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Abstract:
Background: The object of the study is to investigate the effect of coronary tortuosity
(CT) on fractional flow reserve (FFR) in stenotic coronary artery.
Methods: A three dimensional computational model of simulation of blood flow in
stenotic coronary artery with multi-bend CT was constructed with Fluent 16.0
software. Blood was simulated as non-Newtonian fluid with the Carreau model. The
simulation of blood flow in coronary artery stenotic model was used by the finite
element methods with the condition of CT and no coronary tortuosity (NCT).
Coronary artery hemodynamic parameters such as pressure, velocity and
physiological diagnostic parameter fractional flow reserve (FFR) were studied in the
model with the coronary tortuosity condition.
Results: The results showed that the downstream CT impedance condition has
significant impacts on numerical simulation. The pressure profile of pre-stenotic is
almost identical in the two models. However the pressure in the pre-stenotic and
post-stenotic artery domain is much higher in the CT model. The pressure fluctuation
range in CT model was much higher than that in the NCT model. In the coronary
artey model with 75% stenosis for the CT condition, the FFR was 0.823 while the
FFR was 0.767 in the same model with NCT condition.
Conclusions: This study provides evidence that FFR value was increased in coronary
stenotic artery with the presence of CT. Therefore, it should be taking into account the
influence of CT load effect in FFR measurement procedure, otherwise the CAD risk
will be underestimated.
Keywords: Coronary artery disease, Hemodynamics, FFR

2

Background
Arteries are normally straight to transport blood and oxygen to distal tissues
efficiently. However, arteries may become tortuosity as a many result of arterial
remodeling factors such as left ventricular hypertrophy or due to elongation and
dilation of the arteries associated with hypertension, smoking and aging [1].
Tortuosity was identiﬁed by ≥ 3 bends segments (deﬁned as ≥ 45° change in vessel
main direction) along main trunk of one artery. Tortuous coronary arteries (Fig.1.A)
and non-tortuous coronary arteries (Fig.1.B) are two geometric patterns of coronary
arteries commonly observed in clinical coronary angiography. Although CT can
influence the hemodynamics of coronary arteries [2], the relationship between CT and
fractional flow reserve (FFR) has not been investigated.
Regulation of coronary blood flow is quite complex, the coronary artery
hemodynamics are affected by the multi-factor such as epicardial stenotic coronary
artery obstruction, CT and microcirculation load. Cardiologists often encounter
coronary tortuosity. However, the complex interrelationship between the tortuous
coronary arteries and the stenotic epicardial coronary arteries contributing to the
coronary artery hemodyanamics remains poorly understood. Whether CT leads to an
apparent FFR change to the stenotic coronary artery model is still unknown.
Computational fluid dynamics (CFD) simulation has been widely used to study
the hemodynamic parameters in heart due to the limitation of in vivo measurements
[3]. Hemodynamics is a key factor in the onset of vascular wall pathologies.
Functional evaluation of coronary artery stenosis severity is important in clinical
practice [4]. FFR is currently used as a gold standard for the assessment of
functional significance of stenosis severity and is applied for guiding cardiovascular
intervention [5]. Recently, the CFD approach has been used to determine the FFR
from the clinical medical image or numerical simulation. However, there are lack of
numerical simulation studies to determine FFR and hemodynamic changes due to
coronary artery tortuosity (CAT) conditions. We hypothesize that hemodynamic
changes caused by CT may partly obscure FFR measurements.The purpose of this
study is to investigate the CT hemodynamic effect on FFR in stenotic coronary
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artery.
Methods
Geometry Model
As shown in Fig.2, the coronary artery model was considered as a symmetric
stenotic geometry with the condition of CT and no coronary tortuosity (NCT)
condition. Tortuous coronary arteries segments were designed as 4 bends (with > 45°
change in vessel direction). Stenotic regions consist of throat, converging and
diverging sections. Moreover, proximal and distal radii are assumed to be identical (rp
= rd = 1.4 mm). Artery area stenosis (AS) percentage was 75%, which was defined as:

D12  Ds2
 100%
D12

(1)

The 3D geometry was created with SolidWorks with shape and dimensions as
close as possible to the human artery.
Computational blood flow model
The simulation was performed under laminar flow conditions. The flow of blood
in the coronary artery was assumed as incompressible and governed by the
Navier-Stokes equations

 u

 u  u   p    T
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(2)

and the continuity equation for incompressible flow was based on the mass
conservation principle and the general form was written as

u  0
(3)
Where t indicated the time, u

the three dimensional velocity vector, p the pressure ,

 the blood density and T the stress tensor respectively. The blood was set with a
density of 1050 kg/m3.
As is well known, the viscoelasticity and shear thinning of the blood are closely
relevant to its microscopic features, such as deformation, aggregation and alignment
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of the red blood cells and shouldn’t be neglected in the blood blood flow simulation
[6]. In this study, the blood flow was modeled to be homogenous, incompressible and
non-Newtonian, and the Carreau blood viscosity model was used which is governed
by the equation given as

   （0 - ）
[1  ( ) 2 ]( n1) / 2
(4)
where μ is the dynamic viscosity, μ0 and μ∞ are the viscosity as the shear rate goes to
infinity and zero, λ is the time constant, γ is the shear rate and n is the power-law
index. All values were taken from the literature, μ 0 = 0.0560 Pa·S, μ∞ = 0.00345
Pa·S, λ= 3.313 s and n = 0.3568.
Microcirculation domain
In this study, the outlet impedance was set as seepage boundary condition which
is provided by the flow in the microcirculation porous zone [7]. Microcirculation is
considered as a porous medium which is the important part of the whole circulation
structure, A complete hemodynamic model requires consideration of the
microcirculation load effect. The porosity of the microcirculation was set to  = 0.5.
We adopted the following empirical equation to compute the microcirculation zone
permeability, which is determined by the diameter and porosity:
k

d 2 3
180
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(5)

where d is the diameter of the microvessel, and we set d = 100 μm following the
literature [8]. The blood flow governing equations in the microcirculation zone are
determined as follows:
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Boundary conditions and microcirculation domain
All calculation examples selected velocity inlet condition and free outlet, which
was used for simulation the process of artery blood flow impulse. A transient
time-dependent velocity profile of a typical coronary artery was applied at the inlet.
The maximum velocity was 0.46 m/s, the average velocity was 0.28 m/s and the
minimum velocity was 0.13 m/s. Accordingly, in the example of normal physiology,
the heart rate was 75/min and the period of the flow waveform is 0.8 s. Both CT and
NCT cases were solved with the same inlet boundary conditions. The microcirculation
zone is coupled at the outlet.We assume that the vessel walls are rigid and all velocity
components were set to zero at the wall according to no-slip condition. Coronary
artery hemodynamic parameters such as pressure, velocity and physiological
diagnostic parameter FFR were investigated in the model.
Numerical methodology
The computational domains were meshed with tetrahedral and hexahedral
elements using ANSYS Meshing (Ansys Inc., Canonsburg, USA). The total number
of elements vary from 60,000 to 78,000 for both CT and NCT models. Computational
simulations were performed with commercial CFD software Fluent 16.0 using the
numerical scheme of finite-volume analysis. The transient flow analysis was run for
114 time steps (0.007 s per time step) representing pulsatile flow with each time step
converging to a residual target of 1×10-5.
FFR calculation
FFR is the most well-studied physiological parameter to guide coronary
revascularization decision in contemporary clinical practice [9]. FFR is defined as the
ratio of distal coronary pressure to proximal (=aortic) pressure determined during
pharmacologically-induced hyperemia
~

FFR 

Pd - Pv

(8)

~

P a  Pv
~

Where P d is the time averaged distal stenotic pressure measured at the end of flow
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~

reversal occurring and before the CT bending segments, P a is defined as the time
averaged aortic pressure, and Pv is the venous pressure which is assumed to be 15
mmHg.
Results
In the model with CT and NCT condition, the present study showed the different
hemodynamic parameters. Fig.3 depict the pressure distributions before and after
stenosis of the artery zone. In the two models, the pressure profiles of the pre-stenotic
and post-stenotic domain are almost identical. However, the average of pre-stenotic
~

~

pressure ( P a = 3707 Pa) and post-stenotic pressure ( P d =3051 Pa) in the CT model
~

~
Pd

were higher than those ( P a = 2890 Pa,

= 2217 Pa) in the NCT model. The

absolute values of the pressure drops across the stenosis were similar in the two
models. However, the pressure fluctuation range in CT model was much higher than
that in NCT model.
~

~

After obtained the averaged pressure distal ( P d ) and proximal ( P a ) to stenosis
~

~

from our computational study, FFR ( = P d / P a ) was calculated. As shown in Table 1,
a large pressure drop occurs across the stenosis. In the coronary artey model with 75%
stenosis for the CT condition, the FFR was 0.8228 while the FFR was 0.7669 in the
same model with NCT condition. The results showed that with the presence of CT
resistance, blood flow through the fixed stenosis will decrease, and FFR will increase.
So according to the recent clinical guideline, with the criterion of FFR = 0.80,
the coronary artery model with 75% stenosis and NCT condition will be judged
culprit vessel and require revascularization to prevent adverse events, however the
same stenotic vessel with CT condition will be judged nonsignificant. So the FFR
value was overestimated in the CT upload condition.
Discussion
This is the first study to investigate the impact of CT on FFR quantitatively.
Little attention has been paid on the impact of coronary tortuosity on FFR before. In
the present study, we constructed the artery stenosis model with CT and NCT
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conditions and we study the impact of CT on the pressure and flow field and hence
the diagnosis parameter FFR of the artery stenosis model. It can be demonstrated that
the downstream CT impedance of artery plays a important role when comparing with
the local resistance created by the stenosis district even in the severe case.
Although severe coronary tortuosity (SCT) is relatively common in clinical
coronary angiograms, there is much debate on the significance of this anatomical
variation and whether CT could reduce the rate of coronary artery disease [1].
Population studies have shown that CT decrease the risk of coronary artery disease
[10]. Recent Li’s study showed that CT is negatively correlated with coronary
atherosclerosis [11]. However, some study showed that CT would alter the local wall
shear stress and may become a risk factor for CAD [12, 13]. And Zegers’s study
showed that atherosclerosis is more common in patients with coronary artery
tortuosity [14]. Numerical study suggested that SCT could lead to atherosclerosis [15,
16], and the presence of CT is an hemodynamic factor for the development of
atherosclerosis. It has been suggested that CT causes reduction in coronary artery
pressure distal to the coronary tortuous segment and alteration in blood flow and thus
lead to chest pain. And there is a significant association between SCT and reduced
coronary flow rate.
FFR is a well-validated clinical parameter derived from the measurement of
coronary pressures and has greatly changed revascularization decision in clinical
practice worldwide [17]. And now FFR is regarded as a gold-standard test for
myocardial ischemia. FFR is impacted by multi-factor such as artery stenosis and
microcirculation impedance [7]. The impact of CT on FFR was not studied previously.
Our study showed that FFR was higher than the NCT model with the presence of
severe CT. A full understanding of hemodynamic changes caused by the CT is
meaningful for cardiovascular researches. CT has important impact on coronary
hemodynamics. A 2-D computational experimental studies have shown that CT
decrease the blood pressure along the coronary artery [18]. It’s believed that the CT
has a great influence on the bloodstream, and has important influence on various
phenomena in the flow field. The tortuous segment of the coronary artery is a resistant
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factor to coronary atherosclerotic stenosis and reduce the myocardial perfusion [16].
Usually CT was neglected in the procedure of FFR measurement. the tortuous
segment of the coronary artery is resistant to coronary atherosclerotic stenosis, and
myocardial ischaemia may be caused by irregularities of both epicardial arteries and
downstream CAT.
In clinical, coronary tortuosity is common, but its impacts and mechanisms are
not well studied. SCT may lead to angina, positive stress test, or other manifestations
of myocardial ischemia. It was also shown that SCT is associated with increased
Thrombolysis in Myocardial Infarction count, further emphasizing the slower flow
rate in comparison to non-SCT patients. Moreover, in this study, it can be
demonstrated that the downstream CT impedance of artery plays a dominant role in
the evaluation hemodynamic parameter. And such hemodynamic alterations with
altered CT resistance could partly obscure FFR measurements. In FFR measurement
procedure, the vasodilation mediator is used to abolish all vasoconstrictor tone.
However, the tortuous coronary artery impedance couldn’t be abolished by the
coronary vasodilation drugs. And the CT will cause functional stenosis. A specific
constant pressure profile is usually imposed at the outlet in traditional computational
hemodynamics simulation. However, free outlet and constant load outlet do not meet
the physiological requirements, and microcirculation load outlet condition can better
simulate the physiology situation. In our another study, the porous media of the
microcirculation is shown to play a important role in the FFR calculation [7].
In this study, the pressure fluctuation range in the CT model was larger than in
the NCT model. Our results show that the tortuous coronary arteries seems to have an
essential role in regulating blood pressure. And other study showed tortuous coronary
arteries may represent larger resistance to blood flow up to about 90% during exercise
conditions that may lead to failure of coronary autoregulation [2]. CT is considered a
predictor of abnormal coronary hemodynamics leading to reduced perfusion.
Hemodynamic factors are important for the remodeling of the vascular structure, and
it’s meaningful for cardiovascular clinical researches to understand the hemodynamic
changes caused by the CT. Therefore, in hemodynamic numerical simulation study,
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the influence of CT must be considered.
Study limitations and future directions
The present study has some limitations because of simplifying the simulation.
First, an ideal cylinder model was constructed rather than the patient-specific case.
Clinically, the artery of the patient may be bifurcated and be deformed due to the
myocardial tension, so the haemodynamic research of that may show different
outcomes. In addition, there is a fluid-structure interaction (FSI) and a seepage
boundary condition between blood and arterial wall, tissues and organs surrounding
the coronary artery during the modeling and simulation. This study didn’t included the
FSI effect. Thus in future work, a more severe case may be constructed included FSI
study in association with the model using a seepage boundary condition. Thirdly,
factors that influence the hemodynamic parameters such as heart motion, lesion
curvature and wall roughness were not included in this study. Using the data from the
clinical and further experimental study would validate the computational results in the
future as well.
Conclusions
In conclusion, FFR value was increased with the presence of CT boundary
condition in coronary stenotic artery model. Therefore, it should be taking into
account the influence of CT load effect in FFR measurement procedure, otherwise the
CAD risk will be underestimated. The clinical implication, long-term prognosis and
exact pathogenesis of CAT are needed to further study.
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Figure Legend
Figure 1 Angiography of stenotic coronary artery with coronary artery tortuosity. A. B. Angiography of stenotic
coronary artery without coronary tortuosity (CT).
Figure 2 A. Geometry and Pressure contour of the CT model. B. Geometry and Pressure contour of the Non-CT
(NCT) model.
Figure 3 A. Pressure profiles in the Pre-stenotic and Post-stenotic domain of the CT model. B. Pressure profiles in
the Pre-stenotic and Post-stenotic domain of the NCT model.
Table 1: The pressure difference in the artery zone and FFR calculation under the conditions of CT and
NCT.

Outlet

The peak

The low

Pressure （Pa）

pressure （Pa）

Fluctuation range （Pa）

Pa (%)

FFR

AS(%)

Pa

Pd

Pa

Pd

Pd (%)

CT Load

5521

4206

2486

2296

3035(55.0%) 1910(45.4%)

0.823

75%

NCT Load

3684

2366

2287

2098

1399(38.0%) 268(7.27%)

0.767

75%

FFR = Fractional flow researve; Pa = Pressure at the aortic stenosis; Pd = Pressure distal to the coronary stenosis;
AS = Area stenosis.
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