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Abstract During diastole, coronary perfusion depends on
the pressure drop between the myocardial tissue and the coro-
nary origin located at the aortic root. This pressure difference
is influenced by the flow field near the closing valve leaflets.
Clinical evidence is conclusive that patients with severe aor-
tic stenosis (AS) suffer from diastolic dysfunction during
hyperemia, but show increased coronary blood flow (CBF)
during rest. Transcatheter aortic valve implantation (TAVI)
was shown to decrease rest CBF along with its main purpose
of improving the aortic flow and reducing the risk of heart
failure. Physiological or pathological factors do not provide
a clear explanation for the increase in rest CBF due to AS
and its decrease immediately after TAVI. In this manuscript,
we present a numerical study that examines the impact of
AS and TAVI on CBF during rest conditions. The study
compares the hemodynamics of five different 2D numerical
models: a baseline “healthy valve” case, two AS cases and
two TAVI cases. The analysis used time-dependent compu-
tational fluid—structure interaction simulations of blood flow
in the aortic root including the dynamics of the flexible valve
leaflets and the varying resistance of the coronary arteries.
Despite its simplifications, our 2D model succeeded to cap-
ture the major effects that dominate the hemodynamics in the
aortic root and to explain the hemodynamic effect that leads
to the changes in CBF found in in vitro and clinical studies.
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1 Introduction

The combination of aortic stenosis (AS) and coronary artery
disease (CAD) requires special attention and often correlated
with additional complications (Kelly et al. 1988; Rosenhek
et al. 2010). About half of the patients with a severe degree
of AS also suffer from severe CAD, where 30-40% of AS
patients suffer from angina symptoms or risk of sudden car-
diac death (Gould and Carabello 2003; Julius et al. 1997,
Kupari et al. 1992; Marcus et al. 1982; Rosenhek et al. 2010),
with the absence of any evidence of coronary artery lesion at
angiography(Gould and Carabello 2003; Marcus et al. 1982).
In most cases, angina is relieved immediately after aortic
valve replacement (Rolandi et al. 2016; Wiegerinck et al.
2015), although hypertrophy regression may take months or
even years to alleviate (Gould and Carabello 2003). More
interestingly, clinical evidences report that during rest condi-
tions, coronary blood flow (CBF) increases with AS severity
(Burwash et al. 2008; Carroll and Falsetti 1976; Eberli et al.
1991; Hongo et al. 1993; Lumley et al. 2016; Rolandi et al.
2016). Patients with severe AS have shown a higher peak
diastolic coronary flow velocity during rest conditions com-
pared with normal subjects (Meimoun et al. 2012) and a
linear correlation between AS gradients and higher rest CBF
(Omran et al. 1996).

Considerable research efforts have been carried out to
reveal the interplay between the different physiological,
hemodynamic and pathological factors of valve performance
on coronary perfusion. The rapid reduction in CBF during
hyperemia for AS patients was attributed to several hemo-
dynamic and physiological factors, among them are changes
in the diastolic coronary filling phase (Bertrand et al. 1981;
Gould and Carabello 2003; Rajappan et al. 2002), suction
wave intensity (Broyd et al. 2013; Gould and Johnson 2016b;
Lee et al. 2016), heart rate (HR) (Davies et al. 2011), oxygen
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demand (Rajappan et al. 2003), coronary resistance (Ben-
Dor et al. 2009, 2014), left ventricular (LV) ejection volume
(Nobarietal. 2013) and myocardial stress (Camici etal. 2012;
Meimoun et al. 2012; Petropoulakis et al. 1995). Other factors
relate to characteristic pathological changes such as reduced
capillary density and dysfunction (Ahn et al. 2016; Broyd
et al. 2013; Zingone 2008), or reduced aortic distensibil-
ity in post-stenotic aortic dilatation (Stefanadis et al. 1988).
However, recent studies (Lumley et al. 2016; Paradis et al.
2014) proved that reduced CBF during hyperemia in AS are
mostly attributed to physiological factors due to the abnor-
mal high LV workload and cardiac-coronary coupling and
not by microvascular pathologies. The mechanisms under-
lying the increase in CBF during rest in AS patients with
normal coronaries remain unclear.

This issue became even more critical since the introduc-
tion of transcatheter aortic valve implantation (TAVI) (Cao
etal. 2015). In the case of valve replacement surgery, patients
are often treated in parallel with major thoracotomy. How-
ever, in the current era of TAVI, arterial interventions are
considered with care since they might lead to alterations in
LV and right ventricular function and arterial hemodynam-
ics (Davies et al. 2011). For example, recent ESC guidelines
restrict revascularization before TAVI only for patients with a
severe coronary stenosis (>70%) (Kolh et al. 2014; Stefanini
et al. 2014). Nevertheless, the optimal means of defining
CAD and the assessment of myocardial ischemia in AS
patients are not clear (Danson et al. 2016; Scalone and Nic-
coli 2015). Therefore, an understanding of how the aortic
valve affects coronary hemodynamics is becoming increas-
ingly clinically relevant in determining how to manage this
coexisting CAD and to distinguish pure arterial disease from
indirect limited coronary perfusion due to valvular disease
(Gould and Johnson 2016a; Sen and Davies 2015) and to
allow better understanding of the role of valve leaflets dynam-
ics on the CBF.

CBF is determined by a deriving gradient pressure
between the aortic and the arterial pressure. The arterial pres-
sure is maximal during systole due to the compression exerted
on the coronary arteries during LV construction. Therefore,
CBF mostly occurs during diastole when the myocardial
muscle relaxes. Both the aortic pressure and the gradient at
the coronary ostia are a direct result of AV function (Gould
etal. 1976). In this study, we hypothesize that there is a hemo-
dynamic mechanism, based on vortex location and timing,
which correlates between the orifice area and the coronary
flow. To understand this hemodynamic mechanism, numer-
ical and experimental studies have been developed. The
experimental study is undergoing and would be published
in a future publication. This manuscript presents the numer-
ical model and its results.

The numerical solution of the time-dependent blood flow
across the aortic valve is considered an extremely challenging
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problem (Bianchi et al. 2015). Such a numerical simulation
requires a strong coupling between the time-dependent flow
and the dynamics of the flexible leaflets. The response of the
flexible leaflets depends not only on the complex unsteady
patterns of the flow, but also on the details of the valve
anatomy, tissue properties, and the dynamic motion of the
heart walls, thus giving rise to a fully coupled, multiscale
and multiphysics fluid—structure interaction (FSI) problem
(Avrahami 2012). The healthy native aortic valves and roots
have been widely studied experimentally and numerically.
However, most of the studies that used FSI to simulate flow
through the AV concentrate on the systolic characteristics of
the valve and the flow and thus do not consider the coronary
structures (e.g. Borazjani 2013; Ge and Sotiropoulos 2010;
Gilmanov et al. 2015; Griffith 2012; Kopanidis et al. 2015;
Le et al. 2013; Marom et al. 2012; McQueen and Peskin
2000; Nicosia et al. 2003; Sotiropoulos 2015; Sotiropoulos
and Borazjani 2009). The inclusion of coronary arteries in a
FSI model of the aortic root increases the complexity of the
problem, since it requires modeling the time-dependent vary-
ing coronary resistance. Therefore, most of previous studies
have not been able to generate sufficient models to evaluate
the influence of AV configuration on CBF characteristics.

In addition, such a simulation requires a careful analysis of
the leaflet closure dynamics, when the fluid domain is divided
into two separate domains. This goes together with the known
challenge of strongly coupled FSI analysis of unsteady and
transitional flow taking place in a complex 3D geometry,
including nonlinear flexible leaflets that undergo large defor-
mation and unpredictable contact dynamics.

Nobari et al. (2013) describe a 3D FSI model of the aortic
root and coronaries in which pressure boundary condition
were imposed. They showed that stiffer leaflets resulted with
lower CBF, when keeping the LV pressure constant. This
result may imply of a lower stroke volume (and lower ejec-
tion velocity) for the AS cases. From their results, it may be
concluded that in the few cases of reduced CBF due to AS,
the dominant mechanism relies on reduced cardiac output
(CO) due to increased paravalvular pressure (Ben-Dor et al.
2009, 2014).

Another mathematical model was suggested by Garcia
et al. (2009). They used a 1-D lumped model to describe
the effect of AS on CBF, incorporating coronary impedance,
time-dependent LV, aortic and coronary pressure waves. The
simulated CBF agreed with a series of clinical measurements
of patients with AS and normal coronary angiograms. The
results show that while keeping a constant CO, for patients
with AS, the CBF increases under rest conditions, and it
reduced during hyperemia. They explained the decrease in
CBF during hyperemia mainly due to a decrease in the
diastolic coronary filling phase. However, no hemodynamic
analysis could be drawn from this 1D model.
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Fig. 1 a The 2-D numerical model. b The 3D geometry of the experimental model

When it comes to the effect of TAVI design, the problem
is even more complex. The challenge of developing the ideal
aortic valve has created a wide range of investigative work
over the last recent years. Some works are specifically related
to the relationship between TAVI, the aortic valve, and the
coronary hemodynamics. However, most of the studies con-
centrate in the systolic characteristics of the valve.

To the best of our knowledge, the impact of AS and TAVI
on the coronary flow characteristics compared to a healthy
valve has been largely unexplored. We focus on this aspect
in the present work. In this study, we suggest a simplified 2D
model which allows tracking the dominant features of flow
in the aortic root and explain the main hemodynamic factors
that dominant the CBF in healthy, AS and TAVI cases.

2 Methods

The numerical analysis included simulations of five dif-
ferent numerical models representing different cases of
healthy, AS and TAVI cases. The models geometry included
the aortic root, the leaflets and the coronary arteries. The
time-depending simulations used large deflection FSI to
incorporate the strong coupling between the leaflets and the
flow, contact and gap features to allow full closure of the
valve and lumped-model resistance to simulate the varying
resistance of the coronary arteries. The simulations used the
commercial package ADINA (ADINA R&D, Inc. v. 9.0.0)

2.1 The model geometry

The 2D geometry model of a normal aortic valve and root
(Fig. la) was built based on a 3D experimental model

Table 1 Highlighted model’s design parameters (specified in Fig. 2)

Model parameter Acronyms  Value (mm)
Leaflet thickness Lt 0.6

Inlet (LV) diameter Dy, 31
Sinotubular junction diameter Dsry 36

Healthy leaflet height hr 14.2
Coronary ostia diameter Dico 7.4

Aortic valve base diameter Dp 26

Left coronary height from the valve base  hrco 11.6
Leaflet length L; 19.6

(Fig. 1b), which was adapted from literature (Dvir et al. 2012,
2013) The experimental model was deliberately simplified to
allow visualization measurements along central mid-planes
(see “Appendix”). The model parameters were inspired by
literature (Labrosse et al. 2006; Thubrikar 1989). The numer-
ical model includes two fluid domains (proximal and distal to
the leaflets). The distal domain includes the coronary arteries.
Two flexible leaflets are represented by two solid domains (to
calculate the leaflet motion).

Five different 2D geometrical models were built using the
ADINA Modeler module. The inlet and outlet regions were
extended to avoid interference of boundary conditions with
the field of interest. Table 1 and Fig. 2 summarize the main
design parameters of the different models. All models have
similar geometric complexity, with specific modifications, as
described in Table 2.

The flow was assumed to be laminar, and the blood was
assumed incompressible and homogenous with density of
ps = 1100kg/m* and Newtonian with dynamic viscos-
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Fig. 2 Highlighted design parameters of the model

ity of u = 0.0035kg/ms (Yoganathan et al. 2005). The
leaflets were assumed to have isotropic and linear elastic
properties with a Poisson’s ratio of v = 0.45, density of
ps = 1123kg/m> (Nobari et al. 2013) and Young’s modulus
of E = 4 — 40 MPa, depending on the case (Grande-Allen
et al. 2001). Table 2 and Fig. 3 detail the five different cases

Table 2 Summary of parameters for the investigated cases

studied, all conducted under the same physiological condi-
tions. The five cases are: healthy model, two stenosis models
(mild and severe) and two types of TAVI models (short and
long). Valve stenosis was modeled by increased leaflet stiff-
ness. According to literature, resistance to radial stretching of
a calcified leaflet may increase 5-10 times than that of a nor-
mal healthy leaflet (Christie and Barratt-Boyes 1995; Miller
etal.2011; Weinberg etal. 2009). Seven different simulations
were conducted for a range of stiffness from 4.5 MPa to 40.
Finally, two representative cases were chosen to model mild
and severe AS, with leaflet elasticity of 20 MPa and 40 MPa,
respectively. The geometry of the long TAVI case was also
built based on an experimental model, taking into consider-
ation the dimensions of a typical commercially used TAVI
valve implanted in the experimental model (see “Appendix”).
The geometry of the short TAVI is similar to the long TAVI
case, only with shorter leaflets. The TAVI models reflect the
bio prosthesis skirt and the retracted native leaflets within
the aortic annulus according to recommended valve implan-
tations (Schultz et al. 2009; Dvir et al. 2013).

2.2 Governing equations

The flow and pressure fields in the fluid domains were calcu-
lated by solving the governing equations for the fluid domain
for 2D, laminar, Newtonian and incompressible flow in a non-
gravity field:

Case name Healthy case Mild stenosis Severe stenosis Short TAVI Long TAVI
Leaflet elastic modulus (kPa) 4 20 40 4 4
Leaflet length (mm) 19.6 19.6 19.6 23 27
Leaflet height (mm) 14 14 14 20 23
(a) (b) (c)

Fig. 3 Geometric models of the five simulated cases: a healthy case, b mild stenosis with stiffness of 20 MPa, ¢ severe stenosis with stiffness of

40 MPa, d short TAVI and e long TAVI

@ Springer
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(a) Systole, t<0.5sec

stress free

P.(t)

Put)

Fig. 4 Applied boundary conditions on the fluid domain: At all time:
stress-free conditions at the aorta (outlet), zero velocity (wall condi-
tions) at the aortic and coronary wall, and FSI conditions at the interface
with the leaflets. During systole a time-dependent velocity and pressure

V.-U=0

U
Pf<¥+U-VU>:—VP+M'V2U ey

where P is the static pressure, U is the velocity vector, ¢ is
time, p is fluid density and u is the dynamic viscosity.

The governing equation for the solid domain is the
momentum conservation equation:

9%ds
pS87 — Vo, =1 (2)
where oy is the stress tensor, dg is the vector of structure
displacement, py is the leaflet density and fg represents the
body force applied on the structure.

2.3 Boundary conditions at the fluid and solid domains

The same boundary conditions were applied for the five mod-
els (Fig. 4). Similar to other studies (Kim et al. 2008; Nobari
et al. 2013), the boundary condition at the ascending aortic
outlet was set to be stress-free. During systole, prescribed
velocity conditions were imposed at the LV inlet, reflect-
ing a typical physiological waveforms of a normal healthy
human with a HR of 60 BPM, CO of 3 liters/min, and 40/60
systolic to diastolic ratio, as shown in Fig. 5a (Berne and
Levy 1986). During diastole, zero inlet velocity was defined.
At the coronary outlets, a combined lumped-model coronary
resistance and pressures (normal traction) were imposed as
boundary conditions. This technically leaves the velocity pro-
file unconstrained and allows it to self-establish (Klabunde
2011; Nobari et al. 2013). In order to prevent coronary back-

(b) Diastole, t>0.5sec

stress free

P.(t)

P <<P,

at the LV inlet, time-dependent pressure at the two coronary outlets.
During diastole b time-dependent pressure and resistance at the two
coronary outlets, low LV pressure to ensure leaflets closure

flow during systole, additional calibrated pressure difference
constrain (i.e., normal traction) was assigned at the LV inlet
during systole, based on a typical paravalvular pressure dif-
ference, as shown in Fig. 5b. The pressure and resistance
boundary conditions defined at the coronaries (described in
Fig. 6) are a result of trial and error iterations to obtain a
typical physiological coronary flow (Berne and Levy 1986;
Marn et al. 2012) for the healthy case (Fig. 7).

The solid components representing the valve leaflets are
assumed to be free to move according to fluid forces and only
fixed at their edges. To ensure full closure of the valve dur-
ing diastole, a contact algorithm was employed between the
two valve leaflets based on a frictionless and elastic contact
model. It is employed on the normal traction (r,{ 7y and gap
(gn) components of the two leaflets interfaces (1 and J) come
in contact during the closing phase. This ensures that no ele-
ments overlapping, adhesion or collapsing, according to the
contact conditions at the interface (ADINA R&D 2000):

>0, gut!l =0 3)

d, = 1 mmis asmall gap defined at the fluid domain which is
used to connect or disconnect two fluid domain-secreted from
the contact condition. When the gap condition is open, the
two domains (above and below the valve) are connected, and
fluid can flow across the gap. In this case, the fluid variables
are continuous across the interface. When the gap condi-
tion is closed, the two domains are disconnected, and fluid
cannot flow across the gap. These conditions prevent mesh
distortions due to the large displacement during valve clo-
sure. A specific time function was used to determine the
appropriate gap closing and opening times during the car-
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diac cycle. During the closing phase, the combination of gap
and contact conditions acts similarly to a wall condition (no-
slip\no-penetration).

The boundary conditions on the FSI interfaces state that:
(i) displacements of the fluid and solid domain must be
compatible, (ii) tractions at these boundaries must be at
equilibrium and (iii) fluid obeys the no-slip\no-penetration
conditions. These conditions are given in the follow equa-
tions:

d, =ds

O'S'ﬁszo’f-ﬁf
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where o, d, U and 1i are the stress tensors and displacement,
velocity and boundary normal vectors, respectively, with the
subscripts f and s indicating a property of the fluid and solid,
respectively.

2.4 Numerical model

The governing equations of both the structure and fluid
domains were solved using the finite element methods
(FEM). The solid domain was meshed using ~ 900 4-node
quadrilateral plane strain elements. The fluid domain was
meshed using a combination of 4-node quadrilateral and
3-node triangle plane elements, with total ~ 37,000 lin-
ear flow-condition-based interpolation (FCBI) elements with
mesh refinements near the boundaries. Figure 8 shows the
mesh of the fluid (blue) and solid (green) domains with alto-
gether more than 38,000 elements. Figure 9 shows the mesh
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of the TAVI cases.For mesh model validation test please refer
to “Appendix”.

ADINA-FSI provides both direct and iterative FSI solvers.
In the iterative FSI solvers, the fluid and solid domains of
the model are solved sequentially, with information passed
between them on the FSI boundaries, and therefore, it is
advantageous in terms of memory requirements and CPU
time. However, for our cases, which include strong cou-
pling and large displacements, the iterative solver was not
satisfactory, i.e., the solutions were unstable and failed to
converge, while the direct FSI approach was shown to con-
verge robustly. In this approach, the governing fluid and
structural equations are solved simultaneously using one
coefficient matrix (ADINA R&D 2000). Therefore, in our
models we used the direct FSI approach. The direct approach
is extremely computational demanding for CPU time and for
access to spare memory and therefore limits the size of the
mesh.

The FSI algorithm included models of large wall dis-
placements and small strains. In order to control the moving
mesh under large deformations of the flow domains, the
arbitrary Lagrangian—Eulerian (ALE) approach was defined
on geometric entities. ALE approach integrates the Eulerian
description of the fluid domain with the Lagrangian formula-
tion of the moving mesh using curvature correction (ADINA
R&D 2000; Bathe 2006). Parallel leader—follower option was
defined to control mesh adaptation to wall motion and over-
come mesh distortion in the gap between leaflets. (ADINA
R&D 2000).

The Newton—Raphson method was used to solved the
nodal matrices (Doyle et al. 2010; Zhang and Bathe 2001).
Time integration used altogether 551 time steps per cycle. A
first-order Euler backward implicit time integration method

was used for the time marching. For time step validation tests
see “Appendix”.

2.5 Parameters definitions

The velocity and flow to the coronary arteries are calculated
based on the time-dependent average of the axial (stream-
wise) component velocity data (Vy) extracted from a group
of elements located at the left coronary ostia (shown in Fig. 9).
The mean flow rate is computed as an integral along the car-
diac cycle:

1
N ( /A UydA> (5)

ﬂd2 t=T
0=""
4 Ji—o

Vy
V,di ©6)

where V, is the time-dependent average axial velocity, Q
is the time integration flow rate, U, is the time-dependent
nodal velocity component at the streamwise direction, d is
the artery diameter, A is the total area of the elements group
and T is the cardiac period time.

Following Garcia et al. 2006, three pressure differences
were defined for the hemodynamic analysis (shown schemat-
ically in Fig. 10). The left coronary flow is basically
determined by those three pressure parameters:

(i) The difference between LV pressure (Pry ) and the aor-
tic pressure (P4) is the net transvalvular pressure drop
(TPGNET)

(ii) The difference between Pry and the pressure at the
left coronary inlet (Prc) is the maximal transvalvular
pressure drop (TPGyax) and is the driving pressure for
the systolic coronary flow
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Fig. 9 Mesh of the TAVI
model, with a magnified view
(blue circle) of Elements group
used for extraction of the mean
velocity at the left coronary,
marked as green element

(@

%
(b)

(c)

’ TPGygr = Py — Py I

’ TPGyax = Py — Pic ’ | TPGyc =Py — Py

Fig. 10 Pressure gradients definitions, a measurements locations in the models : (1) LV pressure Py, (2) left coronary inlet Pyc, (3) aortic pressure
P4. b net transvalvular gradient TPGNET, ¢ transcoronary gradient TPGpax, d coronary driving pressure TPGarc

(iii) The pressures differences between P4 and Ppc is the
aortic-coronary pressure drop (TP Garc), which is the
driving pressure for the diastolic coronary flow.

The pressure presented at each of these locations (P4, Prc
and Ppy) are calculated as an average nodal pressure of ele-
ment groups in the selected regions.

The AV effective orifice area (EOA) was calculated for
each of the five models according to (Mahmood and Swami-
nathan 2010) using:

0

EOA = ———
51.6J/TPGNET

)

@ Springer

3 Results

Figure 11 shows the time-dependent coronary average veloc-
ity (calculated using Eq. 5) for all models. During systole,
coronary vessels are compressed by the contracting heart
muscle and thus the flow is low for all the cases with insignif-
icant differences between them. During end systole, the
coronary velocities decline. The healthy model (blue line) has
the longest decline period (until # = 0.34 s), while the severe
AS case has the shortest decline period (until + = 0.255).
The mild AS case is delayed by 0.1s after the severe AS
case. Both of the TAVI models reach their minimum point
after + = 0.26s. During the diastole phase, the coronary
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Fig. 11 Left coronary velocity, 30
as calculated for all models
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Fig. 12 Left coronary flow rate expressed as percentage of the CO

flow resumes and the coronary flow reaches its maximum. At
this time point, the differences between the cases are most
profound. Both of the stenosis cases reach their maximum
velocity at early stages of the diastole and with high velocity
values. The severe AS case has the highest velocity value of
24 cm/s at t = 0.46 s, whereas the mild AS case reaches a
maximum of 22 cm/s at + = 0.5 s. The healthy case, on the
other hand, has the lowest velocity peak of only 15.7 cm/s
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which takes place at t+ = 0.53s. Both of the TAVI cases
reach about the same maximum velocity value of 18.5 m/s at
t =0.51s.

Figure 12 shows the time-integral coronary flow rate (cal-
culated using Eq. 6) as a percentage of the CO along one
cardiac cycle for the five models. The stenosis models have
the highest percentage of flow through the left coronary, with
3.2% for the severe AS and 3% for the mild AS model. Both
of the TAVI models present higher flow rates in the left coro-
nary than the healthy model. The long TAVTI has higher flow
of 2.9%, and the short has 2.8% relative to the systolic CO.
The healthy model has the lowest flow rate of only 2.5%.

During the systolic phase of the cardiac cycle, all cases
represent a forward flow structure in the valve area which
leads to the opening of the leaflets. Regardless of valve
anatomy, the flow downstream of the leaflets is divided into
two regions: (1) a jet originating from the valvular orifice
and (2) a recirculation region flow marked by the presence of
vortices located between the leaflet and the wall of the aortic
sinus (Fig. 13). This recirculation is a result of the tip vortex
ring forming due to the rolling of the developed shear layer.

(b)

Fig. 13 Vortices developed during systole (healthy case), marked by a black circle during valve closure phase a after 0.18s, b after 0.22s
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Table 3 Main hemodynamic results that influence the coronary flow in the five cases

Case Healthy Mild AS Severe AS Short TAVI Long TAVI
Max. systolic orifice diameter (mm) 11 8.5 6.7 9.5 9.7
Calculated EOA (cm?) 1.8 1.17 1.11 1.63 1.65

Peak systolic velocity (cm/s) 60 83 95 70 75

Vortex location at ¢ = 0.26 (mm) 38 53 59 45 49

Peak normalizedTPG s1c 0.02 0.44 0.79 0.23 0.33

Time of peak TPG AL c (s) 0.56 0.41 0.4 0.5 0.48

CBF (ml/min) 76 91 98 84 87
CBF/CO (%) 2.5 3.1 33 2.8 2.9

During the final period of a systolic phase, the magnitude
and location of the vortical flow is varying between the five
models, and a correlation is found between the peak systolic
velocity through the valve orifice and the distance of the
vortex downstream away from the valve (see detailed values
in Table 3). Figure 14 shows three cases for example at end
systolic stage (+ = 0.23s). It is shown that the healthy case
has the lowest systolic velocity (60 cm/s), as well as the
closest vortical flow to the valve during end systole (38 mm).
In the severe AS case, high peak systolic velocities are found
(95 cm/s) as well as distant vortical flow during end systole
(59 mm). The long TAVI case has medium systolic velocity
(75 cm/s), and the vortex is located between the AS and the
healthy cases (49 mm).

Between the short and long TAVI cases (Fig. 15), the sys-
tolic velocity is almost similar (the short TAVI is slightly
higher); however, the leaflet configuration alters the vortices
developed from the leaflet tip. In the short TAVI case, the vor-
tex developed is stronger and located more proximal (45 mm)
than in the long TAVI case (49 mm).

During the beginning of diastole, the retrograde velocity
near the sinus wall increases and the center of the vor-

60 cm/s

Velocity
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Time 0.23 sec
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Fig. 14 Variation of a flow pattern at = 0.23 s for the a healthy model, b severe AS and ¢ long TAVI
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95 cm/s

tex advances downstream to the aorta for all cases. At this
stage, the coronary flow starts to increase due to increased
pressure differences between the aorta and the coronaries
(TPGaLc). In Fig. 16, pressure distribution maps of the five
cases are shown at t = 0.15s, ¢t = 0.26s and r = 34 s and
t = 0.465s. The time-dependent normalized aortic-coronary
pressure drops (T PG arc) for the five cases are shown in
Fig. 17.

During first half of systole, pressure distribution in all
cases is mainly determined by the paravalvular pressure
drop (across the valve) and TP G4 ¢ is similar for all cases.
Therefore, the coronary flow is similar (Fig. 11). After peak
systole, vortical flow is developed and TP G4y c, decreases
in all cases, reaching minimum at end systole. The interplay
between vortex strength and location are well reflected in
TP G 41,c values and therefore coronary flow (see a schematic
description on the vorticity maps in Fig. 18). In the healthy
case, the vortical flow is stronger and remains at a relatively
proximal location until the beginning of diastole, resulting
with low TPGy4rc, and thus lower coronary flow during
beginning of diastole. In the severe AS case, the vortical
flow is weak and is drawn downstream at an early stage,

73 cm/s
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Fig. 15 TAVI models at r = 0.265, a short TAVI, stronger and closer vortex and b long TAVI, weaker and distant vortex

resulting with high TP G4 ¢ and thus higher coronary flow
during beginning of diastole. The vortices in the TAVI cases
are located relatively at proximal locations, similar to the
healthy case, but they are weaker (with the weaker vortex for
the long TAVI) and thus TP G ¢ values are relatively low
during beginning of diastole.

3.1 Results summary

Table 4 compares the main hemodynamic results that influ-
ence the coronary flow in the five cases. Maximal systolic
orifice diameter is the maximal diameter between the leaflets
at peak systole. EOA is calculated according to Eq. 7. Smaller
orifice diameter and EOA (like in the AS case) resulted in
higher systolic velocity. Therefore, orifice diameter and EOA
is correlated in Table 4 with the values of peak systolic veloc-
ity. The higher the systolic velocity, the further the vortex is
washed downstream (as shown in Fig. 14); therefore, the dis-
tance of the vortex from the leaflets origin detailed in Table 4
is correlated with EOA, with farther vortex for AS cases. The
vortex induces low pressure; therefore, the further the vortex
is washed downstream, the higher the pressure at the coronary
origin (Prc) during the beginning of diastole. This, in turn,
results in higher TP G4r ¢ values. Therefore, the AS cases
have higher TP G z1.¢ values than the TAVI and the healthy
cases. This also affects the timing of the TP G4 c peak. In
AS cases, the TP G 41 ¢ peak occurs earlier at the beginning
of diastole, when the coronary resistance is lowest, result-
ing with a larger coronary flow at the beginning of diastole.
This is well shown in the values of CBF and coronary flow
percentage (out of the CO).

Table 4 may explain the role of vortex location and their
timing on blood hemodynamics in the aortic root during the
diastolic phase. In cases with high systolic velocity (such as

the severe AS), the vortices are drug downstream far from
the sinus and thus the pressure in the coronary region dur-
ing diastole is higher, resulting in higher coronary flow rate.
This hemodynamics mechanism may shed some light on the
reasons for the increase in coronary flow in AS cases during
rest conditions.

4 Discussion

In this study, we present a numerical model that describes the
transient flow in the aortic root and coronaries and compare
the hemodynamic flow characteristics for five different mod-
els: a healthy valve, mild AS, severe AS, short-leaflets TAVI
and long-leaflets TAVI. The simulation includes a complex
combination of strong FSI coupling with large deflection,
contact and gap conditions, and delicate pressure, flow and
resistance time-dependent BCs.

Using comparative analyses, we illustrated the hemo-
dynamic differences between the cases studied. The main
results show that at rest conditions (CO = 3 L/min. HR = 60
BPM), the coronary flow increases with AS severity and
reduces with TAVI, but not to the normal values of the healthy
valve. The TAVI model with shorter leaflets had lower CBF
than long TAVI leaflets.

We use flow patterns, velocity, flow rate and pressure
parameters to describe the flow dynamics at each phase of the
cardiac cycle and to delineate the effect of vortical structures
developing leeward to the leaflets and in the sinuses on the
CBE

The results explain why the coronary flow in AS cases is
higher than the healthy case, and why after TAVI there is a
significant decrease of CBF, specifically during diastole.
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Fig. 17 Normalized aortic-coronary pressure differences (TPGaLc)
versus time, during one cardiac cycle

Our results show that the main coronary flow is dominant
by the diastolic aortic-coronary pressure drop (TPGyarc).
Similar to in vivo reports (Ben-Dor et al. 2009), systolic
TP G 41 c doesnotchange significantly for AS cases or before
and after TAVI. During first half of systole, pressure distri-
bution in all cases is mainly determined by the paravalvular
pressure drop (across the valve) and is similar for all cases.
The main differences are during diastole.

During the systolic phase, the flow in the aortic root is
dominated by a vortex ring formed at the leaflet tip which
is swept downstream with the blood stream. Evidence of
the existence of such a vortex, which was first sketched by
Leonardo Da Vinci (Gharib et al. 2002), has been reported
in many in vitro (Peacock 1990; Querzoli et al. 2014), in
vivo (Bissell et al. 2014; Kilner et al. 1993)) and numeri-

2)
Strong &
proximal
vortices
3)
Lower pressure
at the sinus

1)
Large orifice

=> low systolic
velocity

#

4)
Lower CBF

cal (Sotiropoulos 2015) studies. The vortical flow and the
sinus anatomy of the aortic root play two important roles
in the valve operation. The vortices assist both opening and
closure of the valve leaflets and ensure full opening of the
valve during systole (Bellhouse 1972; Grande-Allen et al.
2000; Kvitting et al. 2004). However, these vorticities seem
to be the dominant factor in decreasing the coronary flow
during diastole, since they reduce the pressure drop between
the aorta and the coronaries during diastole and thus reduce
the coronary flow. Previous in vitro studies (Calderan et al.
2015) have shown a direct correlation between the presence
of vortices and the change in pressure during that phase. Our
study reveals the role of these vortices dynamics in terms of
their position, strength and timing in the different cases.

In AS cases, these vortices develop at an earlier stage
and at a weaker intensity than the normal case. In addition,
severe AS induces higher systolic velocities that convect the
vortices further downstream and thus increase in the pres-
sure in the aortic root during diastole. This, in turn, increases
the TPGarc and therefore induces higher coronary flow
rates. This hemodynamics patterns may explain the higher
coronary flow in the severe AS cases under rest conditions
reported in previous clinical (Burwash et al. 2008; Eberli et al.
1991; Gould et al. 1976; Hongo et al. 1993; Lumley et al.
2016; Rolandi et al. 2016) and in vitro studies (Calderan
et al. 2015; Gaillard et al. 2010), and also validated in an
experimental study of our group (see “Appendix’).

Both TAVI models improved the systolic paravalvular
pressure compared to the AS cases (similar to reported stud-
ies (Ducci et al. 2012)). They also have higher diastolic CBF

2)
Weak & distal
vortices

3)
Higher pressure
at the sinus

1)
Smaller orifice

=> higher systolic
velocity

—

4)
Higher CBF

Fig. 18 Vorticity maps at t = 0.3 s for healthy (a) and AS (b) cases, with a schematic description of the interplay between orifice size and systolic
velocity (1), vortex strength and location (2) local pressure values in the sinus (3) and coronary flow (4)
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Table 4 Summary of boundary conditions of the fluid domain

Systole (Osec <t < 0.5¢c) Vi (1)

Pry =1tV (1)
Peor = 7,77 (1)
Pry =7tV (@)
Peor = 7,7 (1)
Reor = Reor (1)

Figs. 4aand 5

Diastole (0.5¢ec <t < lgec) Figs. 4b and 6

than the healthy case, similar to previous studies (Davies et al.
2011). The long TAVI has 7% more flow than the healthy and
the short TAVI has only 4.5% more. This can be explained
by the weaker vortices formed in the TAVI cases. The long
TAVI case had weaker and distant vortex and thus higher
CBF, suggesting optional design improvements by leaflets
length (Bakhtiary et al. 2007).

4.1 Evaluation of model assumptions

This study is aimed at comparing the overall behavior of flow
in five cases (of normal, stenosis and TAVI valves) and there-
fore represents only a quantitative analysis to compare the
different procedures. Consequently, the numerical models
used several simplifications. The assumptions and simplifica-
tions that we made to solve the problem need to be carefully
evaluated and their implications are discussed below.

Our main simplification is related to the 2D geometry
and boundary conditions. This simplification should have
a strong effect on the actual flow, since it does not con-
sider the complex 3D geometry of the aortic root and the 3D
flow structures that take place in the aortic root and down-
stream of the valve. The relevance of the 2D solution needs
to be compared to a more elaborate 3D model or compared
with the results of in vitro experiments. Such experiments
were performed in parallel in our laboratory using the same
geometry in a 3D model (see “Appendix”). It was found that
the major results are consistent with the in vitro model. A
strong correlation in the flow pattern, flow rate and pressure
drop were found supporting the findings of the 2D numerical
models.

The models do not target a specific patient geometry or
boundary condition. The models are based on representa-
tive prototypes of anatomical geometry constructed based
anatomical database (Dvir et al. 2013; Labrosse et al. 2006,
Thubrikar 1989), and the boundary conditions are based on
a typical time functions garnered from the literature (Berne
and Levy 1986). Since patient-specific anatomies and physi-
ology come in large variations, whatever models we use will
be inaccurate for the specific patient. However, the typical
geometry we chose should be feasible for non-specific com-
parison analyses. For example, the coronary distance from
the aortic valve for all cases were assumed to be at an equal
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distance between the right and left coronaries in all the mod-
els. However, in realty, there is a change in height between
the right and left coronary ostia.

In all the cases, left coronary parameters were compared
using the same distance from the aortic valve. The differences
between the left and right coronaries height and diameters
could affect the obtained values. We also considered iden-
tical boundary conditions at the left and right coronaries.
However, while this assumption might affect the absolute
velocity values range, this affect should be similar for all
the models. Therefore, the velocity pattern differences, pres-
sure drops and velocity range differences between the models
should still be the same. Nevertheless, we conducted a sim-
ulation of a model with a different distance of coronary ostia
from the aortic valve. However, the asymmetric patterns that
formed in the model (and at some level exists in reality) made
the simulation very sensitive and due to software limitations,
this simulation failed to converge.

The coronary resistance boundary conditions were obtained
based on a typical physiological coronary blood flow mea-
sured for a healthy person at rest (Marn et al. 2012). Some
assumptions have been made in setting the time-dependent
distribution of resistance, like linear increase during the
myocardium relaxation. This assumption is based on mod-
els of coronary wave intensity and increased myocardium
dynamic elastane during diastole, as described by previous
works (Kwon et al. 2014; Lee and Smith 2012). Another
major assumption is that the coronary resistance was assumed
to be similar for all cases, including the AS cases. This
assumption was made in order to isolate the hemody-
namic aspects from the physiological aspects of real cases.
In actual cardiac physiology, the increase in LV pressure
(expressed in our study with the parameter TPGy g7 ) should
increase the coronary resistance due to the contraction of the
myocardium. This assumption is consistent with the exper-
iment we conducted, and although it does not reflect real
cardiac physiology during AS, it may help shed light on
the mechanisms found in clinical tests during rest condi-
tions.

The assumption of linear elastic material properties for
the leaflets may be questionable. Physiological valve tis-
sue is known as anisotropic and hyperelastic (Sacks and
Sun 2003). Moreover, in AS valves with calcifications, the
situation is even more complex, since calcifications are dis-
tributed nonuniformly over the leaflet, inducing irregular
leaflet shapes and increasing the complexity of the flow pat-
terns. Moreover, the surfaces of the leaflets become more
irregular, especially on the ventricular surface of the leaflet
(Yap et al. 2012). While specific studies of these phenomena
have not been undertaken to date, they should be consid-
ered in assessing actual clinical flow data from stenotic
valves. In our model, similar to previous studies (Grande-
Allen et al. 2001), we assumed isotropic and linear elastic
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material properties and the calcification was assumed to be
uniform along the leaflet. Nonuniform calcification could
have some effect on the results; however, the main features of
flow and pressure should be similar. Furthermore, the flow
in all models is driven by the same transvalvular pressure
drop and the deformations of the leaflets are predicted using
similar material models. These two factors should reduce the
impact of the calcification nonuniformly on the leaflet tis-
sue.

Other simplifications are related to the flow assumptions.
The assumption of Newtonian fluid should be reasonable in
this case. This is because the shear rates in the aorta are
generally greater than 100 s~! (Fung 1993). The assump-
tion of laminar flow may have limitations, although it is
considered relatively common for the aortic valve (Marom
et al. 2011; Weinberg et al. 2010; Yoganathan et al. 2005). In
our simulations, maximal Re = 2380 and average Re = 700.
These values are relatively low; however, the aortic flow may
undergo a transition from a laminar to a turbulent state during
the systolic deceleration phase (Bluestein and Einav 2001;
Lantz et al. 2013; Weinberg et al. 2010). This transition
is a challenge to model, since it is highly unstable. Low-
Reynolds turbulence models, such as the Reynolds-averaged
Navier—Stokes (RANS) approach with k- low-Reynolds
models (Schiestel 2010) or large eddy simulation (LES) (Ge
et al. 2005) were developed for simple cases of boundary
layer flows and does not necessarily fit complex FSI prob-
lems (Varghese et al. 2008). The more accurate option is
using the direct numerical simulation (DNS), where full
Navier—Stokes equations are solved without any averaging.
These simulations require very fine temporal and spatial dis-
cretization and thus required high computational resources
in order to ensure convergence (Dasi et al. 2007; Tullio et al.
2009; Vita et al. 2016; Nobili et al. 2008). In the current
case, with direct FSI simulation, this requirement becomes
extremely demanding. Due to the high demands of the FEM
and the direct FSI solution, the assumption of laminar flow
highly simplified the model and made the simulation possi-
ble; thus, it was inevitable. Therefore, the laminar flow was
assumed.

The use of a lumped-model for coronary peripheral resis-
tance is commonly done. However, it might add some error,
since it does not incorporate the wave traveling downstream
the coronary arteries. The use of gap conditions to simulate
leaflet contact should not add a major error to the simula-
tions, since the gap size is relatively small in respect with the
leaflet width (0.6 cm).

In summary, the purpose of this study was to depict the
major dominant factors of the aortic valve on the coronary
perfusion while using a simple and feasible model. Despite
the simplifications and assumptions mentioned above, the
results agree with in vitro and clinical evidences regarding
the effect of valve stenosis and TAVI on CBF. This simple

model may provide essential information and shed light on
the hemodynamic mechanisms that determine the flow field
and affect the coronary flow.

5 Summary and conclusions

In this study, we present a numerical model that provides
a better understanding of the hemodynamic role of valve
leaflets dynamics on the CBF in healthy, AS and TAVI cases.
The hemodynamic mechanism provides a simple theoretical
description of the correlation between orifice area, systolic
blood velocity, vortices location, pressure drop and coronary
flow. In the AS case, small orifice area leads to higher sys-
tolic velocities, which drag the vortices downstream further
from the aortic root. This is in contrast to the healthy and
TAVI cases, where the vortices are located at proximal loca-
tion, near the coronary ostia, and locally reduce the aortic
pressure during diastole. Thus, the diastolic pressure drop
across the coronary arteries and the CBF can be easily related
to the AV orifice area through this simple hemodynamic
mechanism.

To demonstrate this mechanism numerically, a fully FSI
coupled simulation is required. Such a simulation of a 3D
anatomical-specific model is considered an extremely con-
suming and challenging task. In this work, we suggest a
simplified 2D numerical simulation to demonstrate the main
feature of the flow.

Our 2D FSI simulations succeeded to capture the domi-
nant hemodynamic characteristics that determine the coro-
nary flow. It allowed us to examine the impact of aortic valve
stenosis and valve replacement on the coronary flow. The
analysis results agree with clinical, in vivo, in vitro and
experimental results, and it provides an important insight
and emphasizes the need for more comprehensive studies on
coronary’s hemodynamics after valve replacement. There are
numerous variations of TAVI designs, and it is very difficult
and time-consuming to cover all the possible models. Since
CBF can be influenced by the valve size and design (Ben-Dor
et al. 2014; Kopanidis et al. 2015), the uses of a 2D model
with FSI and varying coronary resistance can be of great help
to demonstrate the main features of the design.
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Fig. 20 Time-dependent average coronary velocity for the different
time steps intervals

6 Appendix
Model validation
Time step independence tests

Mesh and time step independence tests were conducted to
validate the numerical model. To evaluate the optimal time
step size for the transient simulations, simulations of the
healthy case with the mesh of 30,000 nodes were performed
using 5 different time step intervals of dt = 5, 10, 15, 20
and 25 ms. The resulted velocity magnitude for the different
time steps intervals are shown in Fig. 19 corresponding to
t =0.42s.

For all the cases, at t = 0.5 s, the time step is reduced to
dt = 1ms to allow converge at the delicate stage of valve clo-
sure. Figure 20 shows a comparison of the average coronary
velocity during the cardiac cycle for the five cases of time
step resolutions.

To evaluate the discretization error, we calculated the rel-
ative difference (ERR) between the average coronary flow of
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Table 5 Details of the time step intervals, calculation time and average
relative difference

Time step Total no. CPU time (s)  Average relative
size (ms ) of steps difference (%)
5 601 23,921 0

10 551 8254 1.5

15 525 7155 35

20 523 6993 8

25 521 6778 11

each case and the finest time resolution case, as follows:

<(Vy) sinest =~ (V)i

(VY)finest

ERR; [%] = /

dt % 100 [%]
T

(A1)

where V) is the time-dependent average coronary velocity
(as described by Eq. 5) and T is the cycle period. Table 5
details the average ERR of the different cases. The results
show that the time step of df = 10 ms is sufficient during
systole, with ERR = 1.5%. During diastole ( > 0.5s), steps
of 1 ms were used to allow convergence. Therefore, for the
transient analyses in this study, 551 steps were set per cycle.

Mesh independence tests

To evaluate the optimal mesh resolution, five models of the
healthy base case with different mesh resolutions were built
(with 20,000-60,000 nodes). The models were simulated
during a period of one cardiac cycle. Figure 21 shows a com-
parison of the average coronary velocity during the cardiac
cycle for the five mesh resolutions and Table 6 details the
average relative differences of the different cases. Based on
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Fig. 21 Time-dependent average coronary velocity for the different
mesh models (number of nodes)

Table 6 Details of mesh models, calculation time and average relative
difference

No.of nodes  No. of elements  CPU time (s)  Average relative
difference (%)

58,085 63,596 14,300 0

43,426 47,551 9267 2

33,138 36,009 8254 4

26,473 28,666 4063 5

21,576 23,184 4735 6

Fig. 22 Experimental models, a healthy/AS; b TAVI

these results, mesh resolutions of 30,000 nodes were found
suitable for our model with ERR = 4% of the finest mesh.

Comparison with in vitro results

The numerical study was conducted in parallel to an experi-
mental study that was performed by another member in our
group (to be published in a future publication). The study
included a healthy, AS and TAVI in vitro models with sim-
ilar characteristics as the numerical model described here
(Fig. 22). The flow was driven by a pulsatile piston pump
which was synchronized with a controlled coronary arteries

m Total CBF —
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m Total CBF -
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__100
g
E 80
£
60 -
£
=
40
20 |
04— . .
Healthy M. stenosis  S. stenosis ~ TAVI short TAVI

Fig. 23 Coronary flow rate for the different cases in the numerical
(blue) and experimental (red) models

resistance. Similar working conditions (HR and CO) were
used. Measurement of coronary flow rates are shown as red
columns in Fig. 23. Although only one AS model (severe AS)
and one TAVI model (the long TAVI) were modeled in the in
vitro study, the experimental results agree with the numerical
results. AS case showed higher coronary flow than healthy
case, and TAVI leads to normalization of the coronary flow.
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