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Abstract

Aortic valve stenosis is associated with an elevated left ventriculapressure and
transaortic pressure drop. Clinicians routinely use Doppler ultraound to quan-
tify aortic valve stenosis severity by estimating this pressure dop from blood
velocity. However, this method approximates the peak pressure mp, and is
unable to quantify the partial pressure recovery distal to the valve. As pressure
drops are ow dependent, it remains di cult to assess the true signi cance of
a stenosis for low- ow low-gradient patients. Recent advances in ggnentation
techniques enable patient-speci ¢ Computational Fluid Dynamics (CFD) sim-
ulations of ow through the aortic valve. In this work a simulation framewor k
is presented and used to analyze data of 18 patients. The ventricle andalve
are reconstructed from 4D Computed Tomography imaging data. Ventricular
motion is extracted from the medical images and used to model ventrickar con-
traction and corresponding blood ow through the valve. Simpli cation s of the
framework are assessed by introducing two simpli ed CFD modelsa truncated
time-dependent and a steady-state model. Model simpli cations ae justi ed for
cases where the simulated pressure drop is above 10 mmHg. Furthermorae
propose a valve resistance index to quantify stenosis severity frosimulation re-
sults. This index is compared to established metrics for clinicalecision making,
i.e. blood velocity and valve area. It is found that velocity measurenents alone
do not adequately re ect stenosis severity. This work demonstrateshat com-
bining 4D imaging data and CFD has the potential to provide a physiologially
relevant diagnostic metric to quantify aortic valve stenosis severiy.

Keywords: Aortic valve stenosis, Heart valve disease, Hemodynamics,

Computational uid dynamics, Patient-speci c
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1. Introduction

Aortic valve stenosis (AS) is the narrowing of theaortic valveaerta at-the
leecation-of-the—aertic—valve and disturbs-impedesblood ow into the systemic

circulation. _ Once developed, AS consistently increases with age, and is {[1] R 1.5.

estimated that 2.8-3.9% of the population older than 70 years of age su er from
some form of AS Eveborn et al., 2012 Nkomo et al., 2006. AS is often caused
by calci cation of the Aortic Valve (AV) lea ets, resulting in a stier  valve that

impedes the opening and closing function of the valve. Hence, in sysle, the

valve may not open completely, and a large pressure di erence is redued to

maintain ow. If left untreated, AS may eventually lead to heart failu re.

AS obstructs ow from the ventricle into the aorta, and a large e ective
pressure di erence is required to maintain cardiac output. The drop in pressure
is an indicator for the severity of AS. However, non-invasive diagnostic ganti-
tative evaluation of the pressure drop is challenging. Hence, in currarclinical
practice other indirect metrics are used. At present, the main citeria to judge
AS severity are: the mean transaortic pressure drop; maximum velocit of the
jet (vmax ), and the Aortic Valve Area (AVA) by continuity equation (  Chambers
2016 Nishimura et al., 2014 Baumgartner et al., 2016. All these metrics are
routinely obtained by echocardiography. However, wa.x and the mean pres-
sure drop are both ow-dependent, and may con ict with AVA measurements
for 20-30% of patients with severe AS (Eleid et al., 2013) Fypicaty—these

iaghostic-measurescon or—caseswith—low—owlew-gradient—AS- For this

patient group it remains di cult to assess whether AS is signi cantly present
(Vogelgesang et al.2017).

Echocardiography is inexpensive, readily available and easy to perfar, and
an established method to derive metrics indicative of stenosis serity. When
echocardiography results are inconclusive, Computed Tomography (CT) ocar-
diac Magnetic Resonance Imaging (MRI) can be used to derive additional in
dicators, e.g the aortic diameter or amount of calci cation (Chun et al., 2008.

Furthermore, CT and cardiac MRI enable detailed three-dimensional econ-
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structions of the full-heart anatomy. Moreover, segmentation methodsfrom
cardiac CT and MRI images have improved considerably over the past year
(Ecabert et al., 2008 2011 Grbic et al., 2012 lonasec et al, 2010. Further-
more, recent developments see high-quality valve models incorporadl into ex-
isting segmentation frameworks {Meese et al, 2017). These detailed 3D models
of the AV can be used in combination with 3D Computational Fluid Dynamics
(CFD) to evaluate the hemodynamic performance of the patient-spect valve
(Weese et al, 2017). However, in order to quantify the load on the ventricle,
extending the CFD model to include the (contracting) Left Ventri cle (LV) may
yield information on the true signi cance of the stenotic valve.

In systole, a healthy valve opens completely, and imposes little to a re-
sistance to blood ow. However, ow through the diseased valve is snilar to
ow through an ori ce. Blood is accelerated into the orice, and pressure is
converted to kinetic energy. When blood enters the Ascending Ao (AA), it
is decelerated, and pressure is partly recovered. (Figl). Pressure is not com-
pletely recovered due to viscous losses, including those from tioulence. This
results in an e ective pressure drop between the LV and AA. To quantify the
relative contribution of the valve to the e ective pressure drop, a valve resistance

index is proposed:

f \
| — 1
VR p £ ( )

This index quanti es the pressure loss due to the presence of thealve (P )
with respect to the total e ective pressure loss between the LV a AA (P g).
For healthy valves, pressure is expected to recover approximatglto the same
pressure level as in the Left Ventricular Out ow Tract (LVOT). When the cross-
sectional area of the AA exceeds that of the LVOT, blood velocity (and knetic
energy) in the AA decrease. Consequently, (static) pressure mayecover be-
yond LVOT pressure. However, for diseased valves, it is expected that only a
(small) part of pressure is recovered, and excessive viscous andrwlent losses

dominate.
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The main aim of this work is to evaluate the valve resistance index pro-
posed in Equation 1 with clinically accepted measures, such as, \.x and the
AVA. Additionally, the CFD model with the contracting left ventric le is used
to evaluate the accuracy of simpli ed valve-only CFD models and Bernollii ap-
proximations. For this purpose, the work ow described by Weeseet al. (Weese

et al., 2017 is extended to include both the AV and contracting ventricle.

2. Materials and Methods

2.1. Aortic Valve Anatomies

Cardiac CT segmentation data was obtained from an anonymized dataset
used in a previous study Veese et al, 2017). Original images were acquired
using electrocardiogram-gated CT angiography with 10% intervals of the elec
trocardiographic R-R interval. CT images had an in-plane resolution of 0.31-
0.68 mm and slice thickness of 0.34-0.70 mm. Segmented anatomical structsre
include the LV, LVOT and AV. Fig. 2B shows a typical segmented anatomy at
di erent phases of the cardiac cycle.

A-single Struetured Surface modet of the LV and AV throughout systolewas
were generated for each patient with a Shape Constrained Deformable Madi
(SCDM). The authors refer to Ecabert et al. or Weeseet al. for a detailed
description of the SCDM (Ecabert et al., 2008 201% Weese et al, 2017). The
surface modelwas-built—from-the-image at mid-systole was selected,and de-
veloped into the CFD model This model had the valve in the most open
position, typically at 20% or 30% of the electrocardiographic R-R interval. The
struetured surface model consisted of 3094 vertices and 6169 triangles with an
average edge length of 2.6 mm (Fig.2B). The geometric AVA was estimated
from the structured surface model by a projection method {Meese et al, 2017).
All segmentation surface models throughout the cardiac cycle were theron-

verted into binary masks, covering the LV and LVOT, to facilitate r egistration.
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2.2. Image Registration

Each consecutivesegmented binarizedimage pair was registered using The
She eld Image Registration Toolkit ( Barber & Hose, 2005. The resulting 3D
discrete mapping elds morphed one image onto the next. The She eldImage
Registration Toolkit produced smooth, non-linear registration maps with sub-
pixel accuracy. To compute the 3D mappings between the images, the Stedd
Image Registration Toolkit uses an intensity-based linear least-squas algo-
rithm, iteratively applied to handle large displacements. The 3D reyistration
map was spatially interpolated to the vertices of the surface modelat mid-
systole Fhis—yieldedasetefiso-topelogicalsurfacemedealsinthe R Rinterval
This yielded a set of surface models in the R-R interval with the sme topology
as the surface model at mid-systole Registration was done on the binarized
segmentedimages, hence no information on the motion of the AV and AA was
available. For this reason, and for CFD stability the mean rigid motion of the
model was removed from the overall model motion. Velocity vectorsv for each
vertex n of the surface model were a function of time and computed from the

consecutive iso-topological surface models by:

A, (t) =

Bt 0
t @

With x the position of vertex n at time t in the cardiac cycle. Vertex positions

are sparse in time, and were interpolated using cubic splines.

2.3. Mesh Generation

Volumetric meshing was performed with ANSYS Fluent Meshing R17.2 (AN-
SYS Inc, Canonsburg, Pennsylvania, United States). Structured suidice models
were truncated by amanually de ned planetwo to ve mm proximal to the valve
annulusbaseand orthogonal to the valve axis (Fig. 2C). The out ow boundary
was extended by 3.5 times the diameter of the AA. The in ow boundaries ofthe
truncated models were extended by 1.5 times the LVOT diameter. The volume

was lled with tetrahedra in the core, and ten layers of pentahedra dements
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in ated from the wall. Element sizes were chosen based on a mesh s#tivity
study, and ranged between 0.5-2.5 mm. Maximum element edge length in &
LV was constrained to 2.5 mm. Edge lengths in the proximity of the AV were

constrained to 0.5 mm to capture valve features.

2.4. Computational Methods

Fluid ow is governed by the Navier-Stokes equations. For moving grds,
the integral form of the continuity equation for a control volume with su rface

can be written as.

4 4

@ W+ (w vg) AdA=0 ©)

@t
With  the density of blood, ¥ the velocity vector, 4 the velocity of the (bound-
ary) grid, and # the normal vector to the surface . Similarly, the momentum

equation can be written as:

4 4 4 4

@ (wv)dv + ¥(v ) AdA= pl AdA + AdA 4)

@t
Where p is the pressure,l the identity tensor, and  the viscous stress tensor.

A di usion based smoothing method was applied for grid motion.

r(ra)=0 (5)

1
=+ ®)

With vy the grid velocity, the di usion coe cient and d the normalized dis-
tance to the boundary. For all simulations = 1 and resulted in skewed grid
motion towards the interior, i.e. elements in the interior deformed more. The

boundary conditions (Fig. 3) for the di usion equation were:
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AA 1 Sinus 1 AV :'Vg :0
LV OT :Vg = f(S)‘Vn (t)

WG = (1)

f (s) is a ramp function that linearly scaled boundary velocity to zero in the
LVOT as a function of the position s in the LVOT, i.e. f(s) =1 proximal to
the LVOT, and f (s) = 0 distal to the LVOT.

Blood was modeled as an in-compressible uid with a density of 1050 kg
and dynamic viscosity of 0.004 Pas. No-slip boundary conditions were as-
sumed at the walls, and at boundary ,, pressure is set to zero. The governing
equations were solved with ANSYS Fluent R17.2 (ANSYS Inc, Canonsburg,
Pennsylvania, United States). Simulations were executed on the ACCQCyfronet
AGH Prometheus Supercomputer (Academic Computer Centre Cyfronet AGH
University of Science and Technology, Kralow, Poland). Each simulation was

assigned one compute node with 24 CPU's.

2.4.1. Transient Models

For the transient models a (bounded) central di erence scheme wasised for
the advection and di usion terms. The transient term was integrated with a
second order backward di erence approximation. Convergence crited at each
time-step were set at 0.05 for locally scaled residuals of x-, y-, z-l@city, and
continuity. Sub-grid turbulent dissipation was modeled with Large Eddy Sim-
ulation and the Wall Adapting Local Eddy-Viscosity model ( Nicoud & Ducros,
1999. Time steps were de ned as 1/10000th of the cardiac cycle. Vertex ve-
locities were spatially interpolated from the structured surface model onto the
re-meshed surface of the computational domain by an inverse distanceeighted
interpolation using eight nearest neighbors of the structured model Stroke vol-
ume was pre-computed with a discrete form of Gauss's theorenHughes et al,
1996 for the structured and re-meshed surfaces. Vertex velocitiesf the re ned

computational mesh were scaled to match the stroke volume of the strucired
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surface model. The time-dependent grid velocity was applied to lhe boundary
of the LV and LVOT. For the truncated model, the pre-computed ow wa ve-
form was used as a time-dependent plug- ow boundary condition. To test
whether diastolic lling of the ventricle had to be simulated, ve cardiac cycles

were simulated for case 11. Results in Table 1 demonstrate that diastolidling

had a negligible & 1%) e ect on the observed peak-systolic pressure drop and

valve resistance index. Hence, diastolic lling was neglected, and dy a single

systolic cycle was simulated to restrict the computational burden.

2.4.2. Steady-state Model
Peak ow-rate was obtained from the pre-computed ow waveform, and
prescribed as a boundary condition for the truncated steady-state mdel. Tur-

bulence is modeled with the Shear Stress Transpot ! model (Menter, 1994).

2.5. Post-Processing

A centreline with equally spaced points (0.1mm intervals) was de nal for
each surface model with the Vascular Modelling Toolkit (Antiga et al., 2008.
Pressure was evaluated on the centreline, and the e ective (Pg) and valve
(P v) pressure-drops were computed. These pressure drops were ugeccom-
pute the valve resistance index {g (Equation 1). Furthermore, Bernoulli esti-
mates (P g =P ot Pvc) and simpli ed Bernoulli estimates (P sg = 4v\2,C)
were computed from the simulation results. Note that w. is the velocity at the
vena contracta, and corresponds to ¥ax. The point on the centreline closest
to the truncation plane was used to evaluate Ryor . The vena contracta was

identi ed by inspecting the centreline, i.e. where pressue was lowest.

3. Results

The work ow described in Fig. 2 was used on retrospective CT datasets of

18 patients with non-calci ed and (partially) severely calci ed tri cuspid AV's
(Fig. 4). Projected AVA ranged between 0.99-88 and 4.34:35 cn? (Table 2).

Image derived maximum ow rate at peak systole ranged between 178 and 635

4 R11&
1.2

[5] Note

that a
slightly
larger
timestep
and coarser
mesh was
used to facil-
itate reason-
able simu-
lation times
- hence re-
sults dier
slightly from

the original

simulations
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ml/s, and simulated velocities in the vena contracta range between @8 and
5.36 m/s. The e ective pressure drop P £ ranges between 2.5 and 102.5
mmHg. Net pressure drops across the aortic valve range between: -2.3 mmHg
and 91.5 mmHg for the full model; -1.4 mmHg and 89.5 mmHg for the truncated
transient model; 0.4 mmHg and 89.8 mmHg for the steady-state model. PS5
and P S5 range between 1.0-103.2 mmHg and 3.1-115.1 mmHg. The valve
resistance index lies between -0.40 and 0.96.he local pressure gradient in the
LVOT was between -0.77 and -0.07 mmHg/mm

Fig. 5illustrates the CFD results of a healthy (case 8) and a stenotic valve
(case 17). The healthy case exhibits a lower jet velocity through theAV than
the stenotic case. For the stenotic valve a distinct jet is formed, ad turbulent
structures develop. The jet is wider and not as pronounced for the heéhy valve.
Pressure contours demonstrate that the the e ective pressure dropbetween

the LV and AA is about 9 mmHg for the healthy case and approximately 110

mmHg for the stenotic case ir-the-healthy-caseFhe-e-ectivepressuredrop-s

Fig. 6 visualizes the relationship between w5« and the proposed valve resis-
tance index. When assessing AS severity by, 12 cases would be considered
healthy, one case as having a mild stenosis, and three as having a maodte
stenosis. Two cases would be classi ed as having a severe stenosi3ases 15
and 16 would be classi ed as having no or a mild stenosis. However, bothhibit
large valve resistance indices of 0.84 and 0.86 respectively, of similaragnitude
as the clearly stenotic cases 13 and 17. Furthermore, it is observed thatse 18,
actually has the largest valve resistance index, but would have beenassi ed as
moderate with vihax as criteria. Healthy valves exhibit valve resistance indices
close to or below zero. Furthermore, an inverse linear relationship étween geo-
metric AVA and valve resistance index may be observed; when AVA dereases,
the valve resistance index increases. (Fig6).

Fig. 7A and 7B qualitatively demonstrate the di erences between each of
the CFD models. Unsteady ow phenomena distal to the AV are observed

Flow patterns for the transient models are similar, but local discrepancies in

10
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the velocity eld can be noticed. Unsteady ow patterns propagate far into the
AA for this particular stenotic case.

Qualitatively the shape of the jet and the pressure contours are simér prox-
imal to and in the immediate vicinity of the valve for the steady-state and
transient models (Fig. 7). However, ow structures distal to the valve are less
well-matched. This is expected because the jet has not had time toalelop fully
in space for the transient models. Despite the loss of delity in the detailed ow
elds, the steady-state model captures the overall pressure dropadequately.
Pressures proximal to the AV, in the vena contracta and distal to the AV are
approximately the same for all models.

Dierences in P y of 0.3 1.33 and 0.9 1.63 are found between the tran-
sients models, and truncated steady and full model respectivelyFig. 8A and
B). A bias of 0.7 1.07 mmHg is observed between both truncated models (Fig.
8C). The simpli ed Bernoulli and full 4D CFD model are in poor agreement: a
bias of 11.3 6.6 mmHg (Fig. 9B). At low ow the simpli ed Bernoulli equation
gives a poor estimate for the peak-systolic e ective pressure-drap Bernoulli
estimates demonstrate a bias of 6.63.27 mmHg compared to the full model. In
general, discrepancies from the full model predominantly occur atdw pressure
pressure drops (Fig8 and 9). E.g., the relative di erence between P {V and
P T for case 6 is 140%. In contrast, a relative di erence of only 2% is found

for case 17.

4. Discussion

This paper presents a medical image-based CFD framework to simulateow
across a patient-speci ¢ AV. A valve resistance index is de ned, andcompared
to measures typically used in the clinicto demonstrate the frameworks poten-
tial value. Additionally, the e ect of model simpli cations on pressure-drop

computations are presented.
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4.1. Sample characteristics

Computed geometric AVA's (Table 2) suggest that the current sample con-
tains 11 healthy or mildly stenosed cases, six moderate cases, and oneese
case (ishimura et al., 2014. When considering wnax as severity index, it is
found that 12 cases can be classi ed as healthy, one as mild, three as modée,
and two as having a severely stenaotic valve. Unfortunately, no echardiography
or cardiac catheterization data was available to clinically classify thepatients.
Nevertheless, computed velocities, pressure-drops and AVA cagspond well to
values reported in literature (Chambers 2016 Baumgartner et al., 1999. For
example, cardiac catheterization and echocardiography measurements &S pa-
tients by Yang et al show systolic pressure drops between the LV and AA up
to 129 mmHg for patients with (echocardiography derived) AVA's of 0.4 cn?
(Yang et al., 2015. Furthermore, the same study reports echocardiography
based peak-systolic wax measurements of 2.3 - 5.2 m/s. The reported upper
limits for P g and vpax in this study are 103 mmHg and 5.4 m/s, and thus

respect the limits typically reported in literature.

4.2. Valve Resistance Index

The valve resistance index is a measure of how much pressure is latie to
the presence of the AV. This index can be interpreted as a percenge, e.g. an
index of 0.60 means that 60% of pressure loss can be attributed to the AV. Fige
6 demonstrates that healthy valves (cases 1-9) have valve resistance iicés of
around zero, i.e. any pressure lost around the AV is fully recoveredni the AA.
For some cases, recovered pressure even exceeds pressure inLW@T (cases
1-3). This can be explained by the fact that the cross-sectional area of the
AA is typically two to three times larger than the cross-sectional areaof the
LVOT (see Table 2). Due to the larger cross-sectional area, velocity irthe AA
will be lower, and more kinetic energy is converted back into staticpressure.
Hence, pressure may recover beyond that of the LVOT, leading to a rgative
valve resistance index Therefore, a healthy valve, in its open position, exerts

no additional load on the left ventricle at peak systole. For severely snotic

12
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valves, the valve dominates the e ective pressure drop (cases 17 and 18)e.
approximately 90% of the e ective pressure drop is attributed to the AV. This is
in line with numerical results presented by Traegeret al (Traeger et al,, 2015.
Although not the main aim of their work, their illustrations suggest that a v alve
with an area of 0.9 cn? (Gorlin derived) may exhibit a valve resistance index
of approximately 0.9 at ow rates of 200 and 400 ml/s.

Figure 6 clearly demonstrates the inability of v to identify a stenosis
consistently. Due to low- ow, cases 15 and 16 demonstrate apy that would
be considered normal, or mildly stenotic in clinical practice. Howeer, the valve
resistance index for these cases reveals that - similar to other stetic valves -
the e ective pressure drop is dominated by the AV. A disproportional amount
of the pressure loss is due to the presence of the valve. Such a cargibn can
not be drawn from vphax (Fig. 6) and P g measurements alone. Hence, for
cases where AVA and yax conict, indistinet—casesthe valve resistance index

may provide relevant information on stenosis severity.

4.3. Comparison CFD Models

Qualitatively, no major di erences are observed between the trangent mod-
els (Fig. 7). Similar (turbulent) structures are formed distal to the AV whe re
the jet breaks down, and pressure is recovered. Steady-state sifations demon-
strate averaged velocity and pressure distributions, and do not capire local ow
disturbances in detail. Nevertheless, steady-state simulationsapture the global
pressure drop across the AV within reasonable limits. Both truncatedmodels
provide acceptable estimates for the pressure drop across the AV. Ablv pres-
sure drops €10 mmHg) the truncated models overestimate the pressure drop
considerably in the relative sense. An arti cial plug- ow assumption at the
in ow boundary may not be appropriate for the low-gradient cases. Indea,
velocity pro les in the LVOT are not plug-like ( Garcia et al.,, 2011). Work
by Bruening and colleagues shows that signi cant overestimation of thepres-
sure drop can occur when assuming a plug- ow velocity pro le opposedo a

patient-speci ¢ ow pro le from 4D velocity-encoded MRI ( Bruening et al.,

13
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2018. However, di erences between the full and truncated transientmodel are
small in this study, and the added accuracy of the full model may theefore not
outweigh the additional computational cost.

The simpli ed Bernoulli equation - derived from echocardiography measure-
ments in the clinic - overestimates the pressure drop substanglly. Overestima-
tion of the pressure drop is a well known problem with the Simpli ed Bernoulli
equation. Both numerical (Casas et al, 2015 Donati et al., 2017 and pa-
tient studies (Baumgartner et al., 1999 have demonstrated this overestimation.
It should be noted that vihax is directly obtained from the simulated velocity
eld. Clinically, measurements are done with echocardiography, and aditional
sources of errors are likely, such as: poor spatial resolution, misalignent of the

probe, or probe settings (ui et al., 20095.

4.4. Limitations Imaging and Geometry

Segmentation with the SCDM is at the moment only possible for tri-cuspid
AV's. Substantial segmentation errors are expected for bicuspid valve. Weese
et al (Weese et al, 2017 showed that segmentation works in presence of calci-
cations. However, strong calci cations are likely to in uence segmentation ac-
curacy and blood ow. Hence, a thorough evaluation of segmentation accuracy
is required. For example, it may be necessary to map patient-spedci calci ca-
tions onto the shape constrained deformable modelfurther—inaceuraciesmay

Segmentation is performed on electrocardiography triggered CT images at

10% intervals of the R-R curve. It is assumed that the temporal resoluton is
su cient to capture the (fully) open state of the AV. Poor temporal res olution
may also cause over- or underestimation of ow-rate. Mitral regurgitation is
not quanti ed, and patient ow-rates are likely overestimated. For e xample,
patients with severe Mitral valve regurgitation may see a regurgitant fraction of
more than 50% oghbi et al., 2017).
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4.5, Limitations CFD

No valvular uid-solid interaction is considered in this study due t o the nu-
merical challenges and lack of patient-speci ¢ material properties. tis expected
that only local intraventricular and aortic ow elds are inuenced. It is not
expected that peak-systolic pressure drops and.x are a ected. Work by As-
torino et al. supports this choice. Their work suggests that modeling the valve
in the xed open position yields an acceptable approximation for ow at peak
systole, opposed to simulating the fully coupled uid-solid interaction (Astorino
et al., 2012.

The multi-cycle simulations that were performed on case 11 lacked the
patient-speci ¢ mitral valve. As such, end-diastolic ow patterns may not be
physiologically correct. For example, a recent study showed that mital valve
opening dynamics and shape substantially in uence end-diastolic vdex forma-
tion (Vasudevan et al., 2019). Whether the single-cycle approach is stilaccept-

able in the presence of the segmented mitral valve has not been invégated.

5. Conclusion

An image-based CFD work ow of the AV and heart anatomy is presented.
This work ow allows for the computation of a valve resistance index, that quan-
ti es the contribution of the AV to the e ective pressure drop from the LV to
the AA. It is demonstrated that this index has the potential to complementas
the-potential-to—outperform existing measures, such as, yax and the geomet-
ric AVA for patients that demonstrate discordant grading. Furthermore, it is
shown that simplied CFD models provide a reasonable estimate of tle aortic
valve pressure drop at a given ow rate. However, at low- ow conditions simpli-
cations to boundary conditions may not be justi ed, and more physiologically

accurate in ow boundary conditions should be considered.
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Figure 1: Top: schematic of the Left Ventricle (LV), Left Ven  tricular Out ow Tract (LVOT),
Aortic Valve (AV), Vena Contracta (VC) and Ascending Aorta ( AA). Bottom: typical pressure
along the centreline. P y: net pressure drop across the AV. P g: e ective pressure drop
between the LV and AA. P g: Bernoulli estimate, i.e. the maximum pressure drop across
the valve, P gsg: simpli ed Bernoulli estimate from VC velocity. Mitral Val ve (MV) and Left

Atrium (LA) are added for anatomical reference.

Table 1: Pressure drop results over multiple cardiac cycles for case 11

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Pw [mmHg] 6.86 6.90 6.89 6.88 6.94
Pwor [mmHg] 3.42 3.44 3.43 3.43 3.49
v [-] 0.499 0.499 0.498 0.498 0.503

Note: simulations performed with a time-step of 1~ 10 3s to limit simulation times.
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Figure 2: lllustration of the work ow from A) the Shape Const rained Deformable Model
framework ( Ecabert et al., 2011; Weese et al, 2017); B) Segmented aortic valve and left
ventricle and corresponding struetured- surface modelmesh; C) image registration and mesh
truncation; D) 4D CFD Model of the AV and contracting ventric le, 3D truncated transient

model, and 3D truncated steady-state model.
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Figure 3: Boundary and domain de nitions. Boundaries w (light gray line) and  yor
(dark gray line) are deforming. av , sinus » aa (black lines) and o (dashed line) are
static boundaries, i.e. vg is zero. Boundary motion is scaled to zero in the LVOT by a ramp

function f (s), with s the position in the LVOT
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Figure 4: Axial view of the segmented AV for all cases. Cases 1 -9 have a Iyg < 0.25, cases
10 and 11 0.25< Iyr < 0.75, and cases 12-18 a {g > 0.75. Case numbering corresponds to
Table 2.
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Figure 5: Volume renders of velocity (A) and contour plots of  pressure (B) at peak systole for

a healthy valve (left - case 8) and a stenotic valve (right - ca se 17).
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Figure 6: Left: CFD derived v max VS. valve resistance index. Severity classi cations are ba sed
on guidelines (Nishimura et al. , 2014). Healthy: V max < 2.6 m/s. Mild: 2.6 m/s < Vmax <
2.9 m/s, moderate: 3.0 m/s < vmax < 4.0 m/s, severe: vmax > 4.0 m/s. Right: Geometric
AVA vs. valve resistance index. Healthy/Mild: AVA > 1.5 cm?, moderate: 1.0 cm2 < AVA <
1.5 cm?, severe AVA < 1.0 cm2. Furthermore, cases are separated in groups, | yg < 0.25 ( ),
025< Iyg < 0.75( )and Iyr > 0.75 (4 ). Note that the reported AVA is the geometric
projected AVA, and not the e ective orice area (by echocard iography) as reported in the

guidelines (Nishimura et al. , 2014).
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Figure 7: Volume render of velocity magnitude (A) and pressu re contours (B) for each of the
CFD models.
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Figure 8: Comparison between CFD models and their respectiv e P . Top row: scatter
plot with linear regression results and line of equality. Bo ttom row: Bland-Altman of the
di erence. A) Transient truncated model vs. full model ( R?2 =0:998); B) Truncated steady-
state vs. full model ( R2 = 0:998); C) Truncated steady-State vs. truncated transient mo  del
(R2 =0:999).
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Figure 9: Comparison between the Bernoulli estimates and pr essure drops computed with the
full CFD model. A) Bernoulli estimate vs. full model ( R2 = 0:995); B) Simplifed Bernoulli
(4v?) estimate vs. full model ( R%2 = 0:973); C) Simpli ed Bernoulli estimate vs. Bernoulli

estimate (R2 = 0:991).
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Table 2: Pressure drop estimates for each case and all models, ordered by valve resistance index

HR Awor  Aax Am Qmax Ve  PEY  PY P PP PRV PR PROT ve? e Iw?

Case bpm cm? cm?  cm? ml/s m/s mmHg mmHg mmHg mmHg mmHg mmHg mmHg/mm 2mm 0 +2mm

1 73 4.8 3.9 10.1 489 1.47 5.7 -2.3 -1.4 0.4 1.7 8.6 -0.20 -0.33 -0.40 -0.47

2 56 55 4.3 14.7 433 1.14 3.4 -1.1 -0.6 0.4 1.2 5.2 -0.11 -0.25 -0.32 -0.39

3 66 4.6 3.3 9.5 397 1.33 4.6 -0.7 0.1 1.4 2.5 7.1 -0.15 -0.09 -0.15 -0.22

4 58 34 2.4 7.2 330 1.64 8.4 -0.2 0.4 1.2 3.3 10.8 -0.28 0.04 -0.02  -0.09

5 87 3.1 2.3 7.4 178 0.88 2.5 -0.1 0.1 0.4 1.0 3.1 -0.07 0.03 -0.02 -0.08

6 63 4.3 2.7 6.7 321 1.33 5.4 0.2 0.9 1.3 2.3 7.1 -0.18 0.09 0.03 -0.04

7 66 4.1 2.8 7.8 451 1.81 8.8 0.3 1.5 2.8 4.9 13.1 -0.25 0.09 0.03 -0.03

8 61 4.3 2.7 9.5 415 1.75 9.1 1.3 1.5 2.4 4.8 12.2 -0.32 0.21 0.14 0.07

9 66 4.5 3.2 10.2 488 1.76 9.0 1.6 1.4 29 5.4 12.4 -0.29 0.24 0.18 0.11

10 63 5.1 3.0 11.1 635 2.39 18.0 6.8 6.0 7.5 12.5 22.8 -0.70 0.45 0.37 0.30

11 67 4.5 2.3 12.1 296 1.42 6.8 3.3 3.5 3.6 5.0 8.1 -0.19 0.53 0.48 0.42

12 66 3.9 1.3 8.5 416 3.47 41.7 31.8 32.6 32.9 38.4 48.1 -0.63 0.79 0.76 0.73

13 74 3.8 1.2 9.3 510 4.40 65.2 50.0 53.7 52.3 63.0 77.5 -0.46 0.78 0.77 0.75

14 80 3.6 1.3 9.5 417 3.47 40.2 31.6 30.6 31.1 39.8 48.2 -0.40 0.81 0.79 0.77

15 82 5.8 1.6 11.9 302 1.97 12.6 10.6 10.7 11.5 13.2 15.5 -0.26 0.88 0.84 0.79

16 98 4.0 1.1 8.3 286 2.75 26.6 22.8 22.4 22.7 26.3 30.3 -0.26 0.88 0.86 0.84

17 57 4.7 1.0 10.9 511 5.36 102.5 91.5 89.5 89.8 103.2 115.1 -0.77 0.91 0.89 0.88

18 74 5.6 0.9 8.1 251 3.16 36.4 349 339 34.3 38.0 39.9 -0.19 0.97 0.96 0.95

Y Valve resistance index when P yor is taken 2 mm upstream truncation plane

2 Valve resistance index when P yor is taken 2 mm downstream truncation plane

ag4 [9] added
range in
index and
added LVOT
and AA ar-
eas (R.1.7.
&R 22)
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