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Abstract

Objectives: Studied under clinical trials, transcatheter aortic valves (TAV) have demonstrated good short-term feasibility and results in
high-risk surgical patients with severe aortic stenosis. However, their long-term safety and durability are unknown. The objective of this
study is to evaluate hemodynamic changes within TAV created by bioprosthetic leaflet degeneration. Methods: Computational fluid dynamics
(CFD) simulations were performed to evaluate the hemodynamics through TAV sclerosis (35% orifice reduction) and stenosis (78% orifice
reduction). A three-dimensional surface mesh of the TAV within the aortic root was generated for each simulation. Leaflets were contained
within an open, cylindrical body without attachment to the sinus commissures representing the stent. A continuous surface between the
annulus and TAV excluded the geometry of the native calcified leaflets and prevented paravalvular leak. Unsteady control volume analysis
throughout systole was used to calculate leaflet shear stress and total force on the TAV. Results: Sclerosis increased total force on the TAV
by 63% (0.602–0.98 N). Advancement of degeneration from sclerosis to stenosis was accompanied by an 86% increase in total force (1.82
N) but only a 32% increase in peak wall shear stress on the leaflets. Of the total force exerted on the TAV, 99% was in the direction of axial
flow. Shear stresses on the TAV were greatest during peak systolic flow with stress concentrations on the tips of the leaflets. In the normal
TAV, the aortic root geometry and physiologic flow dominate location and magnitude of shear stress. Following leaflet degeneration, the
specific geometry of the stenosis dictates the profile of axial velocity leaving the TAV and shear stress on the leaflets. A dramatic increase
in peak leaflet shear stress was observed (115 Pa stenosis vs. 87 Pa sclerosis and 29 Pa normal). Conclusions: CFD simulations in this study
provide the first of its kind data quantifying hemodynamics within stenosed TAV. Stenosis leads to significant forces of TAV during systole;
however, diastolic forces predominate even with significant stenosis. Substantial changes in peak shear stress occur with TAV degeneration.
As the first implanted TAV begin to stenose, the authors recommend watchful examination for device failure.
� 2009 Published by European Association for Cardio-Thoracic Surgery. All rights reserved.
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1. Introduction

Current transcatheter aortic valve (TAV) prototypes have
been developed as a minimally invasive treatment for high-
risk patients not suitable for surgical aortic valve replace-
ment. TAV implantation in patients with severe aortic
stenosis has shown excellent short-term procedural out-
comes w1–3x. Acutely, transvalvular gradients are substan-
tially reduced, valve area is increased, and ejection
fraction is improved. Alain Cribier, who performed the first
in man TAV procedure in 2002, has reported excellent mid-
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term follow-up results, including two patients with stable
aortic valve area (1.64 cm ) and mean aortic gradient2

(12 mmHg) at 24 months postoperatively w4x. These clinical
successes may prompt physicians to consider TAV as a less
invasive treatment for younger, healthier patients who
would traditionally be candidates for surgical aortic valve
replacement. However, patients currently receiving TAV
have relatively short life expectancies, and thus it is
unlikely that present studies will yield data about long-
term device durability.

Current TAV contain bioprosthetic leaflets, which are
subject to structural deterioration over time. Over
20 years, 20–30% of surgically implanted bioprostheses with
pericardial valves must be explanted, primarily due to
structural valve deterioration. Degeneration occurs more
rapidly in young patients, and the rate of failure acceler-
ates exponentially 10 years after AVR; patients age 50 years
have twice the probability of explant (60% vs. 30%) as
those 10 years older w5x. Such failure would also be expect-
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Fig. 1. Surface mesh of the aorta, extending from the annulus to proximal
aortic arch.

ed of TAV if the technology’s indications are expanded to
younger patients.

In this investigation we have developed a simulation of
flow through TAV using computational fluid dynamics (CFD).
The unique geometry of TAV likely yields different hemo-
dynamics from that of surgically implanted prostheses. CFD
simulations were used to quantify the spatial gradient of
the blood pressure during ejection, the resulting force
acting on the prosthesis, as well as the wall shear stress on
the TAV. Since the TAV bioprosthetic leaflets will gradually
degenerate and stenose, we hypothesize an incurring
change in hemodynamics that could potentially accelerate
leaflet degeneration, reduce prosthetic stability, or cause
hemostatic abnormalities. The transvalvular pressure gra-
dient developing from a decrease in effective orifice area
will create a substantial systolic ejection force. Unlike
surgically sutured bioprostheses, ejection force may dis-
lodge the TAV similar to distal migration of an abdominal
aortic stent graft.

2. Materials and methods

2.1. Mesh generation

For the CFD simulation, a rigid surface mesh was gener-
ated to represent the geometry of a TAV implanted within
the aorta. Fluid flows through the modeled aorta, which
extends from the annulus to the proximal descending aorta
(Fig. 1). The sinus is a symmetric approximation of human
anatomic dimensions; this geometry has been used in
previous computational simulation of blood flow through
the aortic valve w6x. The relevant dimensions are aortic
valve radius (12 mm), sinus depth (5.75 mm), and sinus
height (21 mm). The aortic arch is modeled as a simple
curved pipe. Prior CFD simulations have indicated that
aortic root geometry has a negligible effect on flow distal
to the ascending aorta, justifying this simplification w7x.
Within the root is a second mesh estimating the geometry
of current TAV design w8x, an open cylinder with an internal
diameter of 24 mm representing free standing leaflets
within the stent. An illustration of a TAV implanted in a
stenotic root is presented in Fig. 2. During systole the
leaflets open to the stent, forming the open cylinder; the
stent itself is assumed to have a negligible effect on flow,
and thus is excluded. However, because the leaflets are
within a stent, they have no attachment to the commissures
of the aorta (Fig. 2). Finally, the TAV mesh is merged to
the aortic mesh at the annulus, creating a contiguous
boundary and preventing any paravalvular leak to the left
ventricle.

Following the initial simulation, two additional TAV mesh-
es were created to simulate 1) aortic sclerosis, a 35%
reduction in orifice area (2.93 cm ); and 2) aortic stenosis,2

a 78% reduction in orifice area (1 cm ). No data are yet2

available on structural degeneration of TAV, so the geome-
try of stenosis had to be estimated. In a classic study,
Thubrikar et al. showed that degenerative calcification of
bioprostheses is initiated in the region of leaflet flexion
where tissue is exposed to the greatest mechanical stress,
a result also observed in vitro w9, 10x. We, therefore,
predict that calcification will develop on the epipericardial

(aortic) surface of each TAV leaflet, preventing complete
opening of the valve leaflets. This pattern would lead to
an asymmetric reduction in orifice area. The desired effec-
tive orifice area was created by simulating individual leaflet
degeneration, where three points 1208 apart were brought
toward the center of the cylinder (Fig. 3).

2.2. Computational fluid dynamics (CFD)

The loading conditions applied to the mesh were taken
from literature, representative of normal aortic pressure
(120y80 mmHg) w11x. The CFD methodology utilized in this
study has previously proven its efficacy characterizing flow
in the aortic arch and bifurcations w7x. This approach
requires a detailed, three-dimensional and time-dependent
description of flow through the aortic valve. The simulation
is driven by a system of fluid flow equations known as the
Navier–Stokes equations, which for an incompressible fluid
in dimensionless control volume form are:

™ ™
V ØdA s0 Continuity (1)||

S
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Fig. 2. Illustration of an implanted TAV.

Fig. 3. (a) Surface mesh of TAV sclerosis. Orifice area has been reduced by
35%; (b) sclerotic TAV within the aortic sinus. The separation of the two
meshes is shown for clarity.

™
2 ™ ™ ™a ≠V

dVq (V Ø=)V dV||| |||Re ≠tV V
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sy p ØdA q tØdA Momentum (2)|| ||ReS S

where p is the pressure, is the viscous stress tensor,t

is the Reynolds number, is the Wom-
– y1 2B E2RU v

C FRes asR
D Gn n

ersley parameter, R is the inlet radius of the aorta, isU
the maximum inlet velocity, n is the kinematic viscosity of
the fluid, and v is the inlet pulse frequency (vs2pf where
f is the heart rate). Blood flowing through the aorta is
modeled as a Newtonian fluid, standard for CFD simulations
of arterial flow, using ;600,000 finite elements w12x. Com-
putational evaluations are made at discrete time intervals;
one heart cycle requires 320 computational steps per

second. Values for the maximum velocity and flow area
are:

2U s60 cmysec A spr rs1.2 cmmax flow

y4 2A s4.52=10 m (3)flow

The total force on the aortic valve is obtained by perform-
ing an unsteady control volume analysis around the outer
surface of the valve equivalent to the force necessary to
hold the valve on the root w13x. There are four contributions
to the force, and they are the following: (1) the fluid
momentum flux at the inlet and exit of the valve; (2) the
unsteady change of momentum in the valve control volume;
(3) the dynamic pressure force on the valve; and (4) the
viscous shear stresses on the outer wall of the valve. Total
force was made dimensionless, allowing a good estimation
of force to be made over a significant Reynolds number
and size range. However, force is presented in Newtons for
the specific geometries used.

The dimensionless force coefficient, , is defined asCforce

ForcerealC s where r y fluid densityforce 2rU Amax flow

U y Maximum flow velocity (4)max

The values of pressure and shear stress in the figures have
also been made dimensionless in the following manner

p tdynamic realps ts
2B EU Umax maxC Fr m

D G2 Diameter

and

2B EU Umax maxC Fr s90 Pa and m s0.084 Pa (5)
D G2 Diameter

3. Results

3.1. TAV hemodynamics

Results of the simulation yield ;300 ms of systolic flow
through the TAV; peak flow occurs at ;160 ms following
the beginning of unsteady flow. The normal, unstenosed
TAV creates a converging jet flow distal to the valve. A
high velocity stream in the center of the lumen of the
ascending aorta is created, with maximum axial velocity of
;147 cmys (Fig. 4a). However, because the total lumen
area increases in the ascending aorta, average velocity
decreases. Velocity fields through the aortic arch are essen-
tially identical to those within a simple curved pipe mesh
without addition of the aortic root geometry, suggesting
that implantation of the TAV has a negligible effect on
hemodynamics downstream of the ascending aorta. Instead,
the Womersley parameter, sensitive to changes in heart
rate, dominates the profile of flow within the arch. Fig. 4a



ARTICLE IN PRESS

304 H.A. Dwyer et al. / Interactive CardioVascular and Thoracic Surgery 9 (2009) 301–308

Fig. 4. Flow through normal TAV: (a) velocity vectors and dynamic pressure
contours at peak acceleration; (b) velocity vectors and vertical velocity
profiles at peak flow.

Fig. 5. Flow through stenotic TAV: (a) velocity vectors and dynamic pressure
contours at peak acceleration; (b) velocity vectors and vertical velocity
profiles at peak flow.

presents a profile view of velocity vectors and dynamic
pressure contours at peak fluid acceleration. This illustrates
the gradient of pressure at the TAV, the complex jet flow
immediately distal, and the unaffected pressure and veloc-
ity profiles in the arch.

Flow at the level of the TAV and aortic root is dominated
by the geometry of the TAV and to a lesser extent that of
the sinus. The volume of the sinus cavity is fixed because
this simulation does not portray moving leaflets of the TAV
nor dynamic root expansion. Thus, the net flow of the
incompressible fluid into or out of the sinus must be zero.
There are nonetheless complex, unsteady flows in the sinus
cavity due to entrainment of fluid in the sinus. Blood is
recirculated locally at the valve tip; blood leaving the sinus
along the aortic face of the TAV leaflet pulls new blood
into the sinus from near the aortic root wall creating
regions of both positive and negative axial flow (Fig. 4b).
In this figure, color contours represent the profile of the
velocity field, not the pressure field as in Fig. 4a; i.e. red
represents the greatest magnitude of velocity in the posi-

tive axis of the aortic root. Vectors represent the direction
and magnitude of fluid velocity.

3.2. Stenosis hemodynamics

Results of CFD simulations of the stenotic TAV are similar
qualitatively to that of the normal prosthesis, but with
quantitative differences. The sinus and TAV geometry was
shown in the previous simulation to have a negligible effect
on aortic arch hemodynamics. The further reduction of
orifice area created by TAV stenosis increases fluid velocity
distal to the prosthesis, but velocity profiles and pressure
gradients in the arch are largely unaffected (Fig. 5a).
Stenosis of the TAV does, however, greatly alter the flow
in and around the stent, creating significant gradients of
both velocity and pressure in the aortic root. Even at aortic
sclerosis, the maximum flow velocity has increased approx-
imately 60% from the maximum flow velocity in the normal
TAV (Fig. 5b). Fluid entrainment into the sinus remains,
generating similar vortical flows and recirculating blood
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Fig. 6. Axial velocity profile at peak flow immediately distal to a sclerotic
TAV.

Fig. 7. Comparison of wall shear stress in a TAV: (a) normal; (b) sclerotic;
and (c) stenosed.

around the leaflet tips. The specific geometry of the
stenosis appears to be the dominating factor in the profile
of axial fluid velocity leaving the TAV (Fig. 6). Clinically,
the shape of a diseased aortic valve can vary significantly
from patient to patient; thus, the profile of fluid velocity
entering the ascending aorta will vary greatly as well.
Nonetheless, the generalized blockage effect shown in the
paper captures important hemodynamic features of the
stenosis.

3.3. Wall shear stress

The profile of wall shear stress on the leaflets of the open
TAV has been examined, as well as the magnitude or
absolute value of the total wall shear stress (Fig. 7). Peak
shear stress occurs near the tip of the leaflets, and peaks
during maximum flow through the valve, an observation
seen in both the root and the aortic arch w7x. Although the
normal TAV is a simple open cylinder, there is an asymmetric
profile of wall shear stress on the leaflets, indicating that
the sinus geometry and fluid entrainment are largely
responsible. At initial implantation, stress during peak flow
is in the range of 8–18 Pa. Maximum stress occurs at the
location of fluid recirculation into the sinus, the tip of the
TAV, reaching a value of 29 Pa. Stenosis of the TAV dramat-
ically increases average and peak wall shear stress during
systole. The geometry of the calcified leaflets not the sinus
geometry is now the dominating factor determining the

profile and magnitude of wall shear stress. In the sclerotic
TAV shear stress on the leaflets is in the range of 30–50 Pa.
Progressing to severe stenosis causes a much smaller
increase in average wall shear stress, ;40–60 Pa. In both
simulations peak stress now occurs at the region of greatest
stenosis again at the tip of the TAV leaflets. Unlike average
stress, peak wall shear stress continues to increase dra-
matically, reaching 87 Pa for TAV sclerosis and 115 Pa for
severe stenosis.

3.4. Ejection force

An estimation of the total force exerted on the TAV may
be important for predicting device failure. Total force
presented here is the magnitude of force in all three axes,
but 99% of this value is in the direction of flow. By far, the
pressure gradient created by the reduction of orifice area
is the largest component contributing to total force. For
all models, total force peaks during maximum flow. This
force reaches 0.98 Newtons for TAV sclerosis and 1.82
Newtons for severe stenosis (Fig. 8). To put the magnitude
of force in perspective, a gross estimation of retrograde
force on the TAV during diastole can be easily calculated.
Given an average diastolic gradient of 80 mmHg and the
total in-plane surface area of the closed TAV, the total
force is ;4.83 Newtons. While this is a rough estimate, it
demonstrates that even severe stenosis of the leaflets
creates an ejection force of one-third of the normal dia-
stolic load.

4. Discussion

Simulation with CFD has shown to be a useful tool for
quantifying TAV hemodynamics and the effect of bioprosth-
etic leaflet stenosis on flow. The impact of the TAV, either
normal or stenosed, on flow in the aortic arch is negligible.
However, aortic root hemodynamics are significantly
altered by stenosis. The specific geometry of the leaflet
stenosis appears to dominate the profile of axial velocity
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Fig. 8. Ejection force on normal, sclerotic, and stenosed TAV.

leaving the TAV and shear stress on the leaflets. Advance-
ment of TAV degeneration from sclerosis to stenosis is
accompanied by an 86% increase in total force acting to
eject the device and a 32% increase in peak wall shear
stress on the leaflets.

4.1. Flow through aortic valves prostheses

The presented simulation has not been validated experi-
mentally, and thus a comparison with hemodynamic meas-
ures in literature is important. Our calculations of TAV flow
show many similarities with in vitro studies of normal and
bioprosthetic aortic valves. As compared to the peak veloc-
ity 147 cmys in TAV, flow through stented bioprosthesis
reaches 200–300 cmys, which dissipates shortly distal. Flow
through non-stented bioprosthesis and native aortic valves
are 125–200 cmys and 135 cmys, respectively w14x. Consis-
tent with TAV, computational analyses of surgical biopros-
theses have shown complex fluid interaction at the leaflet
tips and a recirculating zone of vortical flow in the sinus
w15x. This flow is thought to be important for aiding
coronary flow and fast, efficient valve closure. Finally, the
effect of stenosis geometry has been examined in a pulse
duplicator study. When aortic valve leaflets were obstruct-
ed with silicone rubber, the specific orifice shape dictated
the velocity of axial velocity 25 mm distal to the valve
w16x.

Overall, measurements of wall shear stress in our model
of the TAV were higher than that seen for aortic valves in
literature. Weston et al. found asymmetric distribution of
shear stress on polymeric leaflets within an acrylic aortic
root, consistent with the TAV; greatest shear stress was at
the tips of the leaflets. They reported a peak of ;8 Pa,
slightly lower than our measurements of average stress on
the TAV leaflets but considerably less than our calculated
peak stress w17x. Wall shear stress on the normal TAV was,
however, lower than that measured for mechanical pros-
theses. Two tilting disc valves created wall shear of 30–

50 Pa during systole in a pulse duplicator w18x. In order to
simulate the effect of stenosis, Stevenson et al. modeled
the aortic valve as a hollow cylinder, similar to the geom-
etry we have used, but then created stenosis with an
axisymmetric reduction in diameter. A cylindrical orifice
size of 1.1 cm resulted in a peak wall shear stress of 82 Pa2

w19x. Although this is still less than our calculation of
115 Pa, it is important to note that TAV stenosis is not
cylindrically shaped, creating areas of concentrated high
shear stress.

4.2. TAV orientation

One important observation of this study is that the sinus
cavity helps to direct flow leaving the TAV. Unique among
bioprosthetic aortic valves, TAV have a free axis of rotation
within the annulus at the time of implantation. Minimally
invasive, transcatheter delivery creates the possibility of
malalignment between TAV leaflets and the aortic root
sinus. Vortical sinus flow similar to that seen in this model
plays an important role in efficient closure of native and
surgical bioprosthetic valve leaflets w14, 20x. Altering the
valve’s kinematics may have implications on the long-term
durability of the prosthesis. Pericardial tissue leaflet stress
is directly correlated with calcification and tissue failure;
degeneration appears at the sites of large flexure strains
w9, 10x. Durability will be a critical issue for percutaneous
heart valves should the technology become available to a
larger patient population in the future w21x. Similar to their
surgical counterparts, increasing the lifespan of TAV will
likely be dependent on improving the valve’s ability to
function normally within the root and reducing concentra-
tions of stress w22x. Incorrect orientation of the TAV within
the annulus could create irregular leaflet kinematics and
accelerate structural degeneration. Future work investigat-
ing the relationship of TAV orientation on flow would
require a full fluid-structure interaction model, but is
important for evaluating the sensitivity of valve function
to correct alignment with the sinus.

4.3. Hemodynamic disturbances

The effect of stenosis of the native aortic valve on platelet
and blood cell injury and the formation of thrombus has
been studied experimentally and observed clinically. Aortic
valve stenosis is associated with bleeding episodes due to
acquired type 2A von Willebrand syndrome. In one clinical
study, high shear stress due to reduced effective orifice
area led to platelet-function abnormalities, decreasing
blood concentration of large von Willebrand factor multi-
mers and collagen-binding activity w23x. These abnormali-
ties were present in 67–92% of patients with severe aortic
stenosis, and the magnitude of hematologic abnormality
was significantly correlated with the mean transvalvular
gradient w23x. Experimental evidence has also shown that
red cells and platelets are susceptible to damage under
conditions of high shear stress in blood vessels w24x. Dam-
aged blood elements are powerful activators of thrombus
formation, which could occur in flow stagnations or eddies
formed around the stainless steel stent of TAV. Our meas-
urements of peak shear stress during sclerosis are within
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the range of platelet and cell injury, albeit briefly, and
both average and peak shear stress during severe stenosis
are well within this range.

4.4. Stent migration

Migration is a known complication of stent grafts, such as
abdominal aortic aneurysm stent grafts, and is potentially
lethal for TAV. This study has shown that degenerative
stenosis is accompanied by a very large increase in total
force in the direction of axial flow. Compared to the normal
TAV, ejection force increased 63% for a sclerotic TAV and
202% for a stenotic TAV. However, compared to the diastolic
force acting to push the TAV into the left ventricle, ejection
force is substantially less; even in severe stenosis the
magnitude of ejection force is approximately one-third of
normal diastolic force. Migration of TAV in either direction
has rarely been seen clinically despite the high pressure
gradient w4x. As an explanation, Walther et al. have pro-
posed that the rigid, calcified annulus contributes to the
stent’s stability providing sufficient frictional force to pre-
vent migration to the aorta or left ventricle w25x. In
addition, the effect of TAV healing into the annulus or
pannus growth into the TAV is yet to be determined, but
will likely further secure the stent. At this time, the force
required to cause acute failure of the TAV, such as migra-
tion, stent fracture or leaflet detachment, is unknown.
However, given the initial stability of the TAV in the annulus
and the results of this simulation, distal migration due to
stenotic orifice restriction does not seem to be a concern.

4.5. Study limitations

One limitation of the CFD model is that systolic flow
begins after an instantaneous opening of the valve; leaflets
maintain a fixed position within the TAV through end-
systole. Currently, the kinematics of TAV leaflet opening at
the beginning of systole are unknown. We assume that the
overall hemodynamics throughout systole, not the initial
instantaneous flow, is most important. Additionally, meas-
ures of shear stress and total force reported at peak flow
are unaffected by the short period of leaflet opening. It
should nonetheless be mentioned that in vivo leaflet motion
will displace fluid in the sinus, perhaps altering our model’s
simulation of sinus entrainment and shear on the aortic
surface of the leaflets. Incorporating leaflet kinetics with
a fluid-structure interaction model would improve upon
this limitation and should be examined in the future.

5. Conclusions

Computational models and in vitro experiments have been
implemented to study hemodynamics of the native and
bioprosthetic aortic valve, but to our knowledge none for
TAV. The fluid dynamics of TAV are similar to that of the
native aortic valve and comparable to surgical bioprosthes-
es. Although not validated experimentally, our simulation
of flow is consistent with previous findings of prosthetic
aortic valve function. Peak flow created in the TAV is
slightly greater than the average native valve or non-
stented bioprosthesis, but less than stented bioprostheses.
In the normal TAV, there is a concentration of wall shear

stress at the leaflet tips. Both average and maximum wall
shear stress at peak flow exceed that measured in vitro for
surgical bioprostheses, but are less than that of mechanical
prostheses. Stenosis rapidly accelerates the magnitude of
wall shear, reaching values that could be clinically relevant
to hemolytic injury and thrombus deposition. Finally,
although distal migration is a clinical hazard of stents in
the abdominal aorta, TAV seem well seated in the calcified
annulus. Considering their initial stability under the dia-
stolic pressure gradient, ejection during systole is likely
not a concern.

Glossary

t Time
f Heart rate
R Radius

Area™dA
dV Volume
r Fluid density
P Dynamic pressure
m Viscosity
y Kinematic viscosity

Shear stresst

Fluid local velocity™V
Mean velocityU

U Maximum velocitymax
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