still limited to the 
visualization of  anatomical details such as stenosis or 
occlusion, while the hemodynamic interference due to 
the presence of  coronary plaques and subsequent flow 
changes cannot be assessed by traditional imaging tech-
niques. Thus, identification of  plaques that may cause car-
diac events is of  paramount importance for reducing the 
mortality and improving healthcare in patients suspected 
of  CAD.

Computational fluid dynamics (CFD) enables analysis 
of  hemodynamic changes of  the blood vessel, even be-

fore the atherosclerotic plaques are actually formed in the 
artery wall. Therefore, to some extent, CFD allows for an 
early detection of  atherosclerotic disease and improves 
understanding of  the progression of  plaques[12-14]. The 
purpose of  this article is to provide an overview of  the 
applications of  CFD in the diagnosis of  coronary artery 
disease based on coronary CT angiography examination.

CORONARY CT ANGIOGRAPHY 
VISUALIZATION OF CAD
Over the last decade a great deal of  interest has been fo-
cused on imaging and diagnosis of  CAD using coronary 
CT angiography due to its less invasive nature and improved 
spatial and temporal resolution (Figure 1). Moderate to high 
diagnostic accuracy was achieved with 64- or post-64 slice 
CT, owing to further technical improvements[15-19]. These 
studies have indicated that coronary CT angiography has 
high accuracy for the diagnosis of  CAD and could be used 
as an effective alternative to invasive coronary angiography 
in selected patients (Figure 2).

In addition to the diagnostic value, coronary CT an-
giography demonstrates the potential to visualize coro-
nary artery wall morphology, characterize atherosclerotic 
plaques and identify non-stenotic plaques that may be 
undetected by invasive coronary angiography (Figure 3). 
Studies have shown that coronary CT angiography dem-
onstrates high prognostic value in CAD, as it is able to dif-
ferentiate low-risk from high-risk patients, with very low 
rate of  adverse cardiac events occurring in patients with 
normal coronary CT angiography, and significantly high 
rate of  these events in patients with obstructive CAD[20-22].

According to the guidelines of  the European Society 
of  Cardiology, and the American College of  Cardiol-
ogy/American Heart Association, the decision to perform 
interventional procedures such as coronary angioplasty or 
bypass surgery should integrate anatomical information 
with a test that provides objective proof  of  ischemia[23,24]. 
Echocardiography is a multimodality imaging technique 
which allows accurate assessment of  myocardial structure, 
function and perfusion. Stress echocardiography has be-
come widely used for evaluation of  patients with suspected 
or known CAD, and it has been reported to be a cost-ef-
fective and feasible modality in the diagnosis of  CAD[25,26]. 
Although coronary CT angiography has been reported to 
provide potentially important additional information on 
myocardial perfusion and chronic myocardial infarction, a 
limited correlation between stenotic coronary disease and 
single photon emission computed tomography (SPECT) 
findings was noticed[27]. However, with the emergence of  
dual-energy CT (DECT), which offers fascinating new ap-
plications such as the mapping of  the iodine distribution, 
acquisition of  both anatomic and functional information 
is possible[28,29]. Early studies have reported that DECT 
had more than 90% diagnostic accuracy for detecting 
myocardial perfusion defect compared to myocardial per-
fusion SPECT imaging[29,30], although large patient cohorts 
are needed to confirm the potential application of  DECT 

Figure 1  3D volume rendering shows normal right and left coronary arter-
ies with excellent demonstration of main and side branches.

Figure 2  Curved planar reformation image shows significant stenosis of 
the left anterior descending coronary artery due to presence of plaques. 
The long arrow refers to the mixed plaque at the proximal segment of left left 
anterior descending (LAD), while the short arrow points to the calcified plaque 
at the proximal segment of LAD.
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for both anatomic and myocardial perfusion assessment 
of  CAD. 

Coronary CT angiography provides excellent views 
of  anatomical changes of  the artery wall due to presence 
of  plaques, thus enabling assessment of  the degree of  
coronary stenosis. Coronary CT angiography claims to 
not only identify flow-limiting coronary stenosis, but also 
detect calcified and non-calcified plaques, measure athero-
sclerotic plaque burden and its response to treatment, and 
differentiate stable plaques from those that tend to rup-
ture[31,32]. However, these expectations have not yet been 
met. In contrast, CFD enables analysis of  hemodynamic 
changes of  the blood vessel, thus improving our under-
standing of  the progression of  plaques formation and 
development of  atherosclerosis.

COMPUTATIONAL FLUID DYNAMICS
CFD is a general term of  all numerical techniques that 
are used to describe and analyse the flow of  fluid ele-
ments at each location in certain geometry. The basic 
principle in CFD is that a complex geometry is separated 
into a large number of  small finite elements. Those ele-
ments create a grid on which the equations describing 
the flow are analysed. The merit of  CFD is developing 
new and improved devices and system designs, and op-
timization is conducted on existing equipment through 
computational simulations resulting in enhanced efficien-
cy and lower operating costs[33]. However, CFD is still 
emerging in the biomedical field due to complexity of  
human anatomy and human body fluid behaviour. With 
high performance hardware and software easily available 
due to advances in computer science, biomedical re-
search with CFD has become more accessible in recent 
years[34].

APPLICATIONS OF CFD IN CAD
Recently, CFD techniques have been increasingly used 
to study cardiovascular hemodynamics through simula-
tion tools to assist in predicting the behaviour of  circu-

latory blood flow inside the human body. Mechanical 
forces and intravascular hemodynamics can chronically 
affect and regulate blood vessels structure which induces 
a chronic inflammatory response in the arterial walls re-
sulting in atherosclerosis[35,36]. Early CFD-based hemody-
namic studies were conducted to represent in vitro condi-
tions within restrictive assumptions[37-40]. Later reports 
demonstrated that CFD methods have the potential to 
enhance the data obtained from in vivo methods (CT or 
MRI) by providing a complete characterization of  he-
modynamic conditions (blood velocity and pressure as a 
function of  space and time) under precisely controlled 
conditions (Figure 4)[41-44].

Knight et al[41] performed an analysis of  the hemo-
dynamic parameters including average wall-shear stress 
gradient, wall shear stress and oscillatory shear index ob-
tained through a CFD study on the right coronary arter-
ies of  30 patients. These parameters were correlated to 
each patient’s specific plaque profile with aim of  predict-
ing the particular plaque location. Their results showed 
a statistically significant difference between average wall 
shear stress and oscillatory shear index in sensitivity and 
positive predictive value for the identification of  athero-
sclerotic plaque sites in the right coronary artery. These 
findings further strengthen the theory that low shear 
stress is a contributor to the initiation of  atherosclerosis.

In addition to the CFD analysis of  main coronary ar-
teries, impact of  side branches on local wall shear stress 
should not be neglected. Wellnhofer et al[42] studied the 
impact of  side branches on wall shear stress calculation 
in 17 patients and they concluded that side branches 
showed significant impact on coronary flow and wall 
shear stress profile in the right coronary artery. In con-
trast, Chaichana et al[43] investigated the influence of  real-
istic coronary plaques on coronary side branches, based 
on a sample patient with coronary artery stenosis at the 
left coronary bifurcation. A direct correlation was found 
between coronary plaques and subsequent wall shear 
stress and wall pressure stress gradient changes in the 
coronary side branches (Figure 5). These research find-
ings improve the understanding of  the development of  

So�t plaque

A B C

Figure 3  Characterization of coronary plaques on coronary computed tomography angiography. Coronal maximum intensity projection shows a calcified 
plaque (A, arrow) at the proximal segment of left coronary artery. A non-calcified plaque is present at the mid-segment of right coronary artery (B, arrow) on a curved 
planar reformation image. A mixed plaque is present at the proximal segment of right coronary artery (C, arrows) on a curved planar reformation image.
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atherosclerosis by exploring the hemodynamic effect of  
coronary plaques using CFD technique, although further 
studies based on a large cohort are required to verify these 
results.

Hemodynamic effect of left coronary angulation
The natural history of  coronary plaque is dependent not 
only on the formation and progression of  atheroscle-
rosis, but also on the vascular remodelling response. If  
the local wall shear stress is low, a proliferative plaque 
will form. Local inflammatory response will stimulate 
the formation of  so-called “vulnerable plaque” which is 
prone to rupture with superimposed thrombus forma-
tion. The vast majority of  these inflamed high-risk vul-

nerable plaques cannot be detected by anatomic imaging 
and myocardial perfusion imaging. Since the progression 
and development of  vulnerable plaque is associated with 
low wall shear stress and the presence of  expansive re-
modelling, measurement of  these characteristics in vivo 
will enable risk stratification for the entire coronary cir-
culation[12,13,44]. Wong et al[45] simulated plaque locations in 
different angles involving ten patterns of  plaques forma-
tion in the coronary artery wall, and they studied the ef-
fects of  blood flow resistance through diseased coronary 
artery. Their proposed formation of  the wall geometry 
has potential applications in the provision of  reduction 
of  flow estimates in angiography equipment and in situ-
ations where practical experimental measurement of  the 
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Figure 4  Local impact of flow velocity observed in a normal coronary model during systolic phase of 0.2 s (A) and diastolic phase of 0.7 s (B). Double ar-
rows reveal high flow velocity locations at bifurcation in the left coronary artery model.
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Figure 5  Computational fluid dynamics analysis of wall shear stress in 3D realistic models generated from coronary computed tomography angiography 
during systolic phase of 0.2 s and diastolic phase of 0.7 s. A, B: Coronary models with presence of plaques in the left anterior descending; C, D: Computational 
fluid dynamics analysis simulation in coronary models without presence of plaques. Arrows indicate the effect of plaques locations on wall shear stress changes in 
coronary side branches in the post-plaques-conditions.
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flow is unavailable.
The strong correlation between averaged low wall shear 

stress and the localization of  atherosclerotic lesions in arte-
rial bifurcations has been well established[12,46,47]. Rodriguez-
Granillo et al[47] in their prospective study reported that 
atherosclerotic plaques located in the ostial left anterior 
descending coronary artery demonstrated larger plaque 
burden, maximal plaque thickness and low shear stress 
than those located in the distal left main coronary artery. 
Chaichana et al[48] in their recent study based on simulated 
and realistic coronary models showed a direct relation-
ship between angulations of  the left coronary artery and 
corresponding hemodynamic changes. Low wall shear 
stress and wall shear stress gradient was observed in the 
wide-angled models ranging from 75° to 120° when com-
pared to the narrow-angled models ranging from 15° to 
60°. Similarly, the magnitude of  wall shear stress was sig-
nificantly lower in the wide angulation models (120° and 
110°) than that observed in the narrow angulation models 
(58°) which were generated based on patient’s coronary 
CT images (Figure 6). This emphasises the potential risk 
of  developing atherosclerosis at the left coronary bifurca-
tion, although further studies are needed to validate these 
results in more realistic patient’ data.

Hemodynamic effect of plaque location at the left 
coronary artery
Coronary plaque generally originates in the bifurcation 
region due to the angulations. The angulations cause a 
region of  low wall shear stress, as confirmed by previous 
reports[48-53]. Medical imaging modalities such as intravas-
cular ultrasound and coronary CT angiography have been 
commonly used to detect plaque locations in the left main 
coronary artery[54,55]. These imaging techniques provide 
valuable diagnostic information, such as assessment of  
plaque components and corresponding coronary lumen 
changes, however, they offer no tangible insight into the 
resultant hemodynamics. CFD provides an opportunity 
to predict the hemodynamic behaviour. Thus, the charac-
terization of  hemodynamic variations due to the various 
types of  bifurcation plaque in the configurations can be 

further explored with flow visualizations; this exceeds the 
traditional anatomical analysis of  coronary stenosis or oc-
clusion.

According to a recent study by Chaichana et al[56], vari-
ous types of  plaques were simulated in different positions 
of  the left coronary artery to reflect the realistic distribu-
tion of  coronary plaques, as shown in Figure 7A. The wall 
shear stress, velocity and pressure gradient were computed 
and compared using CFD method. Figure 7B shows he-
modynamic effects corresponding to different types of  
plaque in the left coronary artery, with significant differ-
ence among these plaques, while Figure 7C demonstrates 
the pressure gradient variations in relation to the plaque 
locations. These findings indicate that extra plaque located 
in the left coronary artery may increase the risk of  plaque 
rupture, although further studies are needed to analyse the 
realistic plaque at the coronary artery based on different 
configurations (concentric vs eccentric plaques) and com-
positions (calcified vs non-calcified plaques).

Coronary CT angiography-derived fractional flow 
reserve
A technique to reveal the culprit CAD during invasive 
coronary angiography is the fractional flow reserve (FFR) 
measurement using a pressure-sensing guiding wire. FFR 
is the gold standard assessment of  the hemodynamic sig-
nificance of  coronary stenoses as it is a measurement of  
the functional severity of  a stenosis based on the pressure 
changes over a lesion during maximal coronary hyperemia. 
FFR is defined as maximal blood flow in a stenotic artery 
as a ratio to normal maximal flow[57]. FFR is measured at 
the time of  invasive coronary angiography. An FFR of  0.80 
is used as a cut off  value to determine coronary stenoses 
responsible for ischemia with an accuracy of  more than 
90%[58,59]. FFR has been shown to improve detection of  
lesions that cause ischemia when compared with coronary 
CT angiography stenosis, thus, reducing the rates of  false 
positive lesions incorrectly classified by stenosis alone[60].

Computation of  FFRCT is performed by computa-
tional fluid dynamics modelling after segmentation of  
coronary arteries and left ventricular myocardium. 3D 

120°
73°

Figure 6  Wall shear stress gradient observed with different angles of the realistic left coronary artery models generated from coronary computed tomog-
raphy angiography at peak systolic phase of 0.4 s. The arrows display the wall shear stress gradient distributions, with a large region of the low magnitude present 
at present at a 120° model (A) and a small region at a 73° model (B).
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blood flow simulations of  the coronary arteries are per-
formed with blood modelled as a Newtonian fluid using 
incompressible Navier-Stokes equations, with implementa-
tion of  appropriate initial and boundary conditions to 
the models using a finite element method on a super-
computer. In order to ensure that the analysis reflects 
the realistic simulation in vivo conditions, realistic physi-
ological boundary conditions are applied for 3D nu-
merical analysis. The transient simulation is performed 
using accurate hemodynamic rheological and material 
properties, as described in previous studies[43,48]. Coro-
nary blood flow is simulated under conditions modelling 
adenosine-mediated coronary hyperemia. The FFRCT ratio 
is obtained by dividing the mean pressure distal to the 
coronary stenosis by the mean aortic pressure, which can 
be measured during CFD simulations.

The FFR measurement was tested with coronary CT 
angiography and CFD technique and results are promis-
ing[61-63]. Min et al[61] in their multicenter study involving 
252 stable patients with suspected or known CAD com-
pared CT-derived FFR (FFRCT) with coronary CT angi-

ography and invasive coronary angiography for the diag-
nosis of  hemodynamically significant coronary stenosis. 
Their results showed that FFRCT is considered a poten-
tially promising non-invasive method for identification 
of  individuals with ischemia. FFRCT plus CT improved 
diagnostic performance in terms of  sensitivity and speci-
ficity when compared to CT alone. Similarly, Koo et al[62] 
in their DISCOVER-FLOW multicenter study further 
confirmed the usefulness of  FFR derived from coronary 
CT angiography in the identification of  ischemic coronary 
stenosis. On a per-vessel analysis (FFRCT was performed 
on 159 vessels in 103 patients), the diagnostic accuracy, 
sensitivity, specificity, positive predictive value and nega-
tive predictive value were 84.3%, 87.9%, 82.2%, 73.9%, 
92.2%, respectively, for FFRCT, and were 58.5%, 91.4%, 
39.6%, 46.5%, 88.9%, respectively, for coronary CT an-
giography. These findings together with others indicate 
that FFR computed from coronary CT angiography pro-
vides better diagnostic performance for the diagnosis of  
lesion-specific ischemia and offers incremental value for 
the depiction of  the culprit lesion in CAD compared to 
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Figure 7  Computational fluid dynamics simulation of left coronary models with measurement of flow velocity and pressure gradient. A: Diagram shows 
characterization of the four different types of bifurcation plaques in the left coronary artery; B: The velocity patterns inside left bifurcation at effective plaque locations 
with these types of bifurcation plaques during the diastolic phase (0.7 s); C: The pressure gradient patterns inside left bifurcation at plaque locations with different 
types of bifurcation plaques during the systolic phase (0.2 s) (C). Arrows refer to the flow changes in the location of plaques. It is noticed that high velocity and high 
pressure gradient are present in the models with more plaques formed in the left coronary artery branches. LMS: Left main stem; LAD: Left anterior descending; LCx: 
Left circumflex.
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coronary CT angiography[62-65]. In addition to the assess-
ment of  coronary stenosis, FFRCT could be further applied 
to evaluate the in-stent restenosis or for coronary artery 
bypass grafts, although reports are limited in these areas.

Despite the promising results of  FFRCT in the detec-
tion of  flow-limiting coronary stenosis, this technique 
suffers from some limitations. In order to confirm the 
diagnostic accuracy of  FFRCT, it needs to be compared 
with the gold standard, FFR which is measured by in-
vasive coronary angiography. Furthermore, coronary 
CT angiography is associated with high radiation dose, 
although dose-reduction strategies have been recom-
mended to reduce radiation exposure to patients[15]. Cur-
rently, myocardial perfusion SPECT imaging remains a 
widely accepted technique for functional assessment of  
coronary artery disease[27].

SUMMARY AND CONCLUSION
Although many risk factors predispose development of  ath-
erosclerosis, it tends to develop at locations where disturbed 
flow patterns occur, suggesting that lesion-prone areas may 
be due to biomechanically related factors. Furthermore, re-
gional hemodynamics such as flow velocity, wall shear stress 
and wall pressure have been regarded as other risk factors 
for developing coronary artery disease[66-69].

CFD has been increasingly used to analyse coronary 
artery hemodynamics and implicate atherosclerosis pro-
gression. CFD method applied to coronary CT angiogra-
phy has enabled non-invasive assessment of  lesion-spe-
cific ischemia by FFRCT. Furthermore, these methods also 
assist prediction of  changes in coronary flow and pressure 
from therapeutic procedures (e.g., percutaneous coro-
nary intervention, coronary artery bypass graft)[70]. More 
research is being conducted on realistic in vivo coronary 
geometry models, and it is expected that research findings 
will provide potential valuable information for improving 
our understanding of  the biomechanical pathophysiology 
of  atherosclerosis and its complications.
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