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Abstract Coronary artery disease is the most common cardiovascular condition and
one of the leading causes of death worldwide. Coronary artery disease is caused by
a narrowing or complete occlusion of the coronary artery lumen. Early diagnosis
and correct assessment of the existing stenosis are essential. In our study, a pilot
study in this regard, we present a method of non-invasive FFR estimation based on
3D numerical simulations of blood flow through coronary arteries in a 50-year-old
man with coronary artery stenosis. Our study considered patient-specific coronary
artery geometry. The study determined the effect of blood pressure gradient in flow
across mechanical trileaflet (TRI) and bileaflet (BIL) and natural aortic valves on
the fractional coronary flow reserve (FFR) value. The predicted value of the FFR
ratio for the natural valve is 82% while the FFR value from coronarography is 83%.
The predicted FFR values for BIL and TRI mechanical valves are 77% and 75%,
respectively.
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1 Introduction

One of the most common diseases of the cardiac system is ischemic heart disease
(IHD) also called coronary heart disease (CHD). It still remains the main cause of
mortality in the world [1, 2]. Patients suffering from IHD are treated either conser-
vatively by means of medications [3] or invasively by means of percutaneous revas-
cularization [4] or coronary artery bypass surgery [5]. An invasive intervention must
be preceded by an accurate examination of patients which will give a clear indi-
cation of whether or not they may be qualified for a surgical procedure. To detect
ischemia caused by artery stenosis fractional flow reserve (FFR) ratio is commonly
measured [6-8]. FFR, which is the gold standard for diagnosis of the functional
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severity of coronary lesions, is calculated as the ratio between the averaged blood
flow pressure measured distally to that measured proximally to the stenosis. FFR is
obtained invasively by measurement of both pressure values by means of a guiding
catheter and a sensor-tipped pressure wire. For some years now non-invasive methods
of ischemia diagnosis have been developing. The method of FFR calculation based on
computer tomography (FFR-CT) is commonly used. FFR-CT incorporates compu-
tational fluid dynamics to estimate the functional data (FFR values) from anatomic
images obtained by means of CT coronary angiography. A systematic review of the
diagnostic performance of FFR-CT compared to FFR as the reference standard was
presented in [9]. The authors reported very high compliance of diagnoses based on
FFR-CT with those based on invasive FFR, especially in the cases of patients whose
coronary arteries were minimally diseased or normal (FFR > 0.80) and the patients
qualified for stenting (FFR < 0.60). The FFR-CT gave less certainty of diagnosis in
the case of patients with FFR between 0.60 and 0.80. The study showed that the diag-
nostic accuracy of FFR-CT varied across the spectrum of disease. In general, FFR-CT
shows a significant correlation with invasive FFR; however, additional studies are
required to determine its diagnostic performance [10-13].

Stress cardiovascular magnetic resonance imaging (CMR) is another non-invasive
method to diagnose myocardial ischemia. It is also widely used to document ischemia
in qualification for coronary revascularization [14]. An attempt to evaluate the agree-
ment of CMR with FFR as the gold standard in assessing the severity of stenoses
in IHD has been made by Siastata et al. [15]. The authors analysed 25 consec-
utive patients who underwent both CMR and FFR to diagnose possible stenosis.
They concluded that CMR was clinically useful mostly in patients with stable IHD.
Whereas, for patients with a high pretest probability of IHD, CMR method may be
applied as a confirmatory test. Recent study shows that CMR seems to be an excellent
tool for the assessment of IHD [16]. However, the utilisation of CMR is hampered
by several factors, such as claustrophobic and obese patients may not be able to
tolerate the examination, patients with implantable ferromagnetic material-made
devices should not be examined by means of CMR, relatively high cost compared to
invasive FFR method.

It is acknowledged that invasive FFR will remain an important determinant of the
treatment indication of IHD. Nevertheless, newer less- and non-invasive techniques
are expected to play an increasingly important role in the diagnosis. In our paper,
a pilot study in this regard, we present a method of non-invasive FFR estimation
based on 3D numerical simulations of blood flow through coronary arteries. It is
expected that such simulations will give reliable value of FFR and in future will be
utilised in qualification for a surgical procedure. Once the method is fully developed
and validated, it can be utilised to assess FFR value in patients with, e.g. implanted
an artificial (mechanical) aortic valve (AV). We have not found any studies which
undertake the problem of possible FFR value change after an AV implantation. There
is some research dealing with FFR estimation after transcatheter aortic valve implan-
tation (TAVI) [17-19]. It has to be underlined that during a TAVI procedure a natural
aortic valve is implanted, i.e. pork or beef pericardium on a metallic stent is inserted.
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In our study, we aim to assess the difference in FFR values in patients with a mechan-
ical valve implanted. Nowadays, mainly mechanical aortic valves with two leaflets
(bileaflet (BIL) AVs) are implanted. However, also studies on AVs with three leafiets
(trileaflet (TRI) AVs) are also carried out [20-22]. Analyses of blood flow through
BIL and TRI are presented in our previous paper [23]. The analyses are based on
numerical simulations performed by means of finite element method (FEM) where
boundary conditions play a significant role [24]. A few words regarding this matter
are presented in the last section. In the present paper, we estimate a possible change
in FFR value in patients who underwent an implantation of BIL valve and a TRI
valve [23]. Simulation of blood flow in the coronary arteries in a patient with the
natural aortic valve is also carried out. The results of the simulations are compared
and analysed.

2 Methods

2.1 Study Design

The main objective of this study was to analyse the effect of mechanical heart valves
on coronary artery blood flow. Comparison of flow across BIL, TRI and natural aortic
valves (Fig. 1) in a patient with CHD will allow us to estimate the impact of mechan-
ical valve geometry on FFR values. The FFR value measured at coronarography was
83%.

Modelling blood flow through blood vessels, which form a branching structure,
requires truncation of the model of this structure. Thus, a problem of proper boundary
conditions at the distal ends of the vessels arises. The smaller vessels beyond the
truncation point must be substituted by boundary conditions to make the simulations
more realistic. In our studies, we defined a combination of flow velocity and pressure
at the inlet and outlet. Measurement of blood flow velocity (Doppler ultrasound) was
used to determine the boundary conditions. To reflect the physiological blood flow,
especially in the region of the sinuses where vortices form, we assumed turbulent
blood flow and used the k-¢ model to determine its turbulent characteristics. Blood
was modelled as an incompressible fluid. We assumed the density p = 1060 [kg/m?]
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Fig. 1 Aortic valves: a TRI, b BIL, ¢ natural
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and viscosity u = 0.0035 [kg/(m-s)] [25]. The Navier—Stokes equations defined the
flow.

2.2 Geometry and Meshing

The geometrical model of blood was generated in Mimics software from CT images
of a 50-year-old man with coronary artery stenosis. The CT scan was performed
on a 384 Slice Cardiac CT scanner (spatial resolution is 0.24 [mm]). Blood in the
coronary arteries is visible on CT images due to the contrast medium added during
the coronarography. The model consisted of the aortic root (with Valsalva sinuses)
and coronary arteries (Fig. 2). The inner diameter of the ascending aorta is about
30 [mm], the diameter of the inlet is about 23 [mm)].

In our study, we considered two types of mechanical valves, i.e. BIL and TRI
valves and natural aortic valve. The design of the mechanical valve rings and BIL
valve discs was modelled in our previous study [23]. Following the conclusions of
our recent study, we modified the shape of the TRI valve leaflets to increase the
effective orifice area Ega (Fig. 3). The geometry of the natural valve was modelled
based on the anatomical structure of the valve leaflets.

The dynamics of blood circulation were determined using ANSY'S 2020 R2 soft-
ware. The use of the Fluent Flow module allowed the determination of accurate flow

Fig. 2 Model of the whole analysed system
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Fig. 3 Shape of the TRI valve leaflet

characteristics. A pressure-based solver was used for the calculations. The numerical
model showed the blood model (Fig. 4a) without considering the tissues. The whole
blood system was discretised into 2.5 million finite elements. The mesh is made of
tetrahedron elements.
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Fig. 4 a Fluid domain with the inlet and outlets, b TRI, BIL (mechanical valves) and natural valve
location in numerical model (from left to right), ¢ Influence of the number of the finite elements on
maximal velocity downstream of the TRI valve
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We confirmed the mesh independence of the flow model solution by comparing
the max velocities (Fig. 4c). In addition, the quality of the mesh representing blood
was checked. The Orthogonal Quality is about 0.79, and the Skewness is about 0.21.
The values obtained indicate a grid of good quality.

Numerical analyses were performed on a workstation with the following parame-
ters: AMD Ryzen 7 3700X 8-Core Processor, 32 GB RAM, 64-bit operation system,
and NVIDIA Quadro graphic card.

2.3 Boundary Conditions

The correlation of the flow velocity and valve opening time was determined by
Doppler ultrasound and described by Egs. (1)-(3) [23]. The length of one cycle is
0.8 [s]. Numerical measurement of FFR was performed during the hyperemia (for ¢
= 0.29 [s]).

fort €< 0;0.365)

v =10259.13 - 1® — 13602.92 - > + 6827.23 - 1*
—1500.76 - t> +90.61 - 1> +9.54 - ¢ (1)

for t €< 0.36; 0.385s)
v=25-1t—-0.95 (2)
fort €< 0.38;0.85)
v=0 (3)
Flow velocity values were determined at the inlet, which was defined at the aortic
inlet. At the outlet of the coronary arteries, a pressure of 1.3 [kPa] was defined,
allowing for consideration of vascular resistance and normal myocardial perfusion.

Figure 4a illustrates the boundary conditions, and Fig. 4b shows a scheme of valve
locations in the model.

3 Results

The FFR is defined as the ratio of mean pressure measured distally behind the stenosis
location (P4) to mean pressure measured proximally (P,) during hyperemia Eq. (4).
The FFR < 0.8 determines surgical treatment.



Effect of Mechanical Aortic Valves on Coronary Artery Flow in a Patient ... 151
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Using data from the results of pressure distribution, the FFR ratio for the natural
valve, BIL valve and TRI valve was calculated and compared with the results of
coronarography (Table 1). The pressure (P4 and P,) was calculated at a distance of
five stenosis diameters from the maximum coronary artery stenosis as it is measured
during the examination.

In Figs. 5 and 6, the flow velocity magnitude changes in the aortic root and
ascending aorta, and the velocity distribution are shown, respectively.

In Fig. 7, the geometry of the aortic root is presented. The Valsalva sinuses can be
clearly seen. In geometrical modelling of the aorta and coronary arteries it is crucial
to model accurately the sinuses geometry as it significantly influences the results
of blood flow simulation. In addition, correct location of the sinuses in the model
determines the orientation of the mechanical valve placement. During building the
assembly models of the aorta and mechanical valves we paid special attention to the
leaflet position in terms of a possible obstruction of blood flow into coronary arteries.

We also calculated the effective orifice area Eps and geometric flow area of the
fluid through the valves (Table 2). Determination of Ega allows assessment of the
pressure gradient through the valve. In this way, it evaluates whether the flow area

Table 1 FFR ratio FER [%]
Coronarography 83
Natural valve 82
BIL valve 77
TRI valve 75
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Fig. 5 Flow velocity magnitude change in the aortic root and ascending aorta for the valve: a TRI,
b BIL, ¢ natural
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Fig. 6 Velocity magnitude distribution for the valve: a TRI, b BIL, ¢ natural

‘|I'

Fig. 7 Patient-specific aortic root geometry

is large enough to prevent the pressure gradient from increasing, which can lead to
heart failure. To calculate Egs, we used the corrected Gorlin formula in the form
[26]:

Eox = L (%)

51.6,/42
P
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Table 2 Eqx and geometric Eoa Geometric flow area [cmz]
valves flow area

Natural valve 2.85 3.74

BIL valve 1.53 2.88

TRI valve 0.73 1.61

where Q is the volume flow rate in [mL/s], Ap is the average pressure difference
through the valve in [mmHg], and p is the blood density in [g/cm3]. The number
51.6 is the gravitational acceleration constant.

The calculations were based on Q = 110 [mL/s] (the value obtained from the
study for the analysed patient) and p = 1.06 [g/cm’].

4 Discussion

Modern high-resolution CT enables obtaining exact images converted into precise 3D
models of blood. These models can be used in simulations of blood flow. The value
of the FFR ratio (Table 1) for the natural valve predicted in our numerical simulation
(82%) is near to the FFR value from coronarography (83%). The obtained results
confirm the validity of the simulations. Since the predicted and measured FFR values
for natural valve are almost the same, we hypothesise that the numerical model is
accurate enough to reliably predict the FFR values for the artificial valves. The
FFR values for BIL and TRI mechanical valves are 77 and 75%. The difference
in FFR values for the natural valve compared to the BIL and TRI valves is 5 and
7%, accordingly. The differences in the results may be due to the smaller Ega of
the mechanical valves (Table 2). Although the Ega for the TRI valve (0.73 [cm?])
is smaller than that for the BIL valve (1.53 [cm?]), the FFR value differs slightly.
This is probably due to the shape of the TRI valve leaflets, which point towards the
sinuses of Valsalva at the maximum opening and allow unobstructed blood flow into
the coronary arteries.

Studies suggest that geometric parameters of the coronary artery are essential in
the final haemodynamic results of the simulations. This issue is critical because coro-
nary branches’ number, length, irregularity, and given boundary conditions at the ends
influence the pressure value behind the stenosis. Defining distal boundary conditions
is particularly challenging, as circulatory conditions in the coronary microcircula-
tion are heterogeneous in health and disease. Consequently, their underestimation
or omission may distort the FFR ratio determined by us. The values of pressure in
a coronary artery, and consequently those of FFR, strongly depend on boundary
conditions, especially those defined in the truncated ends of the arteries at the outlets
[27]. Identification of the outlet boundary conditions is not trivial as measurement
of reliable blood flow, pressure, or resistance at each outlet is practically impos-
sible [28]. However, there are methods which make it possible to estimate the outlet
resistance according to myocardial perfusion territory. One of the newest approaches
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in the outlet boundary conditions definition is reported in [29]. The authors devel-
oped a personalised CT-based coronary blood flow model to estimate coronary outlet
resistance and distributed outlet coronary blood flow based on myocardial perfusion
territory. Although their method seems to be reliable, they stated that it still requires
further validation.

Our study considered patient-specific coronary artery geometry (Fig. 2). Carvalho
et al. [30] use an idealised geometry, which may impact fluid dynamics. Researchers
use different blood viscosity models and flow conditions to study flow. It is generally
accepted that blood behaves as a Newtonian fluid in large coronary vessels [31, 32].
However, it should be noted that in areas of constriction, due to the ability of red
blood cells to form aggregates, blood should be defined as a non-Newtonian fluid
[33, 34]. Only a few studies have evaluated the impact of different inlet and outlet
boundary conditions. Researchers use velocity, pressure or flow rate combinations
at the inlet while at the outlet constant pressure outlet, Windkessel model or zero
gauge pressure [30, 31, 35]. In our study, we assumed velocity at the inlet, which was
determined by Doppler ultrasound, and pressure at the outlet allowing for consider-
ation of vascular resistance (Fig. 4a). In future studies, we will focus on analysing
the effect of preset boundary conditions on the corresponding behaviour of blood
flow in coronary arteries. There is no substantial evidence that it is necessary to
reflect the movement of the vessel wall to calculate FFR. Typically, rigid wall condi-
tions are used [32, 33]. Our future studies will also focus on examining the effect of
considering coronary artery walls on flow and FFR.

Our model takes into account the sinuses of Valsalva, which have individually
defined shapes and dimensions. Consideration of the real geometry allows for accu-
rate results. De Tulio et al. conducted numerical simulations of blood flow after a
mechanical aortic valve and studied the influence of the aortic root geometry on
blood behaviour in the region of sinuses [36]. They considered three models, i.e.
three sinuses, one sinus in the form of an axisymmetric bulb, and a simple aorta
without sinuses. Their results indicate that the aortic root’s geometry only marginally
affects the kinematic features of blood flow downstream of a mechanical valve. Only
minor changes in velocities were observed. However, differences in the dynamics of
blood flow resulting from the aortic root geometry are noticeable. The authors of [37]
observed the formation of vortices in the region of the sinuses. Their numerical results
show a presence of negative velocities that they interpreted as blood recirculation
in the sinuses. However, researchers do not consider coronary arteries, which have
their origins in the sinuses and may significantly affect fluid dynamics in the aortic
root. In consequence, the wall boundary condition is imposed on the inner surfaces
of the sinuses. This is a factor that benefits vortex formation in the region. In [36], the
authors modelled the aortic root geometry with coronary arteries truncated at a close
distance from the aorta and defined boundary conditions that “are limiting in that,
in general, they do not accurately replicate vascular impedance of the downstream
vasculature”. This means that they did not consider the inertia of the fluid of all the
neglected parts of the vascular network, nor did they consider the compliance of
the arteries. The primary characteristics of coronary flow were analysed by Querzoli
et al. [38]. They concluded that 75% of the flow in coronary arteries occurs during



Effect of Mechanical Aortic Valves on Coronary Artery Flow in a Patient ... 155

diastole. During systole, no distinct effects were observed, except for a secondary
vortex region located at the inlet of the coronary vessel. In future studies, we will
focus on comparing the behaviour of blood in systole and diastole.

The flow distribution in the ascending aorta is determined by the curvature of the
aortic arch (Fig. 5). Maximum flow velocities occur in the TRI valve because a gap
between the leaflet and the valve ring remains during maximal leaflet opening (Figs. 5
and 6a). Analysis of fluid behaviour indicates that implanting the valve before the
aortic root does not cause vortices in the sinuses of Valsalva and reduces turbulent
flow. However, this may have a negative effect on the closure of the valve leaflets.
Analysis of Fig. 6 allows us to note the impact of the non-idealised shape of the
sinuses on flow. The patient-specific aortic root geometry shows in Fig. 7. There are
higher flow velocities in the sinus where the left coronary artery is located, 3.16 [m/
s] for TRI, 1.57 [m/s] for BIL and 1.21 [m/s] for the natural valve (Fig. 6).

The study determined the effect of blood pressure gradient in flow across mechan-
ical (TRI and BIL) and natural aortic valves on the fractional coronary flow reserve
(FFR) value. Due to their geometry and location, mechanical heart valves have a
smaller flow area, so there is a change in the pressure gradient upstream and down-
stream of the valve. It is worth analysing the location of the implanted artificial heart
valve and its effect on the pressure change and optimising the mechanical valve’s
shape.
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