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Abstract— Coronary artery disease is the primary cause of
morbidity and mortality worldwide. Therefore, detailed
assessment of lesions in the coronary vasculature is critical in
current clinical practice. Fractional flow reserve (FFR) has
been proven as an efficient method for assessing the
hemodynamic severity of a coronary stenosis. However,
functional assessment of a coronary segment with multiple
stenoses (= 2) remains complex for guiding the strategy of
percutaneous coronary intervention due to the hemodynamic
interplay between adjacent stenoses. In this work, we created
four 3-dimensional (3D) arterial models that derive from a
healthy patient-specific right coronary artery segment. The
initial healthy model was reconstructed using fusion of
intravascular ultrasound (IVUS) and biplane angiographic
patient data. The healthy 3D model presented a measured FFR
value of 0.96 (pressure-wire) and a simulated FFR value of 0.98.
We then created diseased models with two artificial sequential
stenoses of 90% lumen area reduction or with the proximal and
distal stenosis separately. We calculated the FFR value for each
case: 0.65 for the case with the two stenoses, 0.73 for the case
with the distal stenosis and 0.90 for the case with the proximal
stenosis. This leads to the conclusion that although both stenoses
had the same degree of lumen area stenosis, there was a large
difference in hemodynamic severity, thereby indicating that
angiographic lumen assessment by itself is often not adequate
for accurate assessment of coronary lesions.

[. INTRODUCTION

Cardiovascular diseases (CVD) is considered to be the
leading cause of death globally and the number of deaths
caused by CVD is expected to reach the number of 23.3
million people by 2030. Several imaging techniques that
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allow the diagnosis of coronary artery disease (CAD) are
present in clinical practice. Intravascular ultrasound (IVUS),
optical coherence tomography (OCT), angiography as well
as other numerous imaging techniques provide an insight
about the condition of the coronary vasculature.

One of the most common and effective ways to assess the
functional severity of a coronary lesion is the measurement
of the fractional flow reserve (FFR). FFR is defined as the
maximal coronary flow in a stenosed arterial segment
divided by the maximal coronary flow in the same segment if
it were healthy. With the induction of hyperemia in the
particular vessel, if myocardial resistances remain constant
and the central venous pressure is considered to be
negligible, then we can calculate the myocardial FFR which
is defined as the coronary pressure distal to the stenosis
divided by the coronary pressure proximal to the stenosis as
it is shown in Eq. (1) [1]:

FFR,,,=P/P,, (1)
where P, is the pressure distal to the stenosis, and P, is the
aortic pressure. Fig. 1 depicts the technique with which the
FFR value is obtained in a catheterization laboratory. A
pressure wire is used to capture pressure values distal and

proximal to the coronary stenosis during several cardiac
cycles.

FFRumyo=Pa/Pa

Fig 1. Representation of the fractional flow reserve measurement procedure.

The continuous advances in computational fluid dynamics
(CFD) have allowed the in vivo calculation of hemodynamic
parameters such as pressure, endothelial shear stress and
flow velocity in the coronary vasculature. However, these
calculations require realistic patient-specific 3-dimensional
(3D) reconstruction of the coronary vasculature Numerous
3D reconstruction techniques have been reported in the
literature. The majority of these techniques require the fusion
of two imaging modalities, combining the information that is
provided by the different modalities, so that accurate
reconstruction of complex geometries such as bifurcations
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and steep stenosis angles is performed. The most common
techniques combine IVUS and biplane angiographic images
[2-3], OCT and biplane angiographic images [4], or CT
angiography and IVUS images [5].

A significant amount of publications regarding CFD
simulations on 3D models of coronary vessels have been
recently presented [6-22]. These simulations have been
carried out assuming that the arterial wall is either rigid or
deformable, thereby taking wunder consideration the
interaction between the wall and the arterial lumen (Fluid
Structure Interaction models-FSI). Rigid wall simulations
provide useful results regarding the calculation of pressure,
velocity and shear stress and require significantly lower
computational time compared to FSI simulations.
Conversely, FSI simulations provide more precise
calculations but demand higher computational resources.

In this work, we reconstruct a healthy segment of a patient-
specific right coronary artery (RCA), and additionally, we
create three 3D models that include one or two artificial
stenoses that cause a lumen area reduction of 90% each. One
of these three models contains both stenoses, representing a
diseased vessel with sequential stenosis, while the other two
have only the proximal and the distal stenosis, respectively.
Our aim is to investigate the hemodynamic effect of one
stenosis on the other one.

II. MATERIALS AND METHODS

A. 3D Reconstruction

The initial 3D arterial segment was reconstructed using
the following steps [3]: the end-diastolic IVUS frames were
extracted from the IVUS sequence of an RCA segment of a
patient. After the segmentation of the aforementioned
images, the centerline of the arterial segment was extracted
using an in-house developed algorithm. The borders of the
arterial lumen were drawn and then the centerline was
extracted from the annotated borders. Finally, the annotated
end-diastolic IVUS contours were placed perpendicularly
onto the generated 3D centerline estimating the relative
rotational orientation of the contours, thus creating the
silhouette of the 3D model. The last step of the procedure
was the determination of the absolute orientation of the first
IVUS frame which was performed using side branches as
landmarks and backprojection on the angiographic images.
Fig.2 depicts the final 3D model that was created with the
aforementioned reconstruction procedure, projected on one
of the two biplane angiographic images.

The initial 3D model represented a relatively healthy
RCA segment which had an FFR value of 0.96 (pressure-
wire), indicating the absence of inducible ischemia. Pressure
and velocity values were obtained using a dedicated wire
with miniaturized pressure-flow transducers at the tip
(Combo wire, Volcano Corp.). The average aortic pressure
of a cardiac cycle was 107.1 mmHg. In detail, this was the
third cardiac cycle that was measured using the combo wire
and was selected due to the fact that the signal was more
stable in that cycle.

Fig 2. Final reconstructed model of the healthy case, projected on the
angiographic image.

To create the 3D models that had artificial stenoses, we
created an algorithm that reduces the area of the lumen by a
desired percentage. In our case, we created two stenoses that
reduced the lumen area by 90% (corresponding to
approximately 70% diameter stenosis). The two stenoses had
a distance of approximately 5.8 mm. A representation of the
healthy model in transparency along with the stenosed model
is depicted in Fig.3.

I Stenosis

Fig 3. Transparent 3D model of the healthy RCA segment along with the
solid 3D model containing both stenoses.

Then, the two stenoses are treated (i.e. restoring lumen
patency) one at a time in order to determine how one affects
the other in terms of pressure drop and eventually FFR
values. As one can observe from the images below, when a
stenosis was treated in a 3D model, the lumen would regain
its original diameter as in the initial healthy model. All four
3D models are depicted in Fig.4.
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Fig 4. The healthy case of the RCA segment is depicted on the upper left
image; the case including both stenoses is on the upper right image; the
case with the proximal stenosis treated is depicted on the lower left image;
and the case with the distal stenosis treated is on the lower right image.

B. Blood Flow simulations

Following the reconstruction of the four 3D models,
steady state blood flow simulations were carried out in each
case, assuming that the arterial wall was rigid, thus not taking
into account the interaction between the lumen and the
arterial wall. To execute the aforementioned simulations, the
Finite Element Method was used. All simulations were
carried out on a Hewlett Packard Workstation with two
XEON quad core processors, 24 GigaBytes of RAM and 2
Terabytes of Hard Disk storage.

a) Rigid Wall assumption

The Navier-Stokes and the continuity equations were
used to model blood flow as follows:

pZ—jer(VOV)va-T:O, (2)

Ve(pv)=0, 3)

where v is the blood velocity vector, p is the density of blood
and 7 is the stress tensor, which is defined as:

T=-po,+2us,, (4)
where J; is the Kronecker delta, 4 is the blood dynamic

viscosity, p is the blood pressure and ¢; is the strain tensor
calculated as:

SU:%(VV+VVT), (5)
Blood was treated as a Newtonian fluid having a density of

1050 kg/m’ and a dynamic viscosity of 0.0035 Pa-s, and flow
was considered to be laminar.

b) Boundary Conditions

The average mass flow rate under hyperemia was applied
as the inlet boundary condition in our four cases. This value
was calculated using the average velocity values which were
obtained by the combo wire according to the following:

m= pvA (6)

where p is the density of blood, v is the velocity of blood
and A is the cross-sectional vector area. A mass flow rate of
0.0025 kg/s was used as an inlet boundary condition and was
calculated using the lumen dimensions of the initial 3D
model (healthy case). This value was used in all four cases so
that all simulations were performed under the same boundary
conditions.

An average zero-pressure value was used as an outlet
boundary condition and a no-slip boundary condition was
imposed on the arterial wall.

¢) Mesh

The four generated 3D models were discretized into
hexahedral elements with a minimum element face size of
0.09 mm and a maximum element face size of 0.12 mm. The
final discretized models contained approximately 300,000
hexahedral elements. The element size was determined after
performing a mesh sensitivity analysis. The maximum
number of iterations for the convergence of the solution was
set as 100 and the convergence criterion was set to 10™.

III. RESULTS

The objective of the current work was to investigate the
interplay between two stenoses of equal area reduction
percentage, when only one of them is treated. The pressure
gradient was calculated for each one of the four cases in
order to calculate the FFR value and determine the
hemodynamic severity of each case.

TABLE 1: CALCULATED PRESSURE GRADIENT AND SIMULATED FFR
RESULTS FOR ALL FOUR EXAMINED CASES.

Pressure
Gradient
(mmHg)

37.41

29.03 10.46

Then, the calculated pressure gradient was subtracted
from the value of 107.1 mmHg (i.e. the measured aortic
pressure) in order to calculate the FFR value (i.e. Pd/Pa) for
all four cases. Table 1 represents the pressure gradient values
as well as the FFR values for all four cases.

Of note, the initial healthy case had a measured FFR
value of 0.96 and a simulated FFR value (sFFR) of 0.98
indicating the validity of the used method.
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IV. DISCUSSION

We presented a study regarding the virtual treatment of
two artificial stenoses of the same area reduction percentage
(90%). We used the 3D model of a realistic patient-specific
healthy RCA segment which included measurements of
pressure and velocity values at the distal ends of the
segment. The initial healthy model exhibited a measured
FFR value of 0.96 indicating that no significant stenosis was
present. Three 3D models were then created including two
adjacent stenoses or one single stenosis. The 3D models with
one stenosis were created to simulate the effect of an
angioplasty procedure restoring lumen patency. The results,
showed that although both stenoses had the same percentage
of area reduction, only one of them (the distal one) was
hemodynamically severe since it produced an FFR value of
0.73, well below the 0.80 cut-off value indicating inducible
ischemia. In contrast, when only the proximal stenosis was
present, the simulated FFR value was equal to 0.90,
demonstrating that despite being geometrically severe, it did
not result in significant pressure drop and thus it was not
hemodynamically severe. Therefore, it becomes evident that
if the physician needed to choose which stenosis or stenoses
to treat, he would definitely choose to treat the distal one,
thereby minimizing any possible risk of complications as
well as the cost of the procedure.

We are currently trying to expand the framework in
which we apply the presented work, including numerous
factors that affect the hemodynamic state of an arterial
segment such as the number of stenoses, the percentage of
area reduction, and the distance of the stenoses.

V.CONCLUSIONS

Our study demonstrated that even when a lumen stenosis
might ostensibly seem to be of great hemodynamic
significance in angiography, its potential hemodynamic
effect might not be so dramatic. However, further studies on
larger datasets taking into account numerous parameters
need to be performed to strengthen our hypothesis.
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