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Transcatheter aortic valve implantation is a novel treatment
for severe aortic valve stenosis. Due to the recent use of this
technology and the procedural variability, there is very little
data that quantify the hemodynamic consequences of variations in valve placement. Changes in aortic wall stresses and
fluid retention in the sinuses of Valsalva can have a significant effect on the clinical response a patient has to the procedure. By comprehensively characterizing complex flow in
the sinuses of Valsalva using digital particle image velocimetry and an advanced heart-flow simulator, various positions
of a deployed transcatheter valve with respect to a bioprosthetic aortic valve (valve-in-valve) were tested in vitro. Displacements of the transcatheter valve were axial and directed
below the simulated native valve annulus. It was determined
that for both blood residence time and aortic Reynolds
stresses, it is optimal to have the annulus of the transcatheter
valve deployed as close to the aortic valve annulus as possible.
ASAIO Journal 2014; 60:545–552.

transcatheter valve positioning on aortic flow is an important
characteristic of the procedure that has not been studied in
detail. With an open surgical procedure, valve placement is
precise; however, more variability is expected in TAVR due
to the inherent nature of the procedure.3 The most important
consequences of variability in valve placement are impairment
of flow to the coronary arteries and the alteration of valvular hemodynamics, which can affect ventricular performance,
valve durability/function, and aortic wall strain.4 Incorrect
valve placement can lead to significant complications such as
valve embolization and severe paravalvular leak.4 Up to this
point there has been no well-designed study to examine the
hemodynamic effects of differing TAVR positions. Currently,
the recommendation is that the commercially available transcatheter valves should be placed at or just below the native
valve annulus5; however, this has never been quantitatively
confirmed as an optimal position.6 In addition, there is little
data as to whether a more liberal positioning below the annulus would result in negative consequences.
Through a series of in vitro experiments, we recreated conditions mimicking a transcatheter aortic valve being implanted at
several different axial positions with respect to the aortic valve
annulus. Our goal was to determine whether the fluid dynamics of the aortic root and ascending aorta would be significantly altered with valve position at varying cardiac outputs.
Measuring the particle residence time in the aortic root allows
for a surrogate measure of coronary perfusion and potential for
thrombus formation; an exceedingly long residence time can
lead to thrombus formation in the sinus, whereas too short a
residence time does not allow for proper coronary blood flow.7
We also sought to characterize the flow in the proximal aorta
to determine whether TAVR positioning may have deleterious
long-term consequences on the flow in the ascending aorta.
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alcific aortic stenosis (AS) is a common valvular heart
pathology that has become increasingly more prevalent as the
population has aged. Historically, AS patients required invasive
open heart surgery that is not well tolerated by the older and
more medically ill population. However, the option of transcatheter aortic valve replacement (TAVR) has transformed the
treatment of aortic valve stenosis for high-surgical-risk patients
who now have a lifeline, despite their age, comorbidities, or
Society of Thoracic Surgeons’ risk model score.1,2
As the indications for TAVR grow, increased attention is being
paid to the long-term procedural implications. The effects of
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As the systolic and diastolic phases of the cardiac cycle each
takes place at sub-second time increments, a highly accurate
modality with high temporal resolution is needed for imaging.
Digital particle image velocimetry (DPIV) is a robust and validated technique for imaging, assessing, and quantifying cardiac
fluid dynamics in vitro.8–11 The high spatial and temporal resolution of DPIV allows for accurate assessment of cardiovascular
devices such as heart valves under different conditions.12–15 To
utilize DPIV for cardiovascular device assessment, precise replication of cardiac flow fields in vitro is essential. An advanced
cardiac flow simulator, as detailed below, was used for this study.
Experimental Setup
Pulsatile pump system.  The heart-flow simulator consists of
a hydraulic pump system (Superpump system, VSI, SPS3891;
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Figure 1. The heart-flow simulator schematic is illustrated, all
components are included, and their functions are discussed in the
text. LV, left ventricular.

Vivitro Systems, Inc., Victoria, BC, Canada), which operates
based on a VSI Wave Generator VG2001 (Vivitro Systems,
Inc.).16 The system is comprised of a silicone left ventricular
(LV) sac custom-built mimicking the adult human LV suspended in a pressurized container. The schematic of the system is
shown in Figure 1. The periodic, pulsatile flow in the circulatory system is generated as the response of the ventricular sac to
the input waveforms supplied by the pump. The wave generator creates physiological waveforms that reproduce the desired
systolic ratio (SR) of 35% for the LV model; SR is the fraction of
time in a cardiac cycle that the LV is in systole. Particle-seeded
water was used as the circulating fluid.

Aorta model.  To accurately assess the dimensions of a human aorta, published data were used from prior pooled human
echocardiographic studies to determine the proper dimensions.17 It has been validated through direct surgical measurement that both computed tomography and echocardiographic
data are accurate modalities to define human aortic dimensions.18 Using these data, a computerized model was made,
and an aortic model was constructed with acrylic plastic
(Plexiglas) and then was used for this study. The root of the
model is axially symmetric and represents a nonpathologic
state. As seen with many patients with severe AS, the majority
in fact do not have a pathologically dilated aorta.19 Figure 2A
shows the model used in the experiment.
Ventricular model.  The geometry of the ventricle model is
obtained from three-dimensional reconstruction of a normal
adult heart using cardiac magnetic resonance imaging (MRI) in
systolic state. The model is manufactured through dip-molding
in transparent silicone. The LV model was assembled in the circulatory system through connecting to inlet and outlet tubes.
The lengths of the tubes are adjustable to fit to a variety of
ventricular models used for different experiments.
Artificial heart valves.  A 25-mm bileaflet mechanical mitral
valve was placed at the mitral position of the LV. For the aortic
position, a fresh 29-mm Carpentier-Edwards Perimount bioprosthetic surgical aortic valve (Edwards Lifesciences, Irvine, CA)
was used. The selection of a larger bioprosthetic valve was made
to accommodate the transcatheter valve used to ensure full expansion of the stent.20 Allowing for full stent expansion provides
the truest representation of hemodynamics. This experimental
setup was used to obtain baseline data. For the transcatheter aortic valve, a 25-mm Nitinol stented valve with bovine pericardial
leaflets (FOLDAVALVE; Folda LLC, Mission Viejo, CA), which
shares many characteristics with the currently available transcatheter valves, was placed at different positions with respect
to the mock-up aortic root within the bioprosthetic aortic valve
(valve-in-valve). The transcatheter valve’s annulus was placed at
5, 10, 15, and 20 mm below the aortic annulus in the simulator. Each position was tested at 2 and 4 L/min of cardiac output,
which at 60 bpm correlate to a stroke volume of 33 and 66 ml,
respectively. The experiments were then repeated with a new
transcatheter valve of the same type to ensure reproducibility.
DPIV setup.  Neutrally buoyant (Rhodamine B) particles
with a diameter of 15 μm (Fluostar; Kanomax, Inc., Andover,

Figure 2. A: Geometry of the aortic model (side and top views). B: The aortic model with the presence of particle image velocimetry
(PIV) particles during the experimental analysis. The region of interest used for calculating particle residence time is highlighted by a
red box.
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NJ) were used for seeding the flow. A single high-speed digital camera (1,000 frames per second, 1,280 × 1,024; Y3,
IDTVision, Inc. Pasadena, CA) was positioned to capture
the image sequences of the particle fields illuminated by an
Nd:YLF green pump laser (Evolution 30; Coherent, Inc., Santa
Clara, CA) with the beam crossing two valve leaflets. The
pair of images were taken from the plane of interest with a
pulse separation of 1 msec. A BNC 565 pulse-delay generator
(Berkeley Nucleonics Corporation, Berkeley, CA) synchronizes
the laser pump, high-speed camera, and the pulsatile pump
at their proper frequencies such that the image acquisition is
accurately triggered at the beginning of the cardiac cycle and
imaging continued throughout several cardiac cycles.
An interrogation window of 32 × 32 pixels with 50% overlapping was found suitable for the current work according
to the maximal displacement of the particles from one frame
to another. Pixel dimensions were 0.0
5 × 0.05 mm 2 .
The velocity field was obtained by cross-correlating every
two consecutive images with 1-msec pulse separation using
PIVview2C (PIV TEC Gmbh, Göttingen, Germany). No averaging was made in obtaining the velocity frames. The imaging field of the aortic model in one of the experiments is
illustrated in Figure 2B.

information regarding blood cell damage. The Reynolds shear
stress has also been frequently used as equivalent to the viscous shear. In our work, since the flow downstream of the
TAVR had a high fluctuation in the velocity field, we chose
Reynolds stresses to quantify the stresses due to randomness
and fluctuation of the flow when we implanted the TAVR.
Reynolds shear stress is quantified based on the velocity fields
obtained by DPIV analysis. The magnitude and symmetry of the
shear stress can have significant effects on the wall of the aorta
and the aortic valve leaflets.22,23 Since Reynolds stresses are not
invariant under coordinate rotation, the stresses were calculated
along the principal stress axes. Shear stress ρuv was computed in one cardiac cycle according to equations 3 to 5:

( )

Postprocessing Analyses
Particle residence time.  The time required for a designated
particle to leave a region of interest (ROI) is defined as the particle residence time (Tp).9 This index provides quantitative information about flow fields in certain regions around a heart valve and
may correlate with perfusion limitation or enhancement when a
transcatheter valve undergoes a change in position.21 According
to Kheradvar et al.,9 Tp is calculated using equation 1 as:
Tp = å
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where x and v are displacement and velocity vectors for each
particle in the flow-field, respectively. The number of frames
that the particles were traced in the ROI is defined by the index
i, and X is the dimensions of the area or ROI. To quantify flow
stagnation created by each position of the transcatheter aortic
valve, at the beginning of diastole, 1,000 virtual particles were
randomly distributed in the ROI. Particles were then subjected
to the acquired flow field and velocity field in each ROI as
obtained using scattered data interpolation. The error of interpolation was approximated by:
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where i represents either u- or v-component of the velocity,
h = max (∆x,∆y), M2 = max(|∂2ui⁄∂x2|, |∂2ui⁄∂y2|), and
M4 = max(|∂4ui⁄∂x2∂y2|). Using the interpolated velocity vectors and the time gap between each frame, the displacement
vector for each particle at each time instant was calculated.
The displacement vectors were used to update the new location for the particle until the particle moved out of the ROI, at
which time it was considered a washed-away particle.
Reynolds shear and normal stresses.  Reynolds stresses
have recently attracted much attention and provide useful
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ρuv =
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(5)

where ρ is the density of the fluid, u′ and v′ are the components of the fluctuating velocity, and N is the number of
velocity frames in one cycle. In the equations above, ρuu
and ρvv are the Reynolds normal stresses, which are the
stress components normal to the cross-section, and ρuv
representing Reynolds shear stress is the component parallel to the cross-section. This was accomplished by using the
interpolated velocity vectors and the time gap between each
frame, in order to calculate the displacement vector for each
particle at each time instant. Displacement vectors were then
used to update the new location for the particle until the particle moved out of the ROI, at which time it was considered a
washed-away particle.
Data Analyses
For each position of the TAVR, the particle residence time
and the Reynolds stresses were calculated. This computation
was repeated for each cardiac output. The shear stresses are
pertinent to determining the change in the cardiac flow field
that occurs with a change in the position of the transcatheter
valve. These factors illustrate how the forces on the valve leaflets and the aorta will change according to the valve position.
The particle residence time in sinuses of Valsalva can directly
influence local vascular perfusion that primarily occurs during diastole.7,21 Through the application of fluid dynamics, the
fundamental principles for each change in the flow resulting
from each change in the placement of transcatheter valve can
be determined.
Postprocessing
The transcatheter valve was positioned within the aortic
valve at four different distances from the valve annulus. Each
position was analyzed at two different states of cardiac output.
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Combining the four valve positions tested at each cardiac output, we arrived at eight distinct data sets. Particle residence
time was calculated for a population of 1,000 particles and
then plotted as a function of the valve position with respect
to the annulus for 2 and 4 L/min of cardiac output. Through
this comparison, the relative valve positions were compared
at each distinct cardiac output. In addition, the Tp data set was
broken down by the percentage of particles that remained in
the regions of interest for predefined time periods to reach the
final Tp. With respect to the normal and shear stress values, a
representation of the magnitude and symmetry of the stress
was plotted over the aortic model and illustrated for direct
comparison.
Results
The sinus of Valsalva in our aortic model was targeted for as
the region of interest. For every valve position and flow rate,
particle residence time at the sinus and Reynolds shear stresses
within the aortic chamber were calculated. The residence time
was calculated for a distribution of 1,000 imaginary particles
for each valve, which gives a large enough sample size to
accurately determine the effect of the change in valve position.
Particle Residence Time
Figure 3 is a graph of the change in the average particle
residence time that occurs according to the valve position with
respect to the bioprosthetic aortic valve annulus. The two plotted series represent the changes that occur at the two different
flow rates at which the experimental conditions were replicated (stroke volume of 33 and 66 mL, respectively). Since the
experimental conditions for the two valves were identical, the
results produced for particle residence time were consistent;
this can be seen in Table 1. With a heart rate of 60 bpm, the
cardiac output was first set at 2 L/min to represent a low-output
state and then at 4 L/min (stroke volume 33 and 66 ml). Previous work has shown that changes in the heart rate do not produce significant changes in in vitro simulations over a range of
50–90 bpm with regard to hemodynamics; but changes in cardiac output do produce measurable changes.24 Cardiac output
settings were chosen due to the replication of two states of the
LV function: a low-output state, and a near-normal state with a
normal stroke volume.
In Figure 3, it is illustrated that at a flow rate of 2 L/min
the particle residence time remains constant across the first

two valve positions at about 0.5 sec; however, when the
valve was displaced from the annulus to 15 mm and then
to 20 mm, the particle residence time decreased to 0.42 sec
and then to 0.38 sec. Once the flow rate was increased
to 4 L/min a substantially different pattern was observed
in the particle residence time. At valve positions of 5 and
20 mm from the annulus, (i.e., the extremes of the experimental design), the particle residence times were 0.43 and
0.5 sec, respectively. However, in the intermediate positions
of 10 and 15 mm, the particle residence times dramatically
decreased to 0.1 and 0.16 sec, which are only 10 and 16%
of the cardiac cycle, respectively. It should be noted that the
error produced by interpolation for both u- and v-component of the velocity was negligible and was found to be in
the order of 10−6 for all the cases.
These data come with the caveat that particle residence time
is indicative of the time it takes for the particles to be completely washed out of the sinus. In Figure 4, we have shown the
breakdown of the percent of particles that were washed out in
time within the sinus at various time points. For a valve position of 5 mm below the annulus, at a flow rate of 4 L/min, the
vast majority of the particles are in fact washed out by 0.3 sec
and only a few remain past that time. For a valve position of
20 mm, nearly 90% of the particles are washed out by 0.2 sec
and very few lasted past 0.3 sec.
Aortic Reynolds’ Normal and Shear Stress
The Reynolds’ normal and shear stresses downstream of
the transcatheter aortic valve are also major concerns for the
placement of a transcatheter valve. With a change in the flow
patterns that result from a change in the position of the valve
annulus, there is a change in the normal and shear stresses
in the aorta. To determine this we have computed both the
normal and shear stresses in the aorta model. This is shown in
Figures 5 and 6 where the shear stresses are plotted. Normal
stresses followed a very similar pattern and are not included.
Here it can be seen that at the lower flow rate, the shear and
normal stresses are relatively low and the change among valve
positions is not dramatic. However, the one exception to this is
the valve that was positioned 10 mm from the annulus, which
showed an increase in both shear and normal stresses.
When the flow rate increased to 4 L/min, which is a better representative of the normal state of cardiac function, the
Reynolds’ normal and shear stresses dramatically changed.
Figure 6D shows that at a displacement of 20 mm the intensity

Figure 3. Graph of valve position with reference to the native annulus versus particle residence time for the two distinct states of cardiac
output.
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Table 1.  Comparison of the Particle Residence Times for the
Two Transcatheter Valves Examined
Displacement (mm)
CO (L/min)
2
4

Valve, No.

5, sec

10, sec

15, sec

20, sec

1
2
1
2

0.53
0.56
0.43
0.37

0.54
0.57
0.1
0.3

0.42
0.44
0.16
0.14

0.38
0.40
0.5
0.5

Results were similar and consistent. All the virtual particles were
washed away in less than the duration of a cardiac cycle for both
valves.
CO, cardiac output.

of both normal and shear stresses have become more prominent on the wall of aorta.
Discussion
Transcatheter aortic valve replacement is a revolutionary
technology with a potential to be more commonly used in the
near future. A critical component of the procedure is precise
valve placement. Through this work, we have used a series of in
vitro experiments using an advanced left heart flow simulator
to study the hemodynamic effects of varying valve position.25–27
Hemodynamics of valve placement are especially relevant
with respect to coronary perfusion and the stress exerted along
the wall of the aorta.27
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Effects of Positioning on Aortic Root Residence
Time and Coronary Perfusion
The results of our experiments indicate that at a state of low
cardiac output, the particles remained in the sinus of Valsalva
for a constant period of time at 5 and 10 mm displacement
with respect to the aortic annulus. Residence time then diminished with increasing annular displacement, until the nadir at
a displacement of 20 mm. These results are consistent with the
hemodynamics of a low-output state; given a low flow rate
with constant area, flow velocities are reduced significantly,
and, thus, the washout of the particles is less affected. Moreover, the residence time is preserved for the majority of valve
positions with the exception of the displacement by 20 mm,
which is possibly too dramatic a shift in the position of the
transcatheter valve with respect to aortic anatomy to maintain
proper perfusion.
By increasing the cardiac output, particle residence time
remained optimal at both 5- and 20-mm positions. All particle
residence times were less than 1 sec, which was the length of
the cardiac cycle in the experiment. This indicates that there is
minimal risk of thrombosis; however, if the particle residence
time is too short, there may be negative consequences on coronary perfusion.
Although similar numerical values for the particle residence
time at both 5- and 20-mm valve positions were found, these two
values represent quite different particle retention within the sinus
and, perhaps, may exert different effects on coronary perfusion.

Figure 4. Representation of particle residence time at 4 L/min of cardiac output based on the percent of particles washed out of sinus of
Valsalva (region of interest) at each distinct time interval. For each time interval a certain portion of particles are washed out. (A) 5-mm displacement, (B) 10-mm displacement, (C) 15-mm displacement, and (D) 20-mm displacement. It can be observed that a far greater percent of
the particles remain in the sinus past 0.2 sec in the 5-mm displacement than in the 20-mm displacement.
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Figure 5. Reynolds’ shear stress at 2 L/min of cardiac output. Magnitude of the shear stress is indicated in the following color scheme:
Blue indicates low values, and the colors green, yellow, orange, and red indicate increasing values. (A) 5-mm displacement, (B) 10-mm displacement, (C) 15-mm displacement, and (D) 20-mm displacement. For all values other than 10-mm displacement, the stress distribution is
relatively low and symmetric.

The reason the numerically identical values are not equivalent is
that different factors can influence the particle residence time.
At 20 mm of displacement and with 4 L/min of cardiac output,

substantial paravalvular leak was observed due to suboptimal
positioning, which in turn artificially bolsters the particle residence time but can be deleterious to the patients’ left ventricle.

Figure 6. Reynolds’ shear stress at 4 L/min of cardiac output. Magnitude of the shear stress is indicated in the following color scheme: Blue
indicates low values, and the colors green, yellow, orange, and red indicate increasing values. (A) 5-mm displacement, (B) 10-mm displacement, (C) 15-mm displacement, and (D) 20-mm displacement. With an increase in displacement, the shear stress increases dramatically and
becomes more unstable and asymmetric.
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The fact that the 5-mm displacement did not include that caveat
and a large portion of the particles persisted in the sinus may
suggest that this position is associated with an optimal particle
residence time. This would in turn indicate that the placement
of the transcatheter valve very close to the native annulus (i.e.,
no more than 5-mm displacement) is perhaps an ideal position.
Aortic Wall Stresses
Further examination of the effects of the transcatheter valve’s
positioning included studying the effects on the Reynolds’ normal and shear stresses in the aorta. It has been well documented
that an increase in aortic stress and an asymmetry in that stress as
a result of AS can cause a poststenotic dilation.22 This is a result
of the asymmetry of the distribution of the Reynolds’ normal and
shear stresses, along with an increase in their magnitudes. From
a clinical perspective, increasing magnitudes of wall stresses
may result in damage to blood components and potential aortic
wall rupture or dissection. Therefore, the stress distributions of
the various valve positions were studied to determine whether
there was a significant change produced by displacement of the
transcatheter valve from the native annulus.
Shear stresses are represented in Figures 5 and 6. As can be
seen, there is no substantial change in the magnitude or symmetry of the stresses at the low-cardiac-output setting until the
valve is displaced to 10 mm, where there is a minor increase in
magnitude. However, once the cardiac output was increased,
there was a substantial change in both the Reynolds’ normal
and shear stresses for all the valve positions. A position of
5 mm below the annulus produced a low and symmetrically
distributed stress profile. Once the valve was further displaced,
the Reynolds’ normal and shear stresses steadily increased and
became more asymmetric. This increase and asymmetry could
mimic the pathologic conditions associated with AS and, thus,
may impose deleterious effects on the aorta.22 In addition, the
lifespan of pericardial tissue leaflets is limited under normal
conditions; if there is increased stress exerted upon them, this
limited lifespan may be even further shortened.
As we increased the cardiac output and stroke volume, the
valve positioned 5 mm from the native annulus continued to
have Reynolds’ shear stresses, which were symmetrical and
of low intensity. This is perhaps consistent with the normal
and shear stresses produced in the aorta by the blood flow
through a nondiseased native aortic valve. However, unlike in
the low-cardiac-output state, where significant displacement
was required to alter the stresses, here, as the valve displacement from the native annulus increased, the stresses within the
aorta immediately became more asymmetric and considerably increased. Thus, as the cardiac output and stroke volume
increase, the asymmetry of the stresses are substantially more
influenced by the valve position and may have an even greater
negative effect on valve function and durability.
Clinical Impact
By utilizing a carefully designed series of in vitro experiments, we have studied the hemodynamic consequences of
various positions of a transcatheter aortic valve placement.
These experiments demonstrated that placement of the transcatheter valve annulus should be carefully matched to be at or
just below the aortic valve annulus.

From a clinical perspective, these studies highlight the need
for increased accuracy in procedural imaging to accurately
implant TAVR devices within either the native aortic or a previously implanted annulus. Currently, catheterization labs rely
largely upon angiography to position the prosthetic valve.
However, this two-dimensional imaging modality may not
be sufficient to properly place the valve in the optimal position. Further research is required to investigate new procedural
imaging techniques that may improve outcomes. Additional
clinical implications include the potential advantages of using
a repositionable valve, including, importantly, the overall risk
mitigation facilitated by such a valve. Finally, making clinicians aware of the potential consequences of increased annular displacement may foster the development of more accurate
delivery systems. A weakness of our study is that we did not
directly simulate the coronary perfusion. We focused only on
the hemodynamics downstream of the TAVR valve; as a result,
we did not have the upstream velocity field. Therefore, we are
unable to estimate the pressure gradient and energy loss.
Conclusion
In summary, valvular hemodynamics is an important consideration in TAVR as long-term outcomes may be substantially
affected if the flow is altered through a transcatheter valve.
Both particle residence time and Reynolds’ shear stress downstream of the transcatheter valve were substantially affected by
the position of a valve in our experiments. We have shown that
placement of a transcatheter valve within the annulus of a bioprosthetic valve at no more than 5-mm distance from the annulus should be ideal. Any further displacement of the valve can
be associated with detrimental effects on the observed hemodynamics. The study results suggest that the transcatheter valve
placement as close to the native valve annulus as possible will
provide optimal hemodynamics in the sinuses of Valsalva and
ascending aorta.
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