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Abstract Valve-in-valve transcatheter aortic valve replacement (VIV-TAVR) has proven to be
a successful treatment for high risk patients with failing aortic surgical bioprostheses. However,
thrombus formation on the leaflets of the valve has emerged as a major issue in such procedures,
posing a risk of restenosis, thromboembolism, and reduced durability. In this work we attempted
to understand the effect of deployment position of the transcatheter heart valve (THV) on the
spatio-temporal flow field within the sinus in VIV-TAVR. Experiments were performed in an
in vitro pulsatile left heart simulator using high-speed Particle Image Velocimetry (PIV) to
measure the flow field in the sinus region. The time-resolved velocity data was used to understand
the qualitative and quantitative flow patterns. In addition, a particle tracking technique was
used to evaluate relative thrombosis risk via sinus washout. The velocity data demonstrate that
implantation position directly affects sinus flow patterns, leading to increased flow stagnation
with increasing deployment height. The particle tracking simulations showed that implantation
position directly affected washout time, with the highest implantation resulting in the least
washout. These results clearly demonstrate the flow pattern and flow stagnation in the sinus
is sensitive to THV position. It is, therefore, important for the interventional cardiologist and
cardiac surgeon to consider how deployment position could impact flow stagnation during VIV-
TAVR.
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Nomenclature

TAV R transcatheter aortic valve replacement
THV transcatheter heart valve
V IV Valve-in-valve

1 Introduction

Aortic stenosis is the most prevalent valvular heart disease in developed countries [17] and
high mortality is associated with untreated severe aortic stenosis [4]. Patients diagnosed with
moderate or severe aortic stenosis undergo surgical aortic valve replacement; approximately
67,500 surgeries are performed annually in the US [5]. In the past 20 years, surgical aortic valve
replacement has seen a dramatic shift toward the use of bioprosthetic over mechanical heart
valves [2]. However, tissue bioprostheses suffer from the same failure modes as native aortic
valves, namely calcification-induced stenosis. With the increasing use of surgical bioprostheses,
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it is expected that the number of patients diagnosed with a degenerated bioprosthesis will only
increase [8]. Though a second surgical procedure is often not an option due to high surgical
risk, valve-in-valve transcatheter aortic valve replacement (VIV-TAVR) has emerged as a viable
non-surgical treatment [11]. Recently, the Food and Drug Administration approved the SAPIEN
(Edwards Lifesciences, Irvine, CA, USA) and CoreValve (Medtronic, Dublin, Ireland) valves
for VIV-TAVR in the US. Large databases of retrospective patient data have been utilized
to demonstrate the feasibility of this technique as a successful solution [8,9]. Yet, while VIV-
TAVR may restore valve function and improve symptoms, adverse events such as elevated post-
procedural gradients (28.4%), coronary obstruction (3.5%), device malpositioning (15.0%) and
valve leaflet thrombosis (4%) have been reported [1,7,10,14,6]. Poor understanding of optimal
VIV deployment locations and transcatheter heart valve (THV) hemodynamics may explain
some of these complications.

The primary motivation of this study was to understand a specialized case of VIV-TAVR,
in which a patient presented with a failing surgical bioprosthesis smaller than what currently
available THVs can accommodate. Here, the interventional cardiologist could perform an off-
label procedure using the smallest available THV size and risk residual stenosis due to an
incompletely deployed THV. In this particular case, the post-procedural pressure gradients are
expected to be much higher for two primary reasons: a) the patient has a small bioprosthesis
size to begin with and b) implanting a transcatheter valve further reduces the orifice area. A
viable solution to this contraindicated case is to implant the THV supra-annular with respect
to the recommended position and create a flared downstream opening (flower pot geometry) as
seen in Figure 2. Our recent study [15] investigated the risks and benefits of the supra-annular
implantation of a balloon-expandable THV. The results of that study demonstrated the capacity
for supra-annular valve positioning to lower post-procedural gradients from 33 mmHg (normal
deployment) to 13 mmHg (extreme supra-annular deployment). On the other hand, this was
observed to obstruct the flow in the sinus of Valsalva, which could lead to decreased coronary
flow and/or increased stagnation-induced thrombosis risk. Based on Virchow’s triad, it is well
accepted that blood flow stagnation after contact with cardiovascular devices can result in
thrombus formation [13,18,24] highlighting the need for a more complete profiling of stagnation
zones in and around THVs. It should be noted that a direct relationship between flow stagnation
in the sinus and valve thrombosis is yet to be established in the literature, however evaluation
of this risk is critical, especially in the light of recent evidence of sub-clinical leaflet thrombosis
on THVs [14,6].

In this work, we attempted to understand in detail the effect of supra-annular positioning
on the spatio-temporal flow field within the sinus region in a contraindicated VIV-TAVR. High-
speed Particle Image Velocimetry (PIV) was used to measure the flow patterns in the sinus region
for this case. The temporally resolved velocity field data was used to understand the qualitative
and quantitative flow patterns in the sinus region. Furthermore, a particle tracking technique
was used to analyze particle residence times within the sinus region to evaluate thrombosis risk.

2 Materials and Methods

2.1 Left Heart Simulator

The Georgia Tech Left Heart Simulator (Figure 1) is a validated pulsatile flow loop that sim-
ulates physiological and pathophysiological hemodynamic conditions of the heart [25]. Devices
being tested were mounted in an idealized, rigid, acrylic aortic chamber based on published av-
erage anatomical measurements (Figure 3) [12,21]. The chamber simulates the aortic root and
proximal ascending aorta of a healthy adult, however these average anatomical measurements
fall within the range of patients who have undergone a valve replacement procedure. The choice
of a healthy patient anatomy was made due to the lack of a true “average” diseased patient
anatomy. Physiologic pressures and flows were achieved through adjustment of systemic resis-
tance and compliance elements, as well as a system of solenoids that control the contraction and
relaxation of a bladder pump. A custom LabVIEW VI (v.12.0, 2012, National Instruments Cor-
poration; Austin, TX) controlled the triggering of the solenoids and recorded the instantaneous
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flow rate measured by an electromagnetic flow probe (600 series, Carolina Medical Electronics;
East Bend, NC). Pressures were measured with Deltran DPT-200 pressure transducers (Utah
Medical Products, Inc.; Midvale, UT) on either side of the test section. The loop was tuned to a
mean arterial pressure of 100 mmHg, cardiac cycle length of 856 ms (∼1/3 systole), and mean
cardiac output of 5.0 L/min. The working fluid was a 3.5 cSt saline-glycerine solution (36%
glycerin by volume in water) to match the kinematic viscosity of blood.

Fig. 1 The Georgia Tech Left Heart Simulator is a validated pulsatile flow loop that simulates physiological conditions of
the left heart [25]

Fig. 2 A schematic representation of the VIV deployment positions. The surgical valve frame is shown in white, and
leaflets shown in dark brown. The THV leaflets are shown in light brown and are attached to a metallic stent

2.2 Valve Deployment

A 19 mm PERIMOUNT tissue bioprosthesis (Edwards Lifesciences) was tethered into the aortic
chamber by 6 interrupted sutures evenly spaced around the suture cuff. The internal diameter
of the PERIMOUNT is 17 mm. Subsequently, a previously unused 23 mm balloon-expandable
SAPIEN XT (Edwards Lifesciences, Irvine, CA, USA) was deployed in each of 4 positions
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Fig. 3 The region of interest (ROI) in the study is denoted by the red dashed line in panel A. The green line in panel B
indicates the plane in which PIV data was captured. Panel B is a 90◦ radial rotation of panel A

(Figure 2). The THV commissures were aligned approximately 60 degrees out of phase from the
surgical valve commissures (illustrated in Figure 3). The 23 mm SAPIEN XT is indicated for
annulus diameters between 18 and 22 mm. Due to a lack of VIV deployment recommendations
provided by manufacturers, the normal position was defined by the ViV Aortic phone application
- a tool commonly used by cardiologists as a reference for valve sizing and positioning. In a
normal deployment, the bottom of the THV stent is aligned with the bottom of the surgical
bioprosthesis sewing ring. The remaining positions were 3 mm, 6 mm, and 8 mm supra-annular,
relative to the normal position. Due to the geometric constraints of the deployment, each VIV
configuration has a different degree of supra-annular flaring (“flower pot” geometry).

2.3 Particle Image Velocimetry Instrumentation

High-speed PIV was used to measure the velocity field in the sinus region of the aortic flow
chamber. These 2-dimensional, 2-component, time-resolved measurements of the sinus flow ve-
locities were used as a means of assessing relative risk of thrombosis induced by flow stagnation.
A diode-pumped continuous wave solid-state laser (Shenzhen Optolaser, 2W, 532 nm) emitting
a 2 mm beam was used as the light source. The laser beam was converted to a high frequency
pulsed laser sheet by using a scanning mirror (rotating mirror) setup provided by LaVision
(GmbH, Goettingen, Germany). The flow was seeded with fluorescent polymeric rhodamine-B
particles (Dantec Dynamics; Denmark) with a mean diameter of approximately 10µm. A CMOS
camera (Vision Research Phantom Miro M/R/LC123) was used to image the particles in the
central plane of the sinus region (Figure 3). The particle size in the camera image ranged from
2 to 4 pixels. The camera was fitted with a macro lens system of focal length 60 mm and the
aperture was set at f/4. To improve the signal-to-noise ratio of the acquired data, a high-pass
filter (cut-off wavelength of 580 nm) was used to minimize laser reflections from the sinus region.
Any unavoidable laser reflections were masked out during the post-processing steps.

Data were acquired at approximately 900 Hz and processed using DaVis 8.0 (LaVision
GmbH, Goettingen, Germany). A series of 3 cycles of data were acquired continuously and
repeated 3 times, such that a total of 9 cycles of data were acquired. The images were acquired
as a time-series, rather than the traditional image pairs from a frame-straddling acquisition tech-
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nique. After background subtraction and masking, the velocities were calculated from spatial
time-series cross-correlation of the images. An interrogation window (64 by 64 pixels) overlap
of 50% and a second interrogation pass with a reduced window size (32 by 32 pixels) was used
to increase the signal-to-noise ratio of the correlation peak. This yielded a vector resolution of
approximately 0.39 mm, which was around 2% of the distance between the valve annulus and
the sino-tubular junction. An applied vector range, a median filter, and light smoothing (3 by
3) were used as post-processing steps of the vector images.

2.4 Particle Washout

The vector fields were bin-averaged, effectively down-sampling the data from 760 frames/cycle
to 152 frames/cycle. Particle paths were calculated using Tecplot 360 EX 2015 R1 (Tecplot, Inc,
Bellevue, WA) as follows. Velocity magnitudes were computed, and regions with zero velocity
were eliminated from the ROI. This limited the seeding area to locations with non-zero velocities.
Five hundred massless virtual particles were uniformly seeded within the sinus region. Time-
varying particle locations were computed by the time-integral of d

dtx(t) = v(x(t), t). Over a
time step of 1 ms, each particle experienced the spatially and temporally interpolated velocity
vector at its particular location. After each time step, a new velocity vector was imposed on the
particle based on its updated location.

The particle paths were exported to MATLAB for analysis. Particle washout was quantified
by counting the number of particles in the ROI at each time step. At each time step, particle
locations were compared with their final position in the simulation. If the location did not
change, that particle was artificially terminated at the first static time point. This typically
occurred in very low velocity regions near the wall, and can be aggravated by coarse spatial
or temporal resolution. In this case, it is due to unreliable near-wall velocities due to optical
distortion and laser reflections. This workflow is summarized in Figure 4.

Fig. 4 Overview of the particle tracking workflow

2.5 Uncertainty Estimation

The uncertainty of the in-plane velocity measurements was computed using methodology dis-
cussed in Raffel et al [20]. The probability density function of the instantaneous velocity data
was used to determine the bias error in the PIV measurements. It was determined that the
bias error (εb) was less than 0.001 m/s and the probability density function did not reveal any
peak-locking error. The relaxation time of the particle (of 10 µm diameter) was considered to
compute the lag error during the PIV measurements and compared to the characteristic time
scale in the flow field. The analysis showed that the characteristic time was several orders of
magnitude larger than the relaxation time available for the particle, indicating that the par-
ticle lag error was insignificant. Random error during the PIV experiments was computed by
εr = c × dp, where εr is the random error, dp the particle diameter, and c is an empirical con-
stant that usually lies between 0.05 and 0.10 [19]. In these experiments the random error ranged
from 0.1 pixels in the best case to 0.4 pixels in the worst case. The random error in velocity
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measurement ranged between 0.002 m/s and 0.008 m/s. The total measurement error with a

95% confidence interval was computed as εm = k
√
εb2 + εr2, and was determined to be 0.016

m/s, where k=1.96 for a 95% confidence interval.

Fig. 5 Simulated long exposures of the raw PIV data at peak systole demonstrate the drastic reduction in sinus fluid
motion in the highest deployment conditions

3 Results

3.1 Qualitative Flow Features and Velocity Fields

High-speed PIV was used to capture flow patterns within the sinus region of the model. A
sliding average over ten frames (∼11 ms) of the data was implemented to create pathline images,
which provide a qualitative understanding of the flow in the sinus. Figure 5 illustrates the flow
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Fig. 6 Maximum velocity experienced within the sinus at each spatial location throughout the cardiac cycle

in the sinus at peak systole for different implantation positions of the THV. In the case of
the PERIMOUNT valve only, the particle pathlines clearly illustrate a predominant vortical
structure in the sinus region. Streamwise flow directed towards the sino-tubular junction can
also be observed as indicated by the pathlines. In contrast, as THV deployment height increases,
the vortical structure and streamwise flow towards the sino-tubular junction diminishes until it
is absent in the +6 mm and +8 mm deployments. At the highest implantation positions (+6 and
+8 mm), the lengths of the pathlines are smaller (negligible particle motion over ten frames)
when compared to the control, normal and + 3mm cases. This is a clear indication of reduced
flow velocities in the sinus region at the highest implantation positions.

To gain an understanding of the magnitude of flow within the sinus, the maximum velocity
experienced by each spatial location throughout the entire cardiac cycle was plotted. Figure 6
shows that the implantation height of the THV affects the maximum velocity experienced
throughout the sinus. Based on previous work, regions with a maximum velocity below 0.05
m/s are considered stagnation regions [22]. For the control case, every spatial location in the
sinus experiences ∼0.15 m/s of flow velocity at some time point within the cardiac cycle. This
was also observed for the normal implantation case. However, as implantation height increased
from +3 mm to + 8 mm, the sinus region closer to the annulus experienced almost no fluid
motion ( 0.025 m/s). It is important to note that the sinus area of the normal condition was
observed to be larger than that of other conditions because the surgical valve leaflets are not
pushed into the sinus, as is the case with all of the VIV deployments. Also, the THV stent,
when expanded, takes a flower pot shape, which further reduces the sinus area.

3.2 Particle Washout

A video of the particle tracking simulation results can be found in the supplementary material.
This video shows the decreasing particle motion at the base of the sinus under increasing THV
deployment height. Figure 7 shows the percentage of particles left inside the sinus as a function
of cardiac cycles. The particles are seeded (only once) at the beginning of the first cycle. As
time progresses, it can be observed that in the control case all the particles wash out within 4
cycles. At the end of the 9th cycle, the control, normal, +3 mm, +6 mm, and +8 mm conditions
had 0%, 0%, 1%, 12% and 28% of particles leftover in the sinus, respectively. The initial rate of
particle washout for the first 50% of particles was similar among all cases except for the +8 mm
deployment, which shows a much lower rate of wash out throughout the 9 cardiac cycles. The
particle half-life was approximately 1 cardiac cycle for each case except the +8 mm deployment,
which was approximately 3 cardiac cycles. After the initial 50% of particles are washed away,
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the ejection rates reduced for the VIV deployments, and differences were observable between
conditions.

Fig. 7 Ejection rate of particles out of the sinus as a function of cardiac cycle number. Each cycle is 856 ms

4 Discussion

In this work we have studied in detail the effect of supra-annular positioning of a THV on
the spatio-temporal flow field within the sinus region in a contraindicated VIV-TAVR. High-
speed PIV was used to understand the qualitative and quantitative flow patterns within the
sinus region. Particle residence time has been shown to correlate with thrombus formation [24],
therefore particle washout was quantified within the sinus region at each implantation position.

A qualitative understanding of the sinus flow field was gained by evaluating a sliding aver-
age view of the raw PIV images. The qualitative observations in the control case agree with
previous observations, where a predominant vortical structure is seen [16]. However, when a
THV was implanted, the vortical structure in the sinus was observed to shrink in size and/or
completely disappear at the higher implantation locations (+6mm and +8mm), with a corre-
sponding decrease in outward flow towards the sino-tubular junction. In addition, we observed
that as the implantation height of the THV increased, flow stagnation close to the base of the
sinus dramatically increased. Figure 6 shows that for the +6 mm and +8 mm cases, there is
almost no fluid motion close base of the sinus throughout the entire cardiac cycle.

These findings were corroborated by the particle tracking analyses performed on each of
the conditions. Only in the control and normal cases were all the particles within the sinus
washed out in under 9 cycles, and in the case of the +6 mm and +8 mm deployments, particles
still remained after 9 cycles. The remaining particles congregated around the base of the sinus,
and when compared to the maximum velocity plots, these results indicate that the very low
max velocity regions do in fact correspond to long-term stagnation within those regions. As
blood flow stagnation after contact with cardiovascular devices has previously been shown to
result in thrombus formation [13,18,24] this highlights the need for a more complete profiling
of stagnation zones in and around THVs. This indicates that as the THV implantation height
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increases, the risk of thrombus formation may correspondingly increase as well, however a direct
link between sinus flow stagnation and clinical valve thrombosis is yet to be established.

The particle washout data appear to follow exponential decay trends of the form a.e−bt,
where b is the rate constant. The half-life of the particles in the sinus were derived from the
exponential curve fit and are summarized in Table 1. While the data are specific to the aortic
and VIV geometries used in this study, an increase in deployment height results in a decrease
in the rate constant (less washout).

Table 1 Exponential decay curve fit comparisons for each deployment condition

Rate Constant,
b (s−1)

R2 Half-Life (car-
diac cycles)

Control 0.97 0.98 0.83
VIV Normal 0.68 0.92 1.19
VIV +3 0.64 0.94 1.27
VIV +6 0.34 0.76 2.37
VIV +8 0.13 0.87 6.40

The valves used in this study were previously unused, however, the number of times a valve
is crimped can affects the stent frame in its deployment, final dimensions, and performance.
We attempted to minimize these effects by never crimping the valve beyond what was required
to insert it into the surgical valve (17 mm). Rotational orientation of the valve and its impact
on washout was not addressed in this study. While rotational alignment in TAVR or VIV
procedures is not often considered in the clinic, we recognize that leaflet kinematics could
impact sinus flow fields (or vice versa), and that out-of-phase deployment could alter washout
to some degree [23]. The in vitro aortic chamber model did not incorporate factors such as
aortic distensibility or coronary flow, and does not account for patient specific anatomy that
could alter sinus obstruction and/or thrombosis risk. In addition, the velocity fields captured
in this study are 2-dimensional representations of 3-dimensional scenarios. While these factors
may improve sinus washout, particularly during diastolic coronary flow, this study presents a
consistent worst-case scenario similar to what occurs in the non-coronary sinus. However, as
the intention of this study was to understand the relative differences in sinus flow patterns with
respect to various THV deployment positions, we feel these limitations do not diminish the
value of the results.

Thrombosis in the cardiovascular system is a complex interplay between fluid flow, foreign
materials, and biochemistry, as described by Virchow’s triad. While it is known that prosthetic
heart valves can have an adverse effect on platelet activation, flow stagnation regions are neces-
sary for these activated platelets to deposit, aggregate, and form a thrombus [3]. The results in
this study clearly demonstrate that flow stagnation in the sinus is highly sensitive to THV de-
ployment height. Hence, it is important for the interventional cardiologist and cardiac surgeon
to consider this patient-specific risk of decreased coronary flow and/or increased stagnation-
induced thrombosis risk during a VIV-TAVR procedure. For instance, a patient with a narrow
or short sinus may experience extreme sinus flow stagnation at a lower deployment position
than was seen in this study.

As shown in previous work, the risk of embolization also increases with supra-annular de-
ployment due to decreased contact between the THV and surgical bioprosthesis [15]. While
high THV implantation in VIV can result in more favorable hemodynamics [15], the impact
on embolization risk and sinus flow stagnation should be heavily considered. Supra-annular de-
ployment leads to increased geometric obstruction of the sinus, and our study indicates that
this results in decreased sinus velocity maxima. Particle tracking simulations show that the re-
duction in velocities in the sinus result in increased stagnation of blood elements near the base
of the sinus. These results indicate that THV deployment greater than +6 mm is inadvisable in
terms of flow stagnation and potentially increased thrombosis risk in the sinus region, however
future studies are needed to build on these findings.
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