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Abstract

The aims of this work are to investigate and compare two different flow dynamics techniques
(steady state - pulsatile flow) for endothelial shear stress calculation, compare lesion specific
smartFFR and ESS values, as well as total vessel smartFFR and ESS values, and investigate the
relationship between smartFFR and ESS to stress MBF (myocardial blood flow) and MFR
(myocardial flow reserve). A total of 10 coronary vessels of 6 patients with intermediate pre-test
likelihood for coronary artery disease, who have undergone both CTCA and PET-MPI with *°0-
water or **N-ammonia, were included in the study. Seven (7) cases had normal stress MBF and
MFR values and three (3) had abnormal ones. PET was considered abnormal when > 1 contiguous
segments showed both stress MBF <2.3mL/g/min and MFR <2.5 for ®O-water or <1.79
mL/g/min and <2.0 for **N-ammonia, respectively. The ESS at the luminal surface of the artery
was calculated as the product of viscosity and the gradient of blood velocity near the vessel wall.
To calculate the smartFFR, we performed a transient simulation for each case. We used a pressure
of 100 mmHg as a boundary condition at the inlet (i.e. mean human aortic pressure). At the outlet,
a flow profile of 4 timesteps with a timestep duration of 0.25 sec was used. In each timestep, a
volumetric flow rate of 1, 2, 3 and 4 ml/s are applied as outlet boundary conditions. The cut-off
value for a pathological smartFFR is 0.83. There is a difference in total vessel calculated
smartFFR results compared to the corresponding values of lesion specific smartFFR (0.88 vs
0.97, p=0.01). For ESS there is a negligible difference between lesion specific and total vessel
values (2.22 vs 2.74, p = 0.9). There is a moderate negative correlation between both lesions
specific (r = -0.543) and total vessel smartFFR and ESS (r = -0.915). ESS values were higher in
vessels where vessel smartFFR was considered abnormal (1.97 vs 5.52, p = 0.01). Total vessel
length smartFFR was lower in vessels with abnormal PET-MPI compared to the normal vessels
(0.75vs 0.93, p = 0.01). ESS is higher in vessels with pathological stress MBF and CFR (5.5 vs
2.0, p = 0.02). The total vessel length smartFFR and lesion ESS appear to assess the functional
significance of the vessel well, when compared to the PET-MPI measurements.
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1. Introduction

The death toll caused by cardiovascular diseases continues to follow a steadily growing rate
mainly due to the Westernized method of living, consisting mainly of a total lack of exercise and
high-fat diets that include large quantities of red meat which, in turn, cause elevated blood
pressure (WHO, 2019).

To counter this increase in mortality, the field of interventional cardiology is constantly
expanding and growing. In clinical practice, a variety of coronary imaging techniques are used
on a regular basis, including either invasive (i.e. Invasive Coronary Angiography-ICA) or non-
invasive techniques (i.e. Computed Tomography Coronary Angiography-CTCA). CTCA has
gained traction in recent years because it has the ability to provide details on the structure of
atheromatic plaques on both the lumen and the exterior surface. The well-established Fractional
Flow Reserve (FFR) technique is used to determine the functional state of a major coronary vessel
when the clinician does not have a clear view of the vessel of concern using the aforementioned
imaging modalities or when the decision on the treatment that must be pursued is marginal. The
procedure is as follows.

The intravascular pressure after the desired stenosis is measured using a dedicated pressure
wire and is defined as the ratio of the pressure after the stenosis of interest divided by the mean
aortic pressure. The calculation is performed following the patient's medication induction of
hyperemia.

Advances in computer science and image processing have enabled the development of three-
dimensional reconstruction techniques that can be used in the entire coronary vasculature. Several
techniques for 3D reconstruction in the literature that could only use a single imaging model or a
fusion of two imaging modalities were published. In recent years, single imaging methods such
as CTCA or ICA (De Bruyne et al. 2014; Athanasiou et al. 2016) have been more than adequate
for generating either the lumen or any coronary vasculature function, including the entire
coronary arterial tree.

The application of computational fluid dynamics (CFD) to 3D coronary models has resulted
in the precise and thorough measurement of important hemodynamic variables such as
endothelial shear stress (ESS) and smartFFR which is a CT-FFR surrogate (Katritsis et al. 2014;
Tang et al. 2020; Tesche et al. 2017) The ESS is a hemodynamic parameter that is highly
influenced by vessel geometrical changes (i.e. plague progression stenosis etc.). This sensitivity
is critical for assessing the coronary lesion.

Currently, there are only a few studies investigating the complex relationship between
anatomo-morphological and biomechanical data and myocardial blood flow (MBF). Positron
Emission Tomography (PET), the gold standard in this area, can be used to accurately calculate
the latter (Li et al., 2018; Evans et al., 2016).

Our study's objectives focus mainly on investigating and comparing two different flow dynamics
approaches (steady state vs. pulsatile flow) for the endothelial shear stress calculation, on
comparing lesion-specific as well as total vessel smartFFR and ESS values, and on investigating
the relationship between ESS and smartFFR in addition to myocardial blood flow stress (MBF)
and myocardial flow reserve (MFR).
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2. Methods

2.1 Study population

Six patients, enrolled in the EVINCI (Neglia et al., 2015) and SMARTooL projects, having
undergone CTCA and Positron Emission tomography Myocardial Perfusion imaging (PET-MPI)
using *O-water or *N-ammonia, with intermediate pre-test likelihood of coronary artery disease
(CAD), were included in the study. Details on the imaging procedures and the characteristics of
the study population are reported in another study (Neglia et al. 2015). Ethical approval was
provided by each participating center and informed consent was obtained by all study
participants, as mandated from the main EVINCI study (Neglia et al. 2015).

2.2 3D coronary artery reconstruction

The 3D reconstruction algorithm follows the workflow presented below: a) Pre-processing of the
CCTA images with the Frangi Vesselness filter in order to find possible vessel regions. b) Using
a minimum cost path approach, the 3D centerline of the vessels is then extracted. ¢) Employing
a membership function of Hounsfield Units (HU) values, an estimation of the weight function for
lumen, outer wall, and calcified plaque is made. d) Active contour model estimation segmentation
is implemented for the lumen and the outer wall. €) Regarding plague segmentation, a level set
method is applied. f) the 3D surfaces for the lumen, outer wall, and calcified plaques are created.
The SMARTOool software (Version 0.9.17) was used for the 3D coronary artery reconstruction
(Sakellarios et al. 2017).

2.3 Computational fluid dynamics and boundary conditions

The finite element method was used to solve the incompressible Navier-Stokes and continuity
equations. A mesh of tetrahedral elements of the same size was created for each vessel and steady
state flow simulations were performed. The Navier-Stokes and continuity equations are presented
below:

pg—\t/+p(VOV)v—V0‘r:O Q)
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where v is the blood velocity vector and 7 is the stress tensor, which is defined as:
T =—PpJ; +2us; 3)

where Jjj is the Kronecker delta, u is the blood dynamic viscosity, p is the blood pressure and &;;
is the strain tensor calculated as:

& = %(Vv v ) 4

Blood was considered Newtonian, with a density of 1050 kg/m?® and a dynamic viscosity of
0.0035 Pas. Flow was considered laminar and incompressible. The wall was considered to be
rigid and a no-slip and no-penetration boundary condition was applied [Evans et al., 2016]. We
used a pressure of 100 mmHg as a boundary condition at the inlet (i.e., mean human aortic
pressure) and the ICA extracted flow for the outlet. Simulations were carried out using a finite
element commercial software (ANSYS CFX 15, Canonsburg, PA, USA).
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2.4 Assessment of endothelial shear stress

The ESS of the artery was calculated as the product of the viscosity and the gradient of blood
velocity near the vessel wall at the luminal surface. ESS was calculated at the area of maximum
stenosis as well as in the total vessel length.

2.5 Calculation of smartFFR

Transient simulation was performed for every vessel on order to calculate the smartFFR index.
A pressure of 100 mmHg was applied as a boundary condition at the inlet (i.e. mean human aortic
pressure) and at the outlet, a flow profile of 5 timesteps with a timestep duration of 0.25 sec was
used. In each timestep, a volumetric flow rate of 0, 1, 2, 3 and 4 ml/s are applied as outlet boundary
conditions. The wall was assumed to solid without penetration and a no-slip condition was also
applied. In order to build the patient-specific P4/Pa curve, we calculated the Py/P, value for every
timestep of the simulation and the final values are then plotted and fitted by a smoothing spline
consisting of 100 points. The final curve is then used to calculate the area under it, which is then
normalized by dividing with the area of the same artery if a healthy vessel was present (Siogkas
et al., 2021). The calculated ratio represents the smartFFR value. Based on previous studies
(Siogkas et al., 2021) it is considered that the cut off value for a pathological smartFFR is 0.85.

Fig. 1. A) Computed tomography Coronary angiography presenting LAD segment with >70%
stenosis severity due to high calcified volume; B) Close up of segment after the lumen(red) and
wall (blue) segmentation; C) 3D result presenting the lumen (red) and wall (green); D) CFD
flow velocity calculations in the 3D reconstructed model E) SmartFFR calculation; F) ESS
calculation.

2.6 PET imaging and data analysis

PET/CT imaging was performed according to international guidelines and the EVINCI study
protocol using *°0O-water or **N-ammonia. PET was considered abnormal when >1 contiguous
segments showed both stress MBF <2.3mL/g/min and Myocardial Flow Reserve (MFR) <2.5 for
150-water or <1.79 mL/g/min and <2.0 for *N-ammonia respectively (Danad et al., 2014).
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3. Statistical analysis

Continuous variables are presented as mean values + SD or median and interquartile range (1Q),
while qualitative variables as absolute and relative frequencies. Probability values are two-sided
from the t-test and the Mann—Whitney U test for continuous variables. ANOVA or Kruskal—
Walli’s test was selected for multiple groups comparisons. To compare the two ESS calculation
methods, Bland and Altman plots were implemented. A p-value <0.05 was considered
statistically significant.

4. Results

4.1 Patient and vessel characteristics

Demographics, clinical and coronary lesion characteristics of the total study population are
presented in Table 1. Ten vessels in total were selected. Three consist of abnormal PET-MPI and
seven with normal PET-MPI values.

PATIENTS CHARACTERISTICS

Patients (n=6) N (%)
Age (years) 63.5+3.1
Gender (male) 5(84)
Vessel
LAD 6(60)
RCA 4(40)

Position of the lesion

Proximal 8(80)

Middle 2(20)

Table 1. Baseline patients’ characteristics.

4.2. Comparison of lesion specific and vessel smartFFR and endothelial shear stress values

Median ESS values present no difference in comparison of lesion specific and total vessel
volumes (2.22 vs 2.74, p = 0.9, Figure 2 A). SmartFFR presents a significant difference when
calculated in the total vessel compared to the specific lesion (0.88 vs 0.97, p=0.01, Figure 2 B)
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Fig. 2. A) ESS and B) smartFFR values comparison between lesion specific areas and total
vessel area.

4.3 Relationship between smartFFR and ESS

There is a moderate negative to high correlation between both lesions specific (r = -0.543, Figure
3 A) and total vessel SmartFFR and ESS (r = -0.915, Figure 3 B) and ESS values were higher in
vessels where vessel SmartFFR was considered abnormal (1.97 vs 5.52, p = 0.01, Figure 3 C)
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Fig. 3. A-B) Correlation plot between ESS and smartFFR, .C) ESS values in vessels with
smartFFR above and below 0.85.

4.4 MBF stress and MFR relationship with smartFFR and ESS

When the PET-MPI results in every vessel is considered, total Vessel length SmartFFR was lower
in vessels with abnormal PET-MPI compared to the normal vessels (0.75 vs 0.93, p = 0.01, Figure
4 A). ESS is higher in vessels with pathological MBF stress and CFR (5.5 vs 2.0, p = 0.02, Figure
4 B)
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Fig. 4. A) Total vessel SmartFFR in vessels with normal-abnormal PET-MPI; B Lesion specific
ESS in vessels with normal-abnormal PET-MPI.

5. Discussion

In this work, we presented a parametric study on how the type of simulation affects the calculation
of important hemodynamic parameters and used ten coronary arterial segments with mild or
severe stenoses in order to reveal the correlation between hemodynamic parameters such as ESS
and smartFFR and PET-MPI derived parameters such as stress MBF and MFR. The main
objective of our work was to develop a non-invasive method of the functional assessment of
major coronary vessels by combining an already established 3D reconstruction method and a
validated FFR surrogate. Higher smartFFR values are present in lesion specific segment
compared to the total vessel ones, revealing that the different evaluation approach of a vessel may
affect the final clinical result. A pathological, in terms of smartFFR thresholds, lesion may present
normal smartFFR values and a normal PET result downstream when using the total lesion length.
On the other hand, ESS does not present a difference when calculated at the lesion and the total
length of the vessel, due to the fact that it is generally considered a local applied variable and is
harder to be determined in great length due to dilution of the values. Negative moderate to high
correlation between ESS and smartFFR was observed. This is an important finding that presents
the different flow characteristics of a vessel and their ability to present valuable information as
separate markers for the flow capabilities of the vessel. Having this in mind, our results presented
with a good agreement between the calculated abnormal ESS or smartFFR cases, and the
calculated abnormal PET-MPI markers. However, due to the modest dataset size, we cannot end
up to safe conclusions regarding the overall efficacy of the proposed combined surrogate marker,
thus indicating the need for a more extended validation strategy.
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