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Background and objective: Coronary artery disease (CAD) is highly prevalent
and associated with adverse events. Challenges have emerged in the treatment
of intermediate coronary artery stenoses. These lesions are often interrogated
with fractional flow reserve (FFR) testing to determine if a stenosis is likely to be
causative for ischemia in a cardiac territory. This invasive test requires insertion
of a pressure wire into a coronary vessel. Recently computational fluid dynamics
(CFD) has been used to noninvasively assess fractional flow reserve in vessels
reconstructed from medical imaging data. However, many of these simulations
are unable to provide additional information about intravascular
hemodynamics, including velocity, endothelial shear stress (ESS), and
vorticity. We hypothesized that vorticity, which has demonstrated utility in
the assessment of ventricular and aortic diseases, would also be an
important hemodynamic factor in CAD.

Methods: Three-dimensional (3D), patient-specific coronary artery geometries
thatincluded all vessels >1 mm in diameter were created from angiography data
obtained from 10 patients who underwent diagnostic angiography and FFR
testing (n = 9). A massively parallel CFD solver (HARVEY) was used to calculate
coronary hemodynamic parameters including pressure, velocity, ESS, and
vorticity. These simulations were validated by comparing velocity flow fields
from simulation to both velocities derived from in vitro particle image
velocimetry and to invasively acquired pressure wire-based data from
clinical testing.

Results: There was strong agreement between findings from CFD simulations
and particle image velocimetry experimental testing (p < 0.01). CFD-FFR was
also highly correlated with invasively measured FFR (p = 0.77, p = 0.01) with an
average error of 5.9 + 0.1%. CFD-FFR also had a strong inverse correlation with
the vorticity (p = -0.86, p = 0.001). Simulations to determine the effect of the
coronary stenosis on intravascular hemodynamics demonstrated significant
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differences in velocity and vorticity (both p < 0.05). Further evaluation of an
angiographically normal appearing non-FFR coronary vessel in patients with
CAD also demonstrated differences in vorticity when compared with FFR
vessels (p < 0.05).

Conclusion: The use of highly accurate 3D CFD-derived intravascular
hemodynamics  provides additional information beyond pressure
measurements that can be used to calculate FFR. Vorticity is one parameter
that is modified by a coronary stenosis and appears to be abnormal in
angiographically normal vessels in patients with CAD, highlighting a possible
use-case in preventative screening for early coronary disease.

KEYWORDS

vorticity, shear stress, coronary artery disease, computational fluid dynamics,
fractional flow reserve

1 Introduction

Coronary heart disease is highly prevalent in the
United States, and it is estimated that 720,000 individuals will
suffer their first cardiac event while recurrent events will occur in
approximately 335,000 individuals (Virani et al., 2020). In 2014,
there were more than one million inpatient cardiac
catheterizations to diagnose coronary artery disease with an
associated 371,000 coronary artery bypass grafting surgeries
and 480,000 percutaneous coronary interventions (Virani
et al., 2020). The decision to revascularize coronary arteries in
symptomatic patients is based, in part, on their clinical
presentation, medical therapy, and severity of coronary artery
stenoses detected at coronary angiography. Coronary stenoses
that are >70% by visual estimate are considered severe and
warrant revascularization (Lawton et al., 2022). In contrast,
coronary stenoses that are between 40% and <70% are
considered intermediate and typically require additional study
to determine if they are physiologically significant and require
revascularization (Lawton et al., 2022).

Fractional flow reserve (FFR) is a method used to assess the
significance of an intermediate coronary stenosis. FFR is defined
as the ratio of the pressure distal to a stenosis (Pg4) to the aortic
pressure (P,) at maximal hyperemia (maximal vasodilation of the
microvasculature). FFR as a tool to guide PCI has been studied in
the Fractional Flow-Reserve-Guided PCI versus Medical Therapy
in Stable Coronary Disease (FAME 2) trial. This randomized
controlled trial compared FFR guided PCI with optimal medical
therapy and reported that patients with an abnormal FFR had a
significant benefit with PCI (De Bruyne et al., 2012).

Computational fluid dynamics (CFD) models coronary
blood flow with high resolution and broad parameterization
(Taylor et al, 2013; Vardhan et al, 2019; Vardhan et al,
2021). CFD simulations can be used to provide a detailed
description of a patient’s coronary blood flow and interaction
with a coronary stenosis or the blood vessel wall (Taylor et al.,
2013). These simulations can be used to determine velocity,
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pressure, shear stress, and vorticity throughout the entire
coronary tree. CFD-derived pressure has been used to
calculate the FFR using patient-specific geometries constructed
from coronary computed tomography angiography scans or
coronary angiograms (Papafaklis et al., 2014; Kornowski et al.,
2016; Morris et al., 2017; Zhang et al., 2021; Gao et al., 2022), but
other CFD-derived hemodynamic markers, such as vorticity,
have largely been ignored. Mathematically, vorticity describes
the tendency of fluid to rotate along a central luminal axis and is a
descriptor of locally disturbed flow. Regions of high vorticity and
flow recirculation can be found in the concave regions of stenosis,
while at peak systole, vorticity can result in secondary vortex
formations on opposing sense on the arterial wall (Amir et al.,
2022). Vorticity is associated with an increase in fluid energy loss
leading to a decrease in energy available to deliver blood to the
microcirculation (Wu et al., 2007).

Recent clinical works suggest that vorticity and energy loss
are correlated with right ventricular dysfunction and exercise
capacity in repaired Tetralogy of Fallot patients (Garcia et al.,
2013; Loke et al., 2021). Other such investigations identified flow
vorticity as an important factor resulting in mean pressure
gradient discrepancies between cardiovascular magnetic
resonance and  transthoracic = Doppler-echocardiography
(Garcia et al, 2013). Thus, several CFD studies have
attempted to understand the role of vortex formation and
recirculation in arterial stenoses to investigate hemodynamics
resulting in thrombus formation and to understand influence of
turbulence in eccentric lesions (Katritsis et al., 2010; Melih et al.,
2013; Rigatelli et al., 2019). One study examined vorticity in
coronary arteries with intermediate stenoses found that vorticity
was associated with the severity of the stenosis and the flow rate
(Chu et al., 2018).

In the current study, we hypothesized that vorticity at the site
of the minimal luminal diameter would provide additional
beyond FFR to
perturbations in coronary flow at the site of a stenosis. We

hemodynamic  information describe

examined vorticity as well as pressure, velocity, and shear
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stress at the site of the minimal luminal diameter using patient-
specific 3D geometries of the coronary tree derived from
coronary angiograms and a fluid solver capable of ultrahigh-
resolution (Vardhan et al., 2019; Vardhan et al., 2021).

2 Methods
2.1 Study population

The study was performed with approval from the Mass
General Brigham Human Research Committee Institutional
Review Board (protocol #2015P001084). This was a
retrospective study that involved data collection only and
informed consent was not required. The study included
10 patients who underwent clinically indicated coronary
angiography at Brigham and Women’s Hospital, Boston MA.
Nine patients had at least one intermediate stenosis in an
epicardial coronary artery that required invasive fractional
flow reserve (FFR) testing to determine the functional
significance of that stenosis. The 10th patient had
angiographically normal coronary arteries and was utilized as
a control for the study. This control patient had coronary
angiography performed for a clinically indicated reason, which
was pre-operative assessment of the coronary arteries in a patient
that was going to undergo cardiothoracic surgery for valvular
heart disease.

Coronary angiography was performed using single plane
angiography with a minimum of 4 standard orthogonal views
of the left coronary artery (LCA) and 2 standard orthogonal
views of the right coronary artery (RCA). FFR was measured
using a coronary pressure wire (PressureWire X, St. Jude
Medical) and intravenous administration of adenosine
(140 ug/kg/min) was used to induce maximal hyperemia. FFR
was computed as the ratio of pressure measured distal (Pd) and
proximal (Pa) to the stenosis of interest. Angiograms were
reviewed by an experienced interventional cardiologist (JAL)
and coronary dominance, lesion location, and pressure wire
location at the time of testing were recorded. In addition, the
patient’s blood pressure and heart rate at rest and at maximal
hyperemia, hematocrit, and cardiac output from right heart
catheterization at the time of angiography or echocardiogram
were recorded.

2.2 Generation of 3D coronary geometries
from 2D coronary angiograms

Coronary angiograms were used to reconstruct patient-
specific 3D geometries using a 3D reconstruction algorithm
(Chen and Carroll 2000; Green et al, 2005). Briefly, the
algorithm extracts the vessel centerline and cross-sectional
diameter to create a “coronary skeleton” from two angiograms
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TABLE 1 Clinical measurement used for modeling patient specific simulations.

Lesion

type

Coronary
dominance

Blood Ostium

Heratrate Blood

Heratrate
(resting
in bpm)

Cardiac
output
(L/min)

Hematocrit
(percent)

Vessel

Patient

pressure diameter
(mm)

pressure

(hyperemi

(hyperemia
in mmHg)

(resting

in bpm)

in mmHg)

Single LAD lesion

Right

4.17
4.16
3.47
5.31
4.93
3.17

113/65
101/62

90/5

133/72
111/57
111/57
128/65
130/83

101
87

70
85

40.4

42.2
37

LAD
LCx

Serial lesion LCx

Co-dominant

3.15
3.15
3.75
3.12
3.9

Ostial lesion RCA

Co-dominant

Left

87

85

37

RCA
LAD

Single LAD lesion

132/72
155/80
113/63
113/56

113
106
60
55

119
64
57
48

42.4

Left main, serial lesion in LAD

Right
Right
Right

34.2

Left Main

LCx

Collateral flow, single LCx lesion

129/65
128/59

333

Serial LAD lesion Bifurcation lesion ana serial

lesion
LAD

5.02

5.35

36.1

LAD

Left

5.61

118/56

160/71

87

84

4.62

29.6

LAD
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separated by angles >45°. All 3D arterial geometries were
obtained at end-diastole (90% of the cardiac cycle) and were
exported in standard stereolithography (STL) mesh format for
CFD analysis. Morphological and anatomical validity of all 3D
reconstructions were verified by an experienced interventional
cardiologist (JAL).

2.3 Patient-specific

CFD simulations CFD simulations were conducted using
HARVEY, a massively parallel hemodynamic simulator which
implements the lattice Boltzmann method (LBM) (Randles et al.,
2013). The LBM is an alternate solver for the traditional Navier-
Stokes equations which govern fluid flow (Kruger et al., 2017). In
the LBM the probability distribution function fi (x, t) represents
the population of particles located at lattice point, x, at time, t,
with discrete velocity, ci, moving around a fixed Cartesian grid. fi
(x +cidt, t + 8t) — fi (x, t) = —Q(fi (x, t) - feq (x, t)). HARVEY
discretizes the velocity space using the standard D3Q19 lattice in
3D space and uses the single relaxation time Bhatnagar-Gross-
Krook (BGK) collision kernel Q. Blood vessels were simulated as
rigid vessel walls by implementing the no-slip boundary
condition using the halfway bounce-back method, while finite
difference boundary conditions were used at the inlets and
outlets (Latt et al., 2008). The macroscopic variables density p
and velocity u were computed as the first two moments of the
probability distribution function:

p=Y" filx1)
pu = z:c,»fi(x, t)

1
2

For simulations, coronary blood flow was simulated with the
assumption that blood is an incompressible Newtonian fluid and
that the coronary vessels have rigid walls (Taylor et al., 2013;
Eslami et al., 2019; Eslami et al., 2021). Each simulation utilized
patient-specific clinical variables to tailor the relevant inlet and
outlet boundary conditions, summarized in Table 1 (Vardhan
et al, 2019; Vardhan et al,, 2021). A pulsatile waveform at the
inlet was imposed for each patient using a Poiseuille profile. The
inlet waveform flow parameters were determined by calculating
the resting total coronary flow rate for each patient using
coronary dominance to determine the fraction of cardiac
output delivered to the coronary vessels (Table 1). At the
outlet, a one element Windkessel model was imposed by
computing the vessel microcirculatory resistance (Grinberg
and Karniadakis 2008; Taylor et al, 2013). The coronary
resistance Ri was computed as the ratio of mean arterial
pressure Pi and total coronary flow rate Qi tuned to each
arterial outlet using the following equation (Grinberg and
Karniadakis 2008; Taylor et al., 2013).

pi = Qi.R; (3)

Frontiers in Systems Biology

04

10.3389/fsysb.2022.930396

To model maximal hyperemia, coronary flow velocity and
microresistance were changed based on the methods described in
(Wilson et al., 1990; Taylor et al., 2013). Distal resistance has a
strong influence on the modeling of patient-specific arterial
hemodynamics (Anselmi et al, 2021). Therefore, for each
arterial tree we carefully compute the distal resistance of every
outlet based on the vessel diameter, mean flow and mean aortic
pressure derived from the clinical measurements of that patient
(Table 1). Further details of our approach and the influence of
resistance computed by this approach on pressure gradient and
other hemodynamic variables, for example ESS and velocity, is
discussed elsewhere (Vardhan et al., 2021).

The hemodynamic variables endothelial shear stress (ESS)
and vorticity were computed for each vessel of interest. The ESS
vector ti was computed using the equation (Matyka et al., 2013):

= —z—ifchumj(caj = Culi) @)
where f"4 is the non-equilibrium distribution function,  is the
dynamic viscosity and p is the fluid density, w is the BGK
relaxation rate, ¢; is the lattice speed of sound, ¢, are the
components of the discrete velocity vector C;, and n is the
outward normal vector (Matyka et al., 2013). For pulsatile
flow, ESS was averaged over the period of the cardiac cycle
and computed at the site of the stenosis. Vorticity was computed
as the magnitude of the curl of the velocity vector field along the
longitudinal length of the vessel using the equation (Wu et al.,
2007):

VXV = (%, %, %)x(vx,vy,vz) (5)
where (%, %, a_az) are the partial derivative operators and
(Vi V,,V7) denote the velocity components in the x, y, z
directions, respectively. For all cases, velocity, ESS and
vorticity were averaged for the circumference of the vessel
at the site of the maximal stenosis. The numerical validity of
our model for computing hemodynamic variables in coronary
arteries, the convergence, stability, and performance tests of
our computational model has been demonstrated previously
(Feiger et al., 2019; Vardhan et al., 2019; Vardhan et al.,,
2021).

As disturbed hemodynamics seldom remain isolated to a
single region or vessel in the coronary arterial tree, we evaluated
velocity, ESS and vorticity in stenotic coronary vessels and
compared these values to the same parameters measured in
non-stenotic vessels within the same patient with coronary
disease in order to understand the span of parameter
variability throughout patient’s coronary arterial trees. For
patients with coronary lesions in the left circumflex artery
(LCX) or RCA, the left anterior descending (LAD) artery was
used for comparison. And for patients with LAD lesions, the LCX
was used as the comparator vessel.
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Setup for particle image velocimetry experiment with right coronary artery. (A) The experimental setup for particle image velocimetry bench
testing is shown. (B) A close-up view of the 3D printed right coronary artery showing the bifurcation with a right ventricular marginal branch. A
stereolithography file was created from a 3D reconstruction of a patient’s right coronary artery from angiograms. This file was used to 3D print a

model with a patent lumen for benchtop testing.

2.4 Validating CFD simulation-derived 3D
coronary flow profiles using particle image
velocimetry

Particle image velocimetry (PIV) was utilized to validate the
CFD model in the moderate Reynolds flow regime found in
coronary arteries (Re 450-550) using a 3D-printed coronary
artery phantom. A 3D geometry was constructed from two
orthogonal RCA angiograms and the STL file was used to 3D
print an optically clear urethane RCA model with a patent central
lumen that was used with a standard PIV setup to acquire flow
patterns (Figures 1A,B). CFD simulations were run with the same
RCA geometry for comparison. Aqueous sodium iodide solution
configured to match the refractive index of the 3D printed model
(n = 1.49) was used to mimic blood flow. A steady physiological
flow rate of 7.5 ml/s, kinematic viscosity of 2.418 cSt, and density
1,493 kg/m*3 were used to determine the velocity field. In the PIV
setup, steady flow velocities were acquired at the longitudinal
center-plane of the physical model. Further details of the PIV
setup, including seeding with fluorescent particles, can be found
in (Chaudhury et al,, 2016).

2.5 Statistical analysis

Normal distribution of the data was evaluated using the
Kolmogorov-Smirnov test. Comparisons between continuous
variables were done using two-tailed t-tests or paired t-tests.
Non-parametric data was analyzed using the Mann-Whitney test
or Wilcoxon matched-pairs signed rank test. Bland Altman
analyses were performed to determine agreement between
CFD-computed
regression was used to determine the correlation between

and invasively measured FFR. Linear

invasive FFR measurements and CFD parameters (vorticity,
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velocity, and ESS). Pearson correlation coefficients were
calculated to determine the strength of the correlation
between FFR and CFD generated parameters. Data for
continuous variables are reported as mean =+ standard
deviation. A value of p < 0.05 was considered significant. Data
were analyzed using Stata 15/SE 15.1 (StataCorp LLC, College
Station, TX, United States) and Prism 9.0 (GraphPad, San Diego,

CA, United States.

3 Results

3.1 Validating CFD simulations in coronary
arteries using PIV

In order to validate our CFD simulations of coronary arteries,
a model of a RCA was reconstructed from a patient’s coronary
angiogram for PIV testing. The subsequent STL file was used to
3D print a physical model of the vessel with a patent lumen.
Bench top PIV flow studies and CFD simulation were then
performed using the same coronary artery geometry. The
magnitude of the velocity, v, profile across the diameter of the
RCA at the level of a bifurcation with a right ventricular marginal
branch from the bench top PIV experiment was compared with
velocity from the CFD simulation (Figures 2A-C). This site was
selected because it is where the velocity was expected to be the
least uniform. The mean squared error differences between the
PIV and the CFD velocity profiles in the RCA (Figure 2D) and in
the side branch (Figure 2E) were significant (p < 0.001)
suggesting that the CFD simulation accurately recapitulated
what was observed with the PIV experiment. Notably, there
was agreement between the profiles towards the center of the
vessel where there were higher velocities. Therefore, these results
indicate that our CFD methodology resolves the experimental
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Comparison between computational fluid dynamics and particle image velocimetry results. (A) The longitudinal centerplane in the right
coronary artery showing the bifurcation with the right ventricular marginal branch. The velocity profile along the right coronary artery and the side
branch from (B) computational fluid dynamics simulations of the coronary artery (CFD-CA) and (C) particle image velocimetry testing. The velocity
profile obtained by CFD-CA and particle image velocimetry testing was compared in the (D) right coronary artery and (E) the right ventricular

marginal side branch.

flow pattern and accurately computes velocities in a patient-
specific complex coronary artery geometry. Furthermore, since
vorticity and ESS are calculated based on the curl of the velocity
vector or the velocity, respectively, the results from the PIV
experiment supported the accuracy of using our CFD pipeline to
compute both vorticity and ESS.

3.2 Patient-specific CFD simulations
correlate with invasively measured FFR

Next, we compared CFD-computed FFR using patient-specific
coronary artery geometries with invasive FFR measurements
obtained in the cardiac catheterization laboratory, which is
considered the ground truth. The patients (n = 9) included in
the study were representative of individuals undergoing diagnostic
cardiac catheterization. The mean age of the patients was 69.0 =
7.7 years, 56% were male, 100% had hypertension and
hypercholesterolemia, and 44% of the participants were current
or former smokers. A total of 67% of patients had a prior
myocardial infarction, 33% had a prior percutaneous coronary
intervention, and only one patient had a prior coronary artery
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bypass grafting surgery. Similarly, a total of 22% had a history of
congestive heart failure, 11% had peripheral arterial disease, and
44% had chronic kidney disease. The mean left ventricular ejection
fraction was 54.5 + 12.4% and the mean cardiac output was 4.2 +
0.9 L/min. On the day of catheterization, the mean arterial blood
pressure and heart rate were 939 + 9.8 mmHg and 749 +
21.8 bpm, respectively, and 89% of individuals were in normal
sinus rhythm. Coronary angiography demonstrated that 56% of
the coronary anatomies were right dominant, 33% were left
dominant, and 11% were co-dominant.

Comparison between CFD-computed FFR and invasively
measured FFR revealed that there was an average error of 5.9 +
0.1% as well as a strong and significant correlation (p = 0.77, p =
0.01). Bland-Altman analysis estimated the mean difference between
the CFD-computed FFR and invasive FFR was 0.04 + 0.05,
suggesting that CFD simulations led to a marginal overestimation
of FFR. The Bland-Altman 95% CI agreement values were -0.02 and
0.13 demonstrating further that all values of CFD-computed FFR
were within the 95% limits of agreement as compared to invasively
measured FFR (Figure 3A). Therefore, patient-specific 3D CFD
simulations using our pipeline to measure FFR demonstrated a high
degree of accuracy.
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Computational fluid dynamics fractional flow reserve and intracoronary hemodynamics. (A) Bland-Altman plot showing agreement between
fractional flow reserve determined by computational fluid dynamics versus invasively measured using a pressure wire. (B) Correlations between
fractional flow reserve and intracoronary hemodynamics. FFR, fractional flow reserve; vMLD, vorticity at the minimum luminal diameter; ESS,

endothelial shear stress.

3.3 Evaluating intracoronary
hemodynamic disturbances using vorticity

Next, ESS and vorticity were examined in the coronary
arteries containing the stenosis that underwent FFR testing
and the adjacent coronary vessel. Figure 4 shows the velocity,
ESS, and vorticity maps overlaid on the patient coronary
artery reconstructions for each of the nine patients. First,
we performed correlation analyses to understand the
relationship between vorticity at the vessel minimal luminal
diameter and CFD-FRR, ESS and velocity at maximal
hyperemia. Vorticity was strongly and inversely correlated
with CFD-FFR (p =-0.86, p = 0.001), and positively correlated
with ESS (p = 0.6, p = 0.08) and hyperemic velocity (p = 0.56,
p = 0.11) (Figure 3B).

Perturbations in coronary hemodynamics are seldom

isolated to a single region or vessel in the coronary arterial
tree. ESS and vorticity were then determined in the coronary
artery containing the stenosis that was examined with FFR and
compared these values to what was found in the adjacent main
coronary vessel that did not have a stenosis. Table 2
summarizes the velocity, ESS, and vorticity in the FFR
vessel and at the same location in the adjacent main
coronary vessel. Among these parameters, there was a
significant difference in the intracoronary hemodynamics
between the stenotic and non-stenotic vessels: velocity
(mean difference = 22.2 + 22.4m/s, p = 0.02), ESS (mean
difference = 4.2 £ 4.3 Pa, p = 0.02), and vorticity (mean
difference 0.25 + 0.24 s, p 0.01). Thus, there are
significant differences in velocity, ESS, and vorticity in

coronary arteries with and without stenoses in the same
patient.

Next, to assess the contribution of the intracoronary
ESS,
hemodynamics were compared in the presence and the

stenosis to velocity, and vorticity, intravascular
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absence of the intravascular stenosis. To simulate the
absence of the stenosis in the coronary vessel of patients
diagnosed with coronary disease, we first computed the
difference between velocity, ESS, and vorticity between the
coronary vessel with a stenosis and the same vessel from a
control subject who had no evidence of coronary disease in
any vessel at coronary angiography (Table 3). We then
examined this difference in intravascular hemodynamics
from control patient between the angiographically normal
appearing non-FFR vessel (Table 3, left) compared to FFR
vessel (Table 3, right) of patients with a diagnosis of coronary
disease. Therefore, in Tables 2 and 3 the “control vessel” is the
same vessel as the vessel studied in the healthy patient, and the
“non-FFR vessel” is another coronary vessel, as discussed in
Section 2.3, of the same diseased patient (n;, i = 1-9).

While there was no difference in velocity (33.0 = 29.0 vs
55.2 £ 15.5m/s, p = 0.69) or ESS (4.9 + 5.6 vs 9.1 £ 3.2 Pa, p =
0.57), vorticity remained significantly different (0.9 + 0.6 vs 0.6 +
0.5 s7', p = 0.011). The statistical significance was determined
using the Wilcoxon matched-pair signed rank test. Albeit such
hemodynamic differences can be anticipated because we are
examining different vessels, it is interesting to note that in
patients diagnosed with coronary diseases, angiographically
normal vessels, non-FFR vessels, can also have impaired flow
disturbances quantified by computing the difference of ESS and
vorticity from a control patient when compared to corresponding
FFR vessel.

4 Discussion

In the current study, we used 3D CFD to assess intracoronary
hemodynamics using geometries derived from 2D coronary
angiograms from patients undergoing diagnostic coronary
angiography. We demonstrated that our CFD pipeline was
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FIGURE 4

Personalized computational fluid dynamics simulations map intracoronary hemodynamics. Personalized computational fluid dynamics (CFD)
simulations were performed using 3D reconstructions of coronary angiograms for each of the patients and HARVEY. A frame from the coronary
angiogram is shown with the corresponding personalized CFD model. Results from CFD simulations are used to map velocity, ESS, and vorticity to
the coronary artery (left to right).
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TABLE 2 Comparing hemodynamics in a the FFR vessel with coronary disease and angiographically normal appearing non-FFR vessel in the same

patient.
FFR vessel FFR vessel

Velocity ESS Vorticity
LCx 58.0 11.68 0.33
LAD 36.0 4.15 0.38
RCA 52.0 9.45 0.58
LAD 53.0 9.83 0.24
LM 72.0 9.56 0.11
LCx 36.0 5.05 0.27
LAD 83.0 14.66 1.9
LAD 46.0 7.63 0.82
LAD 61.0 10.26 0.87

Non FFR Non FFR vessel

vessel

Vessel Velocity ESS Vorticity
LAD 9.0 0.98 0.47
LCx 9.0 0.98 0.45
LAD 24.0 2.24 0.94
LCx 23.0 2.19 0.6
LCx 33.0 6.37 0.39
LAD 23.0 2.37 0.62
LCx 100.6 19.01 22
LCx 47.0 5.88 0.92
LCx 23.6 3.93 1.48

FFR, fractional flow reserve; Velocity (m/s); ESS, endothelial shear stress (Pa); vorticity (s); LCx, left circumflex artery; LAD, left anterior descending artery; RCA, right coronary artery;

LM, left main coronary artery.

TABLE 3 Intracoronary hemodynamics in FFR and Non-FFR Vessels.

FFR vessel Difference between FFR and control
vessel
Velocity ESS Vorticity
LCx 27.0 6.08 0.13
LAD 4.0 4.06 0.18
RCA 25.0 6.94 0.38
LAD 21.0 4.22 0.04
LM 4.0 3.95 0.0
LCx 5.0 0.56 0.07
LAD 51.0 9.06 17
LAD 14.0 2.03 0.62
LAD 3.0 4.66 0.67

FFR, fractional flow reserve; Velocity (m/s); ESS, endothelial shear stress (Pa); vorticity (s™).

Difference between Non-FFR and
control vessel

Non-FFR vessel

LCx, left circumflex artery; LAD, left anterior descending artery; RCA, right coronary artery; LM, left main coronary artery.

highly accurate by performing CFD simulations and PIV
experiments with the same RCA geometry and found good
agreement between the results at the bifurcation, a region that
is known to have complex intravascular hemodynamics
(Giannoglou et al., 2010). We further demonstrated the
accuracy of our pipeline by comparing FFR values of
intermediate coronary artery stenoses determined by CFD
with invasive pressure wire-based measurements made in the
CFD-derived ~ FFR
demonstrated excellent concordance with invasively measured

cardiac  catheterization laboratory.
values with an error of 5.9 + 0.1%, which is similar to the intrinsic
sampling reproducibility of catheter based FFR (Berry et al,

2013). Our 3D CFD simulations also allowed us to further
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Velocity ESS Vorticity
LAD 31.0 7.23 033
LCx 220 463 0.25
LAD 7.0 3.36 0.74
LCx 17.0 6.02 0.46
LCx 7.0 1.84 0.25
LAD 17.0 5.83 0.49
LCx 66.0 10.8 2.06
LCx 7.0 233 0.78
LCx 17.0 428 1.35

phenotype intracoronary hemodynamics by calculating

velocity, ESS, and vorticity, in addition to pressure, over the
entire coronary tree. Our analysis of these hemodynamic
variables revealed several interesting findings. First, velocity,
ESS, and vorticity at the site of the stenosis were significantly
different when compared to the hemodynamics in another main
coronary vessel in the same patient that was angiographically
normal. Second, we were able to assess the contribution of the
stenosis to perturbations in intravascular hemodynamics and
found that the stenosis was associated with differences in
intravascular velocity and vorticity. When we simulated
absence of the stenosis, only velocity and vorticity were
different suggesting that there were other contributors to ESS

frontiersin.org


https://www.frontiersin.org/journals/systems-biology
https://www.frontiersin.org
https://doi.org/10.3389/fsysb.2022.930396

Vardhan et al.

in our system. Third, we also found that vorticity was
significantly different in angiographically normal appearing
non-FFR vessels in patients with coronary disease compared
to what was observed in corresponding FFR vessel. Taken
together, these findings demonstrate that our fluid solver
pipeline is highly accurate, and that vorticity may emerge as a
potential phenomarker in patients with coronary artery disease.

3D CFD simulations of coronary blood flow using patient-
specific coronary artery geometries generates several parameters
that describe important components of flow in the vessels. These
parameters (pressure, velocity, ESS, and vorticity) provide
numerous degrees of freedom, as compared to currently
available reduced order CFD methods, and may be able to
resolve nuanced disruptions in coronary arterial blood flow.
Several works have previously explored the role of ESS, a
proatherogenic risk factor, to understand intracoronary
hemodynamic patterns that can play role in the plaque
formation (Rikhtegar et al., 2012; Szabo et al, 2021; Tufaro
et al., 2022). Low fluid velocity and the resulting low ESS on
the vessel wall have been reported to be directly related to vessel
wall thickening and plaque development (Rikhtegar et al., 2012;
Szabo et al,, 2021; Tufaro et al., 2022). Such hemodynamic risk
factors can provide valuable information for physiologic lesion
assessment in patients diagnosed with coronary disease. In this
work we specifically explored the role of vorticity in the
assessment of CAD. We found a strong inverse correlation
between FFR and vorticity in our patient-specific simulations,
which is in agreement with prior reports investigating FFR and
vorticity as phenomenon related to fluid energy loss in idealized
coronary arterial models (Chu et al., 2018).

To date, there has been limited forays into understanding the
role of vorticity in coronary artery disease. One study that
examined vorticity in virtual vessel models with varying
degrees of stenosis and in 3D coronary artery reconstructions
from coronary angiograms reported that a disturbed vorticity
index, changes in vorticity at the site of the stenosis, was present
and correlated with FFR (Chu et al., 2018). This supports our
findings; however, the prior study had several issues that may
affect the results. The coronary reconstructions studied were
truncated and did not include the entire coronary tree. We have
shown previously that this affects intracoronary hemodynamics
with a 10-20-fold difference in velocity and time-averaged wall
shear stress (Vardhan et al, 2019). They also focused on the
disturbed vorticity index as opposed to absolute vorticity, which
we were able to do with our simulation results.

Within the framework of our CFD pipeline, vorticity can be
calculated over the entire coronary arterial tree. Given that
vorticity demonstrates a strong inverse relationship with FFR,
our CFD method allows for the addition of vorticity to FFR to
assess CAD lesions throughout the entire coronary tree without
requiring invasive pressure wire assessment of individual CAD
lesions. Further, given that clinically meaningful FFR thresholds
have been developed, this study lays the groundwork for the
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development of vorticity thresholds. For example, the Fractional
Flow Reserve versus Angiography for Guiding PCI (FAME) study
used an FFR threshold of .0.8 to define physiologically significant
coronary lesions and showed that a FFR-guided PCI strategy
resulted in deferral of PCI in almost 33% of the lesions and better
1-year clinical outcomes compared to angiography alone
(Tonino et al., 2009). In our simulations, vorticity was
inversely correlated with FFR and has the potential to add
information. Whether a combine FFR-vorticity metric has the
potential to provide diagnostic information regarding a stenosis
remains to be determined.

Critical coronary arterial stenosis is known to manifest as an
end-stage complication of atherosclerotic plaque development
and progression (Malakar et al, 2019). Biochemical studies
demonstrate that many pathobiological changes have occurred
in vessels by the time CAD lesions are angiographically apparent.
The results from our study are intriguing in that we found
hemodynamic alterations, and disturbances in vorticity in
particular, in angiographically normal vessels from patients
with coronary artery disease in another vessel. This suggests
that coronary blood flow alterations may be present in coronary
arteries that have not yet developed angiographically apparent
lesions. Whether vorticity has utility as a screening tool to
identify vessels at risk of developing coronary disease remains
to be determined.

There are several limitations to our study that may preclude
generalizability of the findings. First, the 3D geometries were
created using 2D coronary angiograms and rely on luminography
that may not provide the same in-depth detail about the
of a stenosis  achieved  with

composition coronary

intravascular ultrasound imaging or optical coherence
tomography intravascular imaging. To date, there are no
studies that have compared CFD results from all three
imaging modalities for CFD simulations and use of 2D
coronary angiograms for reconstructions has been established
by us and others (Papafaklis et al., 2014; Kornowski et al., 2016;
Vardhan et al., 2019; Vardhan et al., 2021). Our CFD method also
assumes rigid arterial walls and Newtonian flow. These are two
common assumptions in CFD simulations and have been shown
to be valid at the shear rates and degree of myocardial
contractility observed in coronary vessels (Taylor et al., 2013;
Eslami et al., 2020). Another limitation of this work is that the
computational simulations were performed offline because the
in LBM-based the
Courant-Friedrichs-Lewy number resulting in long runtime
(Fakhari 2015). with
parallelization of the LBM paired with increased computing
the

significantly (Randles et al., 2013). Our patient sample size

time step solvers is limited by

and Lee Fortunately, efficient

power, overall simulation time can be reduced
was small as this was a proof-of-concept study and it is
plausible that with a higher sample size other findings will
emerge. Therefore, it will be critical to pursue the findings of

this study in a larger multicenter clinical investigation to establish
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robust significance of the performance of vorticity in patients

with established coronary artery disease.
Overall, this that

hemodynamic profiling, through the use of well validated 3D

study establishes intracoronary
CFD methodology, can accurately determine a clinically
actionable metric, FFR, and provide additional information to
describe flow profiles around a stenosis and in a vessel. Vorticity
at the site of a stenosis was found to correlate well with invasive
diagnostics and therefore holds promise as a phenomarkers to be
examined using a less invasive assessment of coronary blood flow
and function. Furthermore, vorticity in angiographically normal
appearing vessels in patients with CAD elsewhere is significantly
different as compared to patients without CAD. Future studies
are therefore warranted to investigate the full utility of vorticity in
the screening for the development of or progression of CAD.
Future studies with larger sample sizes to determine the
functional significance of vorticity are warranted.
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