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Abstract: The evaluation and accurate diagnosis of the type and severity of aortic stenosis relies on
the precision of medical imaging technology and clinical correlations and the expertise of medical
professionals. The application of the clinical correlation to different aortic stenosis morphologies and
severities is investigated. The manner in which numerical techniques can be used to simulate the
blood flow through pathological aortic valves was analysed and compared to the ground-truth CFD
model. Larger pressure gradients are estimated in all severities of rheumatic aortic valves compared
to calcific aortic valves. The zero-dimensional morphology-insensitive model underpredicted the
transvalvular pressure gradient with the greatest error. The 1D model underestimated the pressure
gradient in rheumatic cases and overestimated the pressure gradient in calcific cases. The pressure
gradients estimated by the clinical approach depends on the location of the flow vena contracta and
is sensitive to the severity and type of valve lesion. Through the analysis of entropy generation
within the flow domain, the dominant parameters and regions driving adverse pressure gradients
were identified. It is concluded that sudden expansion is the dominant parameter leading to higher
pressure gradients in rheumatic heart valves compared to calcific ones.

Keywords: computational fluid dynamics; aortic valve pressure gradients; rheumatic stenosis;

calcific stenosis

1. Introduction

The aortic valve is situated in a complex haemodynamic environment between the
left ventricle (LV) and the aorta, the largest artery in the human body. The aortic valve
rapidly opens during systole and closes during diastole approximately 100,000 times per
day to regulate blood flow and pressure throughout the body, an essential element to
sustain human life [1]. Valvular heart disease (VHD) describes the pathological condition
where heart valves are affected by abnormalities caused by congenital malformation,
degeneration, or infection [2]. The three most common types of VHD are aortic stenosis,
mitral regurgitation, and mitral stenosis. Aortic stenosis (AS) is the valve pathology
described by the narrowing of the valve opening area. It is the VHD where physical medical
intervention is most often required in Europe and North America [1,3]. The prevalence
of VHD increases with age where degenerative VHDs are more prevalent in industrial
countries and rheumatic heart disease leading in developing countries. The diagnoses and
management protocol of patients with VHD are described in both the European Society
of Cardiology (ESC)/European Association for Cardio-Thoracic Surgery (EACTS) and the
American College of Cardiology (ACC)/American Heart Association (AHA) guidelines on
the management of patients with VHD [3,4]. The left ventricle’s mechanical work demand
is related to the dissipated lost work across the aortic heart valve, given the non-linear
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relationship between cardiac output and pressure gradient. Hence, accurately estimating
the pressure gradient across the aortic valve is vital for diagnosing AS.

Diagnosis of the type and severity of valve lesions typically involves determining
clinical characteristics through physical examination, medical imaging, and invasive cardiac
catheterisation. Patients with AS often present with symptoms of angina (chest pain),
syncope (fainting), dyspnoea (shortness of breath), and a late-peaking systolic murmur.
The importance of developing an accurate diagnosis and determining an appropriate
management regime is emphasised in the guidelines to ensure optimal patient outcome [5].
Transthoracic echocardiography (TTE) with 2D imaging and Doppler interrogation is
often used to investigate VHD [3,4]. From the Doppler spectral analysis with a beam
orientation parallel to the blood velocity jet exiting the aortic valve, the anatomical and
flow parameters of the defective valve area are analysed. The velocity envelope is used to
determine the peak systolic velocity (PSV) and the mean and maximum pressure gradients.
The pressure gradients are calculated using the AHA /ACC and ESC/EACTS recommended
modified or simplified Bernoulli correlations first published in 1978 by Halte et al. [6]. This
approximation is derived from the Bernoulli equation where the hydrostatic pressure,
fluid height, and flow speed of steady, incompressible, and inviscid fluid flow are related.
Through empirical manipulation of the Bernoulli equation, the Doppler velocity can be
converted to pressure and thus correlate the valvular pressure difference to the peak jet
velocity measured across the valve [6]. These parameters, together with the effective orifice
area (EOA), aortic valve area (AVA), left ventricular outflow tract (LVOT), and stroke
volume (SV) are used to determine the severity of AS.

Shortly after the first publication of the simplified Bernoulli equation for use in
transvalvular pressure gradient estimations, in vivo studies through cardiac catheterization
were conducted on patients with calcific AS to determine the accuracy of the correlation.
It was determined that the systolic pressure gradient derived through Doppler echocar-
diography was lower compared to the peak-to-peak catheter gradient in adults older than
50 years [7]. Pressure gradients obtained through the echocardiography (echo) with Doppler
implementation and the simplified Bernoulli method correlate with cardiac catheterization
data. However, due to sampling errors and poor beam alignment, it is known to under-
estimate the pressure gradient in critical cases [8]. According to Hoeijmakers et al. [9],
the simplified Bernoulli approximation of the pressure gradient represents the greatest
possible pressure drop and disregards pressure recovery. They found that this could cause
the severity of the stenosis to be overestimated. Casas et al. [10] developed an extended
Bernoulli equation to account for the pressure recovery evident distal to the aortic valve. It
was found that this model estimated smaller errors compared to the simplified Bernoulli
equation. Other efforts have been made to determine the accuracy of the conventional
Bernoulli method to determine the mean and peak transvalvular pressure gradients and
improve the shortcomings which could lead to more accurate, non-invasive haemodynamic
estimates and consequently patient outcome [3,4]. A lack of information on the application
of the clinical correlation on different valve pathologies and morphologies, and the accuracy
thereof, is evident. Numerical simulation can be used to study the differences.

The cardiovascular system, or a portion thereof, can be represented by mathematical
models through their governing equations as an efficient alternative to physical experi-
ments. Models include lumped-parameter models (LPMs) and fully three-dimensional (3D)
models [11]. To overcome the complexity associated with representing the peripheral circu-
lation with accurate means in the Navier-Stokes equations, LPM and Windkessel models
can be used [12,13]. These models are typically applied to generate boundary conditions for
higher-order simulations or as stand-alone models of the cardiovascular system where the
dynamic loading conditions of the heart valves can be represented without taking the elastic
properties of the leaflets into account. In 2022, Laubscher et al. [14] developed a model
where the heart valves were modelled as thin rigid plates rotating around a hinge attached
to the aortic root. In that study, AS was represented by a general valve area reduction and
the valve geometry and losses were described as gradual contraction elements. Adopting
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this simplification of the system, the pressure loss across the valve can be calculated by
summating the energy loss coefficients as the blood moves through the valve. The authors
argued that excluding the model sensitivity to transaortic blood flow Reynolds number
changes, and subsequent changes in frictional and geometrical losses, tend to underpredict
the pressure gradient across severely stenotic aortic valves [14]. The limitation of the study
lies in its morphology-insensitive pressure gradient calculation, raising the question of
whether simplified empirical models can effectively differentiate between various disease
morphologies, such as calcific and rheumatic diseases.

An effective tool for investigating the impact of AS severity and morphology is
computational fluid dynamics (CFD). CFD simulations are continuously developed to
estimate the pressure gradient across the aortic valve. Models include steady state as
well as transient simulations ranging from unidimensional analyses of isolated cardiac
functions to multimodal and multidimensional dynamic simulations of laminar or turbulent
flow with comparable clinical accuracy [9,13,15-17]. In the context of the current work,
a noteworthy study is that of Pase et al. [15]. Pase et al. applied the resistive immersed
implicit surfaces (RIIS) method introduced by Laadhari et al. in 2015 [12] to account for
leaflet obstruction when simulating transvalvular blood flow. The study highlighted the
overestimated pressure gradient calculated through the Bernoulli equation, compared to
the simulated results [15].

In the present qualitative study, established empirical models and clinical approaches
are used to estimate pressure gradients across generic pathological heart valves with
different degrees of stenosis and cardiac outputs. The estimated pressure gradients are
compared to ground-truth values predicted using 3D steady-state CFD models, where
the geometries for the generic 3D models are generated using dynamic finite element
(FE) structural simulations. To investigate if disease morphology affects the accuracies
of the considered empirical pressure gradient models, both rheumatic and calcific aortic
heart valves are investigated. Furthermore, the results from these models were used to
better understand the haemodynamic effects of specific valve pathologies, and thus disease
morphology and severity, on the flow field and associated pressure gradients (drops). To
visualise the zones in the flow field where the majority of the useful work is lost, the entropy
generation contours are generated and investigated for the various simulated cases. As
far as the authors are aware, there has been no investigation conducted to date comparing
established pressure gradient empirical models with CFD simulation results across various
aortic heart valve diseases and severities.

2. Materials and Methods

In the current section, the generation of the case study heart valve geometries using
FE simulations and generic pressure waveforms taken from a cardiovascular LPM will be
discussed along with the intricacies of the empirical pressure gradient models and the CFD
simulation configuration and associated theory. The empirical models include the constant
CQ-model proposed by Korakianitis and Shi [18], the Re-dependent 1D rotating rigid beam
model proposed by Laubscher et al. [14], and the currently applied clinical correlation.

2.1. Case Studies

In the present work, rheumatic and calcific affected aortic heart valves are investigated
at fully open conditions. Rheumatic aortic valve disease (RAVD) causes lesions on the valve
leaflets that result in fusion at the commissures [19]. Calcific aortic valve disease (CAVD)
progression is characterized by increased thickening of the valve leaflets due to calcium
deposits [20]. To generate 3D fully open geometries that characterise these conditions, non-
linear FE simulations were performed. A generic aortic heart valve leaflet geometry [21]
was used as a base model and then manipulated to replicate RAVD and CAVD. For RAVD
cases, the valve leaflets were manually fused at the base of the valve to replicate the
morphology, and for the CAVD cases, the leaflets were uniformly thickened. Utilizing
these manipulated valve geometries, an FE solver was then employed in conjunction with
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dynamic pressure waveforms for moderate, severe, and very severe aortic stenosis to
determine the respective open geometries. These pressure waveforms were generated
using the LPM proposed by Laubscher et al. [14], along with clinical systole area opening
ratio values (AR = AVA/Ayor), where Apyor is the root area of the aortic valve). To
ensure that the FE model-predicted AR values corresponding to the clinical values for the
various degrees of stenosis, a manual iterative process was followed where fusion lengths
and leaflet thicknesses were adjusted until the desired values were achieved. The pressure
waveforms used to deform the valves are shown in Figure 1 below along with the moderate
RAVD and CAVD undeformed geometries.
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Figure 1. Valve deformation pressure waveform and moderate undeformed RAVD (top) and CAVD
(bottom) geometries.

Seeing as the focus of the current work is not the FE simulations, only a brief discussion
of the modelling setup will be provided here. The Star CCM+ FE solver was used for
structural simulations. The simulations utilise an implicit unsteady temporal solver scheme
with adaptive time-stepping which for the current setup is controlled by the maximum
vertex displacement with a threshold of half the leaflet thickness. The leaflet material is
modelled using a hyperelastic Neo-Hookean model. The use of the Neo-Hookean model
is appropriate to model hyperelastic materials such as the aortic heart valve. However,
as the aortic valve calcifies, its elasticity decreases where the use of other, more complex,
material models might be more appropriate. For the purpose of this study, the use of
the Noe-Hookean model was deemed sufficient seeing as the goal of the of work is to
specifically investigate the haemodynamics given certain AR values. Moreover, it is one of
the models used in the literature to model heart valves and arteries [22].

The bulk modulus, material density and c10 parameter were set to 53 MPa, 1000 kg/m?,
and 0.1666 MPa, respectively [23]. As previously mentioned, the pressure waveforms were
applied as uniform pressure load boundary conditions to the leaflet interior surfaces. As
for the valve leaflet base faces, a fully clamped boundary condition is applied.

The geometric valve results from the FE simulations are summarised in Table 1. Fur-
thermore, Figure 2 shows the displacement contours for the various disease morphologies
and degrees of severity simulated. The results below indicate that the AR values for the two
morphologies correspond reasonably well with each other. However, significant differences
are observed in the calculated hydraulic diameters (Dy,) between the RAVD and CAVD
cases, attributed to variations in perimeters. The contour plots of leaflet displacements
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reveal that RAVD results in relatively round or typical orifice-shaped holes. In contrast, the
CAVD cases exhibit holes with a circular three-pronged shape, leading to a larger perimeter
and, consequently, a smaller hydraulic diameter.

Table 1. Pathological aortic valve geometries.

Type Severity AR Perimeter (mm) Dy, (mm)
Moderate 0.3945 52.12 13.47
Rheumatic Severe 0.2260 39.38 10.21
Very Severe 0.1229 27.90 7.84
Moderate 0.3522 76.46 8.20
Calcific Severe 0.2179 63.66 6.09
Very Severe 0.1226 66.95 3.22

Maximum displacement

(b) (0)

(e) ®

Figure 2. Rheumatic (top) and calcific (bottom) aortic valve opening area for moderate (a,d); severe
(b,e) and very severe (c,f) degrees of stenosis.

According to the AHA/ACC and ESC/EACT guidelines, the AVA is 1-1.5 cm? for
moderate stenosis, and less than 1 cm? for severe and very severe stenosis. Therefore,
the AR results summarised in Table 1 are in accordance with the guidelines, and, for the
purposes of this study, considered an accurate representation of the respective pathological
valve conditions [3,4].

2.2. Empirical Models

As mentioned, three empirical models are applied in the current work, namely the
constant CQ model from Korakianitis and Shi, 1D model from Laubscher et al. and the
clinical correlation model.

2.2.1. Korakianitis and Shi CQ-Model

In 2006, Korakianitis and Shi [18] developed a model where the heart valves are
modelled as concentrated parameter components, and the valve dynamics are derived
through consideration of the forces acting in on it. The model was used to yield the
cardiovascular behaviour for regurgitant aortic valves. The pressure drop for a given
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volumetric flow rate Qg {m?l} through the valve is calculated using Equation (1). In

W], AR the opening
area ratio, and Py, and Ps4s the left ventricular and systemic aortic sinus pressures [mmHg],
respectively. From Equation (1), it is evident that this approach is insensitive to valve
disease morphology as the CQ flow coefficient remains constant for all valve morphologies

and severities.

Equation (1), CQ is the constant valve flow coefficient of 350 [

Qu \’
Plv_Psas:APuo: <CQ’AR> (1)

2.2.2. Laubscher et al. 1D-Model

In 2022, Laubscher et al. [14] developed a LPM model to improve the applicability of
LPMs to a wider range of geometric and haemodynamic parameters for different valvular
disease morphologies. The pressure gradient (drop) across the heart valve APy, is calculated
using Equation (2). Here, the total loss coefficient (K;) is the sum of the contraction loss
coefficient (K,) in Equation (3), the frictional loss coefficient (K) in Equation (4), and the
sudden expansion loss coefficient (K.) in Equation (7).

) 10-6 \?
AP,y = p-Ki . ( Qao-10 ) )
2.133.3 \ ArLvor-AR

In the current work, the left ventricular outflow tract (LVOT) area is taken as A;yor =
4448 [mm?], p = 995 {%} , and peak systole AR for each valve is summarised in Table 1.

Ke = 0.0696-sin(a) (1 - %) (42) + (A = 1) 3)

4
For Equation (3), « = 5 — 6, f = VAR and the contraction ratio A = 14 0.622(1g5) >
(1—0.21582 — 0.785B°), where 6, is the valve opening angle relative to the adjacent

heart chamber. A
K :f(1*/5> I f-Heusp
S~ 8sin(8) 05(LVOT + d aya)

In Equation (4), Heusp = 17.5[mm] is the height of the leaflet cusps, LVOT = 23.8 [mm|]
4'AR'11;\LVOT [

(4)

the length of the outflow tract, and days = mm] the aortic valve flow area
hydraulic diameter with the perimeter P, which is summarised in Table 1. The Colebrook-
White equation in Equation (5) is used to calculate the friction factor f.

1 2.51
W = —2-log,, <Re\/f> (5)

The Reynolds number is calculated according to Equation (6) with the velocity in the

valve estimated by v = ALVQOH; = | 2] and the dynamic viscosity y = 0.0035[Pa-s].

Re — 00 dava ©)
K
For the sudden expansion loss coefficient in Equation (7), B2 = ZA—VI*I‘, where
dwall = 30.2 [mm]
2
Kse = (1 - ﬁ%) (7)

Of all the parameters included in the 1D modelling approach, following a sensitivity
analysis of the pressure drop to these parameters, it was found that the model is most
sensitive to variations in the diameter of the LVOT and the artery wall and the dynamic
viscosity (p).
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2.3. Clinical Approach

According to the European Society of Cardiology (ESC)/European Association for
Cardio-Thoracic Surgery (EACTS) [3] and the American College of Cardiology (ACC)/
American Heart Association (AHA) [4] guidelines on the management of patients with VHD,
the preferred procedure for estimating valvular pressure gradient is using Doppler echocar-
diography and a mathematical correlation derived from the Bernoulli equation [3,4,6]. The
Bernoulli equation assumes steady flow along a streamline and illustrates the relationship
between pressure difference and velocity across a heart valve. It has been shown that the
convective term dominates blood flow acceleration across the valve, and thus viscous losses
can be neglected at the area of the jet at peak velocity, resulting in the simplified Bernoulli
equation in Equation (8). Here, AP, [mmHg] is the pressure drop across the valve and
Umax | 2] is the peak jet velocity.

APy = 4'U$nax 8)

The coefficient of 4 in Equation (8) is derived from the equation for dynamic pres-
sure and estimated due to the density of blood and the conversion from Pascal to mmHg.
The dependence of the pressure gradients on the maximum flow velocity is evident from
Equation (8). The manner in which the peak systolic velocity is determined depends on
various factors, including beam alignment, trace accuracy, and the experience of the opera-
tor. Furthermore, the vena contracta (VC) of fluid flow does not necessarily correspond to
the smallest valve area (AVA). It is located at the effective orifice area (EOA) of the valve,
the downstream area of peak velocity obtained from the mass balance across the valve. The
importance of measuring the true peak velocity of the valve is discussed in Section 3.

2.4. Computational Fluid Dynamics Models

For the CFD simulations performed in the current work, the Reynolds-averaged
steady-state incompressible form of the mass and momentum equations in Equation (9) are
solved. -

V-u=0
ATIT) = — U7 = _ 177/ I (9)
pV-(UU) = -Vp+ V- (T—pU'U ) +S

In Equation (9), U = ui + U] + Wk is the velocity vector in the x, y and z direction, p is
the density of blood, p is the static pressure, and S = pg + F is the source term. The stress
tensor 7 is given by Equation (10) below.

r:y{(vwr vuT) —gv-w] (10)

Even though blood has non-Newtonian traits, it is reasonable to assume it to exhibit
Newtonian behaviour for blood vessels larger than 0.5 mm where the non-Newtonian vis-
cosity can be disregarded [9,10,24-26]. The properties of blood are therefore assumed to be
constant with a density of p = 995 [%} and dynamic viscosity of p = 0.0035 [Pa-s] [27,28].
The time-dependent flow fluctuations can be solved through direct numerical simulation
(DNS) techniques, large eddy simulation (LES), or Reynolds-averaged Navier-Stokes equa-
tions (RANS). In the momentum Equation (9), the Reynolds stresses that arise from the
Reynolds averaging of the fundamental mass and momentum equations are closed using a

turbulence model and Equation (11).
E— 2
— U’ = py (vu+ vuT) — Sokd (11)

In Equation (11), the Reynolds stresses are computed using the Boussinesq expression,
where ji; [Pa-s] is the eddy viscosity, k = 1 (P + 02 + w?) is the kinetic energy, and Oy
the Kronecker delta [29]. In the present work, two RANS modelling approaches were
applied, namely the k—¢ and k-w turbulence models. The Shear-Stress Transport (SST) k—-w
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turbulence model is based on the empirical model transport equations for the turbulent
kinetic energy (k) and the specific dissipation rate (w) and used in flows with adverse
pressure gradients [30]. For the SST k—w turbulence model, the eddy viscosity is calculated

as yy = %k For the k—e method, y; = pr%, where C;, is a dimensionless constant.

The meshing of all geometric models discussed in Section 2.1 is performed using
ANSYS Fluent’s Watertight Meshing Tool (ANSYS Inc., Canonsburg, PN, USA). The fluid
domain is discretised to create surface and volume meshes to enable CFD simulations. Poly
hex-core elements are created with an additional cylindrical body of influence dictating
reduced cell size and increased boundary layer thickness around the valve. A mass-flow
inlet, constant pressure outlet of 0 Pa, and no-slip conditions on all walls are specified for
each simulation. A pressure-based solver is used to solve the steady incompressible flow
problems. For this approach, the velocity field is obtained from the momentum equations
and the pressure term through manipulation of both the continuity and the momentum
equations with a pressure correction term. SIMPLE pressure-velocity coupling scheme is
used with momentum-based Rhie-Chow flux type and Green—-Gauss node-based spatial
discretisation. Convergence is assumed when the scaled residuals remain below 10~ for
the continuity, momentum, and turbulence equations.

3. Results and Discussion

CQ, 1D, clinical and CFD models for all six cases (moderate, severe, and very severe
rheumatic and calcific, respectively) of AS are developed and simulated according to the
same methodology as described in Section 2 to obtain the results discussed in this section.
Throughout the discussion of the results, the clinical approximation refers to the simplified
Bernoulli approach described in Section 2.3 as it is what is used in clinical practice. Further,
the CFD model is considered ground truth to compare the other methods to as no patient
data were used in the current work.

3.1. Mesh Independence Study

A mesh or grid independence study is important to consider when developing 3D CFD
models to determine the degree to which the solution is affected by the mesh density. The
solution is regarded as independent or insensitive to the mesh when the average cell size
as well as the spatial discretization error approaches zero. For each case of AS, the valvular
pressure difference and the peak jet velocity at the valve hydraulic diameter are estimated
and the results of three to four mesh variations are compared. Linear extrapolation is used
to determine the respective metric at an infinitely fine mesh.

For the rheumatic stenosed valve cases, meshes with sizes between 1.4 and 2.2 million
cells are required to reach mesh convergence. For these cases, pressure drop errors ranged
from 0.08% for very severe rheumatic stenosis to 1.15% for severe rheumatic stenosis.
Larger meshes are required to reach mesh convergence in the calcific stenosis cases ranging
from 8 to 8.1 million cells with pressure drop errors ranging from 0.4% for severe calcific
stenosis to 0.8% for very severe calcific stenosis cases. In all cases, relative errors between
mesh variations reached a maximum pressure difference error of 1.9% for the severe calcific
valve. The results of the mesh independence study are summarised in Table 2. All results
are rounded up to two decimal places. Based on the mesh independent results, the final
meshes for each case was determined for errors below 1%, and the mesh quality for each of
the final meshes are also included in Table 2.
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Table 2. Mesh independence study results for moderate, severe, and very severe cases of rheumatic
and calcific aortic valve stenosis.

Type Severity Cells (x10°) AP (%error) Final Mesh Cells (x10°) Max AR Min Orth
Moderate 213 0.39 2.74 129 0.12
Rheumatic Severe 2.19 1.15 2.42 143 0.09
Very Severe 1.40 0.08 2.73 115 0.05
Moderate 8.04 0.60 538 69 0.13
Calcific Severe 8.02 0.40 5.37 64 0.11
Very Severe 7.98 0.78 5.33 89 0.17

3.2. Turbulence Modelling

The most common models used in modelling blood flow through the aortic valve
are two-equation RANS models, more specifically, the SST k—w and k—¢ turbulence mod-
els [9,31]. The use of the k—w turbulence model in steady-state CFD models was demon-
strated using CT data of a native valve in 2020 by Hoeijmakers et al. [9] and using 4D flow
MRI data of a prosthetic valve in 2021 by Hellmeier et al. [25]. For these models, the turbu-
lence intensity was set to 5%, and a velocity profile inlet and zero pressure outlet BC and
rigid walls was used to determine the transaortic pressure gradients. For the native valve,
CFD simulations were used as the reference pressure drop when analysing the performance
of meta-models which yielded root mean squared errors (when more than 300 training
points were considered) of 1.7 mmHg. For the prosthetic valve, the CFD flow field were
compared to postoperative data and found that the CFD simulations approximated a
maximum pressure drop of 12 mmHg compared to the 18 mmHg MRI estimation.

The k—¢ turbulence model was used in 2020 by Franke et al. [31], where a steady-
state CFD model was developed to evaluate the transvalvular pressure gradient in patient
specific geometries of stenotic aortic valves. The results from the CFD flow field were used
as ground truth when determining the accuracy of their model-predicted pressure drops,
and to the pressure drop estimated by the Bernoulli model. The use of the k—¢ turbulence
model is further demonstrated in the work done by Heys et al. in 2010 [32].

To determine which turbulence model to use to accurately estimate the turbulent flow
patterns of blood through pathological aortic heart valves, these two turbulence models
were used, and the results were analysed for a steady valve inlet volume flow rate of
600 mL/s. For the chosen independent meshes in Section 3.1, an SST k—«w model with low
Reynolds dissipation and a standard k-e¢ model with enhanced wall treatment are compared
and the results are summarised in Table 3. For all cases, the k—¢ model estimated slightly
greater pressure gradients compared to the SST k—w model and was therefore chosen as the
turbulent model to be used in all further simulations. The SST k—«w method is most widely
used when studying heart valve flow, but it often has the disadvantage associated with
the difficulty to overcome the sensitivity of this model to the freestream values of k and w,
where the k—¢ model is robust in that regard [9,25,30].

Table 3. Comparison between turbulence models.

AP (mmHg)
Type Severit
P ¥ SST k-w k—¢
Moderate 34.45 35.57
Rheumatic Severe 144.56 146.43
Very Severe 715.78 723.37
Moderate 33.45 34.68
Calcific Severe 106.09 110.67

Very Severe 366.61 405.75
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The pressure drop results summarised in Table 3 are not to be taken as a realistic
representation of the pressure drop one would expect to measure across the respective
pathological valves. This is due to the over exaggeration of the inlet volume flow rate for
the purpose of analysing the performance of the CFD model at high resultant pressure and
velocity gradients.

3.3. Steady State Simulations

Figure 3 shows the different pressure drop versus cardiac output (CO) for the different
modelling equations of rheumatic aortic stenosis (a—c) and the velocity streamline plots
(d—f) at 10 L/min CO. From these plots, the effect of varying CO on the transvalvular
pressure gradient and the velocity field can be analysed. For all cases, the pressure drop
increases quadratically, as expected, with an increase in CO and disease severity. Moreover,
the clinical estimation at the EOA results in the largest observed pressure drops, and the
CQ model estimates the smallest pressure drops. The difference between the results from
the two clinical pressure estimation methods grows for increasing severity. The average
percentage difference between the pressure drops calculated through the clinical estimation
method at the EOA and the AVA is approximately 45%. This indicates that the maximum
blood flow velocity magnitude shifts further away from the value calculated at the AVA,
which is expected from typical orifice-like flow fields at higher Reynolds numbers and
indicated in Figure 3d—{f. Therefore, using the velocity at the AVA would result in significant
underprediction of the pressure drop at very severe conditions when comparing to the
CFD results as ground truth.
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Figure 3. Pressure drops over aortic valves with varying degrees of rheumatic stenosis for varying
volume flow rates. (a) Moderate, (b) severe, and (c) very severe stenosis. Streamline plots coloured
by velocity for (d) moderate, (e) severe, and (f) very severe stenosis.

The clinical estimation at the AVA is, on average, 18% larger than the CFD results
for a moderately stenosed rheumatic valve, 15% smaller than the CFD results in a severe
rheumatic stenosed valve, and 36% smaller than the CFD estimations in the very severe
rheumatic stenosed valve. The clinical estimation at EOA produces results with errors of
50% for moderate, 78% for severe, and 16% for very severe cases compared to the CFD
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results. This suggests the inconsistent behaviour of the clinical pressure drop calculation
compared to the CFD result, especially when the maximum velocity of the valve is measured
at the AVA.

Figure 4 shows the effect of varying CO on the transaortic pressure drop (a—c) for the
different modelling equations as well as the velocity contour plots (d—f) at 10 L/min CO of
varying degrees of calcific stenosis. Similar to Figure 3, the pressure drops over the valve
increases for increasing CO and disease severity. In all cases, the clinical pressure estimation
at flow VC (or EOA) produced the highest and the CQ model the lowest pressure drop
over the valve with maximum pressures of 158 mmHg for the very severe calcific case at
20 L/min CO. For all three calcific cases, both the clinical models as well as the 1D model
estimated pressure gradients greater than the CFD findings. Both the clinical model at the
AVA and the 1D model follow the same trend throughout, as expected.
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Figure 4. Pressure drops over aortic valves with varying degrees of calcific stenosis for varying
volume flow rates. (a) Moderate, (b) severe, and (c) very severe stenosis. Streamline plots coloured
by velocity for (d) moderate, (e) severe, and (f) very severe stenosis.

The difference between the two clinical pressure estimations decreases for increasing
severity with a maximum average difference of 20% in the moderate calcific case and a
minimum of 10% in the very severe calcific case. At the AVA, the pressure estimation is
larger than that of the CFD, with errors decreasing with increasing severity of 32%, 26%,
and 12% for moderate, severe, and very severe cases, respectively. The same trend is
followed by the clinical pressure estimations at the EOA, with errors of 61%, 41%, and 23%
for moderate, severe, and very severe calcific valves. These results show that the clinical
correlation follows a more predictable trend for cases of calcific stenosis compared to
rheumatic stenosis, emphasising the need for a morphology-dependent clinical correlation.

From Figure 4d—f, the location of the flow VC is located in closer proximity to the AVA,
implying that the EOA is located inside the valve at the AVA. This explains the decreasing
error between the two clinical models with increasing severity.

The average CO of a healthy male at rest is 5-6 L/min and 35 L/min during exer-
cise [33]. Over a CO range of 3.5 L/min—-10 L/min, the range of pressure drops calculated
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through each approach is summarised in Table 4. Here, the differences between each model
and the ground-truth CFD results are shown.

Table 4. Estimated pressure difference for each case of rheumatic and calcific aortic stenosis for a
cardiac output range of 3.5-10 L/min.

Clinical (mmHg)

Type Severit CFD (mmHg) CQ (mmHg) 1D (mmHg)
yp y g Q g g EOA AVA
Moderate 0.4-2.8 0.2-1.4 0.3-2.3 0.6-4.5 0.5-3.5
Rheumatic Severe 1.5-11.3 0.5-4.4 1.1-8.6 1.9-19.8 1.2-9.7
Very Severe 7.1-54.9 1.84-14.9 4-32.1 8.27-64.1 4.3-34.1
Moderate 0.4-2.9 0.2-1.8 0.5-3.8 0.7-5 0.6—4
Calcific Severe 1.3-9.1 0.64.7 1.3-10.8 1.8-13.4 1.7-11.6
Very Severe 4.7-32.3 1.8-15 4.6-37 5.7-40.7 5-37.5

Comparing the results in Figures 3 and 4 and Table 4, it can be argued that the clinical
approach both under- and overestimates the pressure drop in the case of rheumatic aortic
stenosis, depending on the severity of the disease, and consistently overestimates pressure
drops in all the calcific aortic stenosis cases. The 1D model follows the same trend as the
clinical approach where the over- or underestimation depends on the disease type and
severity. For both pathologies, the CQ model produces underestimated pressure drop
results with the highest errors. This is as expected due to its insensitivity to disease type
and morphology. Lastly, the flow location of peak velocity is outside, distal to the rheumatic
valve and inside, close to the smallest valve diameter, in the calcific valve. These results
reveal that various morphologies yield distinct non-linear relationships between CO and
pressure drop, emphasizing the need for further investigation.

In Figure 5, the CFD results are illustrated for each case of rheumatic and calcific aortic
stenosis over a range of CO. For all cases of rheumatic AS, higher transvalvular pressure
gradients compared to the calcific AS cases are illustrated. The results follow a trend of
increasing pressure differences between the two pathologies for increase in severity. The
average difference in pressure gradients between the two pathologies are 0.08 mmHg,
1 mmHg, and 22.68 mmHg for moderate, severe, and very severe cases, respectively, with
an absolute maximum of 22.68 mmHg at 10 L/min for the very severe case. To better
understand why there is a distinct difference in pressure gradients between two types
of valve lesions with the same severity, entropy production in the domain is analysed in
Section 3.4.

100
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Figure 5. CFD results for moderate (MOD), severe (SEV), and very severe (VSEV) cases of rheumatic
(R) and calcific (C) stenosis and varying CO.
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3.4. Entropy Generation for Different Pathologies and Severities at 10 L/min CO

Entropy generation is a useful flow domain property when one wants to pinpoint the
positions of where useful work is lost. From the well-known Tds relation for isothermal
incompressible flow, the change in entropy is directly related to the change in pressure in
Equation (12).

1
ds = p—TdP (12)

Entropy is generated through fluid irreversibilities such as friction, mixing, heat trans-
fer, and expansion. Therefore, entropy generation provides insights into the irreversibility
of a process [34]. As blood accelerates through a constriction such as a pathological aortic
heart valve, entropy is generated mainly due to laminar and turbulent viscous dissipation.
The driving factor(s) for the transvalvular pressure gradients of each respective pathol-
ogy seen in Figures 3-5 can be identified through the analysis of regions where entropy
generation is dominant.

For a system where only entropy generation by dissipation (®) is relevant as no heat
transfer is present, the entropy balance equation reduces to Equation (13) for instantaneous
entropy s, velocities #, v, and w, and temperature T.

§+u§+v§+w§ _ 2 (13)
Plar T"ox "%y TY%z) T T

Instantaneous values of entropy production by dissipation in turbulent flow scenarios
are described by a time-average part (Sr5) and a fluctuating part (Sp/) as in Equations (14)
and (15). Here, S represents the entropy production in the mean flow field, and Sp/ in
the fluctuating or turbulent field where y and p are the dynamic viscosity and density of
blood, respectively, and e the turbulent dissipation rate of the k — e turbulence model [35].
Equations (14) and (15) are implemented during the post-processing phase of the CFD
simulations for each rheumatic and calcific case at 10 L/min CO. The entropy production is
calculated and the regions of interest identified from 3D streamline plots in Figures 6-8.

3
N N 2 =\ 2 N = a2 N
_ulyf (e, (Y (Y (o, e (an, amy, (o om
5D Tl2{<8x) +<ay> +<az> }+<8y+8x CRETT az+ay (15)
€
sD/:%
Entropy Generation [ K,,fl3.s Entropy Generation [ 7{1 T
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Figure 6. Velocity vector plot for moderate (a) rheumatic and (b) calcific stenosis cases with ortho-
graphic views at the top and right-side views at the bottom.
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Figure 7. Velocity vector plot for severe (a) rheumatic and (b) calcific stenosis cases with orthographic
views at the top and right-side views at the bottom.
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Figure 8. Velocity vector plot for very severe (a) rheumatic and (b) calcific stenosis cases with

orthographic views at the top and right-side views at the bottom.

For rheumatic AS in Figures 6a, 7a and 8a, the valve area reduction more closely
resembles that of an orifice, even though the shape is not perfectly circular. The mechanism
of pushing the blood through the reduced valve area is by contraction and therefore
friction at the valve walls, as seen by the increase in entropy intensity proximal to the
AVA. Immediately distal to the valve, the flow starts to expand. The flow starts to break
away and recirculate downstream from the EOA. It is evident from the entropy generation
representation that the sudden expansion effect dominates as the driving factor causing a
pressure drop across the valve.

In the calcific AS cases of Figures 6b, 7b and 8b, sudden contraction and friction play
a larger role than in the rheumatic cases, while sudden expansion still dominates. When
considering the results for the calcific valves in Figure 4, the constant overestimation of the
pressure drops using the 1D and clinical approaches can be attributed to an overestimation
of the sudden expansion coefficient. From the results in this section, it seems plausible to
argue that the main contributing factor to transvalvular pressure drop is expansion loss
distal to the valve, similar to what was found by Laubscher et al. [14].

As seen in Figure 5, the pressure drops for moderate and severe conditions are rela-
tively similar. Therefore, the intensity and size of the high entropy generation regions are
expected to be similar, as seen in Figures 6 and 7. For the very severe case, a large difference
is observed between the two pathologies, which is substantiated if one studies the entropy
production magnitudes in Figure 8.
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In the streamline plots above, it is seen that the rheumatic jet expansion zone is
noticeably larger compared to the high entropy production zone of the calcific case. This is
due to the larger high velocity jet core zone that exists in the rheumatic valve, resulting in
larger magnitudes of shear stresses and, in turn, more dissipation and entropy production
translating into a higher pressure drop.

To demonstrate that the majority of the lost work originates from turbulent dispersion
downstream of the valve, the total entropy generated within the valve (proximal) and
downstream (distal) was calculated using the CFD simulation results. Table 5 presents the
percentage difference between distal and proximal total entropy generation for rheumatic
cases, ranging from moderate to very severe, increasing from 2068% to 8006% relative to
proximal entropy generation. Therefore, the primary source of entropy generation lies
distal to the valve due to the sudden expansion effects. In the calcific case, it is observed
that the same percentage differences decrease from 748% to 735% as the severity progresses
from moderate to very severe. This suggests that, compared to rheumatic cases, a smaller
portion of entropy is generated distally.

Table 5. Total entropy generation upstream (proximal) and downstream (distal) to the valve opening.

Entropy Generation (x1073¥)

Type Severity - : % Difference
Proximal (Upstream) Distal (Downstream)

Moderate 0.008 0.177 2068%
Rheumatic Severe 0.021 0.731 3426%
Very Severe 0.043 3.499 8006%
Moderate 0.020 0.166 748%
Calcific Severe 0.061 0.539 781%
Very Severe 0.219 1.831 735%

4. Conclusions

The results show that the pressure gradient across pathological aortic heart valves
varies depending on the type and severity of the valve lesion. These differences in pressure
drop between rheumatic and calcific valves can be attributed to the distinct difference in
shape and size of the valve opening area. Through the analysis of entropy production in the
flow domain, the dominant parameters in initiating adverse valvular pressure gradients
are identified. These findings elucidate why the pressure drop in rheumatic valves are
consistently higher than that in calcific valves. The results further show the underpredicting
nature of generic numerical models, such as the CQ model, due to its insensitivity to disease
morphology. Even though the clinical approach is based on empirical data, the inconsistent
results obtained, especially in the rheumatic case, necessitates further investigation into the
insensitivity of this approach to disease type and morphology. The fluid model assumed
steady inflow conditions at peak systole, rigid walls, and constant outflow boundary
conditions. Fluid-structure interaction and compliant wall conditions are outside the
scope of the current work; however, the need to investigate the flow conditions through
pathological aortic valves using more complex 3D modelling is apparent.
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