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Abstract

Objective—The goal of this study is to evaluate how sinus flow patterns after transcatheter aortic
valve (TAV) replacement (TAVR) in realistic representative patient roots vary. Sinus flow can
affect TAV operation and likely leaflet thrombosis occurrence due to stasis and poor washout. How
the interaction between TAV and representative patient aortic roots impacts sinus hemodynamics is
important to establish for future individualization of TAVR therapy.

Methods—Two representative patient aortic roots were selected, segmented and 3D printed
followed by deployment of Medtronic CoreValve and Edwards SAPIEN TAVs. Sinus
hemodynamics were assessed /n-Vitro using high spatio-temporal resolution particle-image-
velocimetry. Detailed sinus vortex tracking, shear stress probability density functions and sinus
washout were evaluated and assessed as a function of valve type and representative patient
morphology, as independent case studies.

Results—Peak velocity in the sinus with SAPIEN valve was about three times higher than with
CoreValve for both models (0.30£0.02m/s and 0.34+0.041m/s vs 0.13+0.01m/s and 0.10+0.02m/s)
(p<0.01). Between representative patient models vorticity magnitudes were significantly different
(75+1.1s71, 77£3.2571, 109+2.3s71 and 250+4.1s71) (p<0.01) regardless of valve type. Sinus blood
washout characteristic as a function of cardiac cycles was strongly both patient-related and valve-
specific. Fluid dynamics favored shear stresses and washout characteristics due to a smaller sinus
and sinotubular junction, further amplified by SAPIEN valve.

Conclusion—Sinus flow dynamics are highly sensitive to aortic root characteristics and TAV-
aortic root interaction. Differences in sinus-flow washout and stasis regions between representative
patient models may be reflected in different risks of leaflet thrombosis and/or valve degeneration.
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Introduction

The primary hemodynamic feature of the aortic sinus that influences aortic valve dynamics,
progression of disease or thrombosis through sinus washout(1,2) is the aortic sinus vortex.
Sinus flow characteristics after transcatheter aortic valve replacement (TAVR) procedures
can affect the degree of flow stasis around the prosthesis(3—6). In our previous study(3), we
demonstrated that sinus flow patterns were greatly altered once a TAV - whether CoreValve
or SAPIEN — was introduced as Valve-in-Valve implantation compared with a bioprosthetic
surgical valve(3). Specifically, peak sinus flow velocity was decreased and a reduced sinus
flow manifested toward the sinus base in the valve-in-valve (ViV) cases(3). These flow
patterns were attributed to the interaction of stent posts with sinus flow, the relative location
of leaflet tip with respect to the sinotubular junction (STJ), and other characteristics of the
TAV prosthesis(3,5). Nevertheless, in routine TAVR, the mechanisms are more complex due
to the interaction of TAVs with the representative patient geometry of the aortic root with
very little current knowledge existing about sinus flow hemodynamics, specifically with
respect to flow stasis and washout post routine TAVR.

Flow Stasis — expressed by low shear stress and or prolonged blood flow residence time -
has long been correlated with thrombus formation and several attempts to define shear stress
thresholds for the onset of thrombus formation were and are still being done(7-9). In a
recent publication by Makkar et al(10) and Chakravarty et al(11), reduced leaflet mobility
due to thrombus formation on the leaflets post-TAVR was identified. While it is clear that
flow stasis and poor washout is the cause for leaflet thrombosis, it is not clear whether these
occurrences can be attributed to the valve alone or the interaction of the valve with the
surrounding native leaflets, or the complex interaction between the valve and the root that
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dictates the aortic sinus flow. How much of the sinus flow hemodynamics is dictated by the
morphology of the sinus itself compared to the type of valve?

Sinus flow dynamics were studied by several research groups in terms of TAV deployment
positions, valve types, valve sizes and valve-in-valve configurations(2,4,12-14). Portions of
the sinus were also highlighted such as the neo-sinus(4) and the full sinus domain was
covered only in idealized non-anatomical and mostly axisymmetric models(12,14).
Unfortunately, the anatomical morphology of the sinus and aortic root was not examined in
neither pre-TAVR nor post-TAVR and studying it is crucial to determine how sensitive sinus
flow hemodynamics is on the root morphology itself.

The aim of the present study is to present a detailed picture of sinus blood flow patterns and
hemodynamics post-TAVR using realistic representative patient aortic roots and illustrate
how statistical measures that may be predictive of thrombus formation are sensitive not only
to the TAV type but also the patient’s aortic root morphology itself. This is achieved using
state-of-the-art high spatio-temporal resolution hemodynamic measurements towards better
furthering our understanding of the mechanisms of sinus flow stasis post-TAVR and inform
future individualization of TAVR therapy.

Materials and Methods

Two distinct aortic root geometries modelling

Patients with severe degenerative aortic stenosis being evaluated for transcatheter aortic
valve replacement at the Ohio State University Wexner Medical Center were selected as part
of an institutional review board (IRB) approved study. The high spatial resolution of the
Computed Tomography (CT) imaging data provide clear depiction of the aortic valve cusps
and calcific regions. Two patients with a clinical diagnosis of severe aortic stenosis (bicuspid
aortic valve (model 1) with fusion of right and left coronary sinus leaflets and one with a
tricuspid aortic valve (model 2) were selected for anatomic modeling to represent two
samples of different and wide ranges of aortic sinus root geometries. Each patient provided
informed written consent to participate in the study as approved by the IRB.

Contrast enhanced CT DICOM images at the 70% or 85% phase were imported into
anatomic modeling software (Mimics, Materialise, Belgium) for each patient (Fig.1a). The
left ventricular outflow tract (LVOT), valve cusps, ascending aorta, and all calcified tissues
were segmented individually and then reconstructed into a model consisting of 2 paired
stereolithographic files composed of the calcified and non-calcified structures within the
data set. These stereolithographic files were exported to a Stratasys Connex Printer where
the 2 files were used to create a fused material 3D construct (Fig.1b and c) of the predefined
anatomic region. Cusp calcification was replicated using rigid print material (VeroWhite
clear) and soft tissue structures, including the non-calcified cusp segments, LVOT, and
ascending aorta, were replicated using a rubber-like material (TangoPlus FLX930). Each
model was coated externally with a thin layer of silicone to improve visual clarity and
durability (Fig.1d and e). Print material properties were chosen to best represent the complex
tissue properties of a diseased aortic root. The print material used for the non-calcified
anatomic regions (TangoPlus) has a manufacturer-reported elastic modulus of 0.1 MPa at
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20% strain and 0.2MPa at 30% strain. The print material used for the calcified anatomic
region (VeroWhitePlus) has a manufacturer-reported elastic modulus of 2000 to 3000 MPa.

Model 1 native annulus area and perimeter at mid-systole were measured to be 366mm? and
69.1mm respectively. Model 2 valve native annulus area and perimeter at mid-systole were
measured to be 616mm?2 and 90.5mm respectively. In-vitro representative patient modelling
was done based on the work of Maragiannis et al(15).

Valve selection and deployment

To evaluate post-TAVR hemodynamics and sinus washout using self-expanding and balloon
expandable TAVs, measurements described below were conducted with a 26mm Medtronic
CoreValve TAV and a 23mm Edwards SAPIEN TAV implanted in Model 1 root. Similarly,
for Model 2 root a 31mm Medtronic CoreValve and a 29mm Edwards SAPIEN S3 was
deployed. The selection of the appropriate TAV was performed based on anatomical factors
and in conformity with the valve decision made by the structural heart team in the Wexner
Medical Center based on the recommendations of Kasel et al(16). The aorta was straight in
our model without the aortic arch curvature, which is why the TAVs were implanted
coaxially so there is no tilting. The deployment of the valves was done as recommended by
Edwards(17) and Medtronic(18) to ensure optimal performance.

Hemodynamic assessment

Hemodynamic parameters were evaluated under pulsatile flow conditions created by a left
heart simulator (Fig.1f) yielding physiological flow and pressure curves as previously
described(3,19,20). The working fluid in this study was a mixture of water-glycerine (99%
pure glycerine) producing a density of 1080Kg/m?3 and a kinematic viscosity of 3.5¢St
similar to blood properties. Sixty consecutive cardiac cycles of aortic pressure, ventricular
pressure and flow rate data were recorded at a sampling rate of 100Hz. The mean
transvalvular pressure gradient (PG) is defined as the average of positive pressure difference
between the ventricular and aortic pressure curves during forward flow.

Particle Image Velocimetry (PI1V)

For P1V, the flow was seeded with fluorescent PMMA-Rhodamine B particles with
diameters ranging from 1 to 20 um. For all cases, the velocity field within the sinus region
including the region adjacent to the TAV leaflets were measured using high spatial and
temporal resolution PIV. Briefly, this involved illuminating the sinus region using a laser
sheet created by pulsed Nd:YLF single cavity diode pumped solid state laser coupled with
external spherical and cylindrical lenses; while acquiring high-speed images of the
fluorescent particles within the sinus region. Raw PIV images were acquired with a resulting
spatial and temporal resolutions of 0.02964mm/pixel and 4000 Hz respectively. Refraction
was corrected using a calibration in DaVis particle image velocimetry software (DaVis 7.2,
LaVision Germany). Velocity vectors were calculated using adaptive cross-correlation
algorithms. Further details of PIV measurements can be found in Hatoum et al(20,21).
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Sinus Vorticity and Shear Stress Dynamics

Vorticity quantifies local spinning of blood and vorticity field illustrates how locally blood is
rotating as it moves with a velocity and in what direction it is rotating (clockwise or
counterclockwise) in the sinus. Vorticity dynamics are important as they give an idea about
how the small scale particles move.

Using the velocity measurements from PIV, vorticity dynamics were also evaluated for the
sinus region. Regions of high vorticity along the axis perpendicular to the plane indicate
both shear and rotation of the fluid particles. Vorticity within the measurement region was
computed using the following equation:

av, dv,
w = _(dy _W) 1)

Where w is the vorticity with units of s71; V/, and V) are the xand ) components of the
velocity vector with units of m/s. The xand y directions are axial and lateral respectively
with the z direction being out of measurement plane.

Viscous shear stress field was evaluated consistently with Moore et al and Hatoum et
al(3,5,20).

v, dv,
Tzﬂ(d—y‘i‘ﬁ) )

Where zis the shear stress in Pascal (Pa) and # is the dynamic viscosity in N.s/m2.

Sinus washout

Velocity measurements from PIV were also used to evaluate sinus washout. Sinus washout is
defined as the characteristic curve representing the percent of fluid particles, initially seeded
in the sinus region at the beginning of the cardiac cycle, and still remaining in the sinus as a
function of time plotted over the cardiac cycle. ldeally, good washout is associated with a
high percentage of particles exiting over a minimum number of cardiac cycles. To quantify
sinus washout curves, first particle tracking was performed similar to other studies
(14,22,23). Briefly, particles were seeded as a uniform grid of 0.001mx0.001m cell size over
the sinus region at the beginning of the cardiac cycle. Each particle’s trajectory was
computed by integrating its velocity with respect to time based on:

—

L =7(@.0 @

With:
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The integration time step was 0.00025s and at the end of every time step, the particle’s
velocity vector was calculated based on the particle’s updated location through interpolating
the PIV velocity data.

After every cardiac cycle only the particles that remained in the sinus were re-seeded based
on their last positions and their trajectory over the subsequent cardiac cycle was calculated.
This process continued until all particles exited or until 10 cardiac cycles elapsed.

Once all the particles exited the sinus, a histogram of the time spent by the particles was
generated and then converted to a cumulative distribution function representing the particles’
survival probability as a function of time. This procedure was repeated over 10 cycles for
every valve combination. The resulting curves represent the sinus washout characteristic for
all cases.

All data are presented as mean + standard deviation. Student’s t test was used to compare the
means and p<0.05 was considered statistically significant. Analyses were performed over 60
replicates. Probability density functions of the shear stress distribution were calculated and
plotted. Sinus washout calculations were performed over 10 different cardiac cycles.

The sinus area that our study encompasses consists of the native sinus which bounds the
neo-sinus as defined by Midha et al(4). Leaflet thrombosis and flow stasis are evaluated
based on three different criteria that complement each other (a) flow velocity fields, (b)
shear stress probability distribution adjacent the TAV leaflets and (c) washout in the whole
sinus space.

a- Flow velocity fields

The en-face views of the TAVs are shown in Fig.2 at key time points throughout the cardiac
cycle showing how the TAV leaflets open and close within the representative patient
anatomy. Fig.3 shows the velocity vectors and vorticity contours within the 2 different
representative patient roots post-TAVR with CoreValve 26 and 31 and SAPIEN 23 and 29 at
selected time points throughout the cardiac cycle. As shown in the figure, vorticity patterns
and magnitude change in the sinus between every case with TAV type and patient
characteristics.

The maximum velocity at peak systole in Model 1 is 0.13+£0.01m/s when a CoreValve is
implanted and 0.30+0.02m/s when a SAPIEN is implanted (p<0.01). In the same manner,
the vorticity magnitude is 75+1.1 s~1 and 109+2.3 s~ with the CoreValve and SAPIEN
respectively (p<0.01). The velocity reaches 0.02+0.005m/s and 0.07+0.003m/s during mid-
diastole with CoreValve and SAPIEN respectively. The velocity at the intersection between

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hatoum et al.

Page 7

the native sinus and the neo-sinus equal to 0.02+0.012m/s with a CoreValve and
0.08+0.015m/s with a SAPIEN (p<0.01). After TAVR, blood flow tends to leave the sinus
instead of maintaining the aortic sinus vortex throughout the cardiac cycle.

The maximum velocity at peak systole in Model 2 reaches 0.10+£0.02m/s when a CoreValve
is implanted and 0.34+0.041m/s when a SAPIEN is implanted (p<0.01). In the same manner,
the vorticity magnitude is 77+3.2 s~1 and 250+4.1 s~ with CoreValve and with SAPIEN
respectively (p<0.01). The velocity reaches 0.024+0.003m/s 0.073+0.005m/s with
CoreValve and SAPIEN during mid-diastole respectively. The velocity at the intersection
between the native sinus and the neo-sinus equal to 0.015+0.004m/s with a CoreValve and
0.04+0.01m/s with a SAPIEN (p=0.42). The vortex propagation in the sinus is shown post-
TAVR. However, it is less prevalent in the CoreValve case as shown in the figure and less
vigorous in the SAPIEN case.

The sinus velocities in the two different representative patient models with the CoreValves
were shown to be insignificant (p=0.08) as well as with the SAPIENSs (p=0.19). The
vorticities with the CoreValves were shown to be insignificant (p=0.28) however significant
with the SAPIENS (p<0.01) highlighting the patient root interaction with the TAVS.

b- Shear stress distribution

Figs. 4a and b show the probability density function (PDF) of flow shear stress magnitude in
the sub-region adjacent to the leaflets during systole and diastole, respectively. The region
studied post-TAVR extends from the native leaflets to the tip of the bioprosthetic leaflet in
the neo-sinus. It is also clear that higher shear stress magnitudes are obtained during systole
compared to diastole.

For Model 1 during systole, after SAPIEN and CoreValve implantation, the likelihood of
having high shear stress near the leaflet decreases drastically (<0.4 Pa) however, the
SAPIEN yields higher values (up to 0.4Pa) compared with to the CoreValve (up to 0.2Pa).
The SAPIEN implanted in Model 2 is associated with higher shear stresses (up to 1.2Pa)
during systole.

During diastole, the maximum shear stress levels reach ~ 0.25Pa for SAPIEN in Model 1
while 0.15Pa for CoreValve. For Model 2, the CoreValve yields lower probabilities of high
shear stresses near the leaflets (~0.5Pa) while the SAPIEN yields ~0.95Pa.

Whether in systole or diastole, both TAVs perform better in Model 2 than Model 1 one
highlighting the patient root interaction with the TAVS.

c- Sinus washout

Fig.5 shows the survival probability curve of particles remaining in both representative
patient sinuses with different valve combinations.

When a CoreValve is implanted in Model 1, 69% of the particles exit the sinus (31% remain)
after the first cardiac cycle, followed by an extra 21% at the end of the second cardiac cycle.
The decrease after that becomes gradual to reach 0% of particle remaining in the sinus after
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~3.5 cycles. When a SAPIEN is implanted, 96.2% of the particles exit the sinus region
(3.8% remain) after the first cycle and the particles are totally washed out at 1.25 cycles.

When a CoreValve is implanted in Model 2, 37.82% of the particles exit (62.18% remain)
after the first cardiac cycle, followed by an additional 18.48% by the end of the second
cycle. At the end of the 10 cycles, 18.17% of the particles remain yielding a washout of
81.52%. When a SAPIEN is implanted, 75% of the particles exit (25% remain) the sinus
after the first cardiac cycle, followed by an additional 3% by the end of the second cardiac
cycle. After 7.5 cycles all the particles are washed out.

Comparing the TAVS in every representative patient root model, the washout seems to be
better in Model 1 comparing to the Model 2 regardless of the TAV highlighting the potential
dominance of the representative patient root interaction with the TAVS.

Discussion

The results of this work for the first time capture the complex hemodynamics within the
aortic sinus post-TAVR in representative patient models in order to provide new perspectives
into various mechanisms at play in the contexts of TAVR related leaflet thrombosis. The
basic physics of sinus vortex continues to be the same as described by Peacock(24).
Specifically during forward flow period, the forward jet is bound by a free shear layer after
exiting from the orifice defined by the tip of the fully open TAV leaflets. When the shear
layer is intercepted by the sinus ridge (i.e. the point connecting the sinus to the STJ), a
portion of the flow curls back toward the ventricle thereby driving a spinning vortex within
each sinus cavity(24). However the precise nature of the vortex (single or multiple), spatio-
temporal evolution over the cardiac cycle, and the overall strength are greatly dependent on
(a) the geometry of the sinus cavity which is defined by the aortic root lumen and the
calcified native leaflets that can influence valve seating in relation to the root. Heavy
calcification and calcification pattern in patients is another influencing factor in addition to
anatomical variations in the leaflets themselves; (b) the presence of the TAV prosthesis
elements such as stent frames, (c) the relative position of the TAV leaflet tip in relation to the
sinus ridge, and (d) the strength of the forward flow. While previous studies attempted to
characterize the aortic sinus vortex experimentally(25) and numerically(26,27), there existed
no studies that examined the influence of sinus flow and vortex propagation with respect to
representative patient geometry and TAV interaction. Many publications have highlighted
the complexity of the flow inside the sinus stemming from the existence of small time scale
vortices in addition to a main vortex(2,28). A numerical simulation by Fukui and Morinishi
et al(29) has emphasized not only the presence of many vortices, but also the effect of sinus
morphology such as extension and bulge depth on the formation and propagation of vortices
and flow inside the sinus. In what follows, we discuss the detailed sinus vortex
measurements in this study and examine how sensitive the measures of shear stress as well
as sinus washout are with respect to patient root morphology and TAV type.

a- Flow velocity fields

It was previously shown that TAV deployment alters sinus flow patterns by significantly
decreasing sinus velocity and vorticity for both valve types whether SAPIEN or

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hatoum et al.

Page 9

CoreValve(3). In addition, it modifies the vortex propagation mechanism in the different
valve cases(3,20).

When a CoreValve is implanted, its particular stent mesh plays a role in changing the
mechanics of the vortex formation and propagation. A study by Adhikari and Lim(30)
showed that a porous screen permits the self-induced velocity of the primary vortex ring to
pass through it to form a jet-like flow. This transmitted jet carries with it some of the original
vorticity, leaving behind a much weaker primary vortex ring to interact with the screen. As a
consequence, a much weaker secondary vortex ring is generated resulting in a much weaker
vortex. When the SAPIEN is implanted, the overall flow pattern resembles that seen in the
CoreValve case where the fluid flow tends to leave both the native sinus and the neo-sinus
slowly instead of rotating. So at the central part of the sinus (Fig.3), the fluid motion is
towards exiting the whole sinus region, and from the middle to the leaflet level, the fluid
motion more rotational. The SAPIEN represents a better scenario than CoreValve. Having
the leaflet tip position more upstream than that of the CoreValve, the vortex that starts
forming does not engender a whole fluid motion throughout the sinus. However, it does
cause the rotation and the main motion in the region adjacent to the STJ while leading the
flow in the middle of the sinus to exit the area.

SAPIEN TAV showed higher (thus more favorable) velocities and vorticities compared to
CoreValve in both sinus cases. In addition, having a SAPIEN implanted improves
significantly the rotation in this particular representative patient Model 2 compared to Model
1. These observations may be due to the shorter profile of the SAPIEN allowing for more
space to be occupied by the fluid thus easing the flow. Also, the closer leaflet tip position
towards the annulus than the STJ allows more space for vortices to form and flow to move
into the sinus easily with minimum obstruction. This highlights the importance of the
variability of TAV representative patient anatomy interaction, which involves not only the
interaction with the root but also with the calcified leaflets. The interaction with the leaflets
further involves not just calcification distribution but also the morphology of the leaflets
(e.g. bicuspid vs tricuspid) that can influence valve seating. The CoreValve did not show
significant variations between the 2 models.

b- Shear stress distribution

Thrombosis is most likely to occur in low-flow or stasis regions with reduced and oscillatory
shear stresses(31,32). In healthy blood vessels, shear stress values range from 1.5 to 2Pa.
Usually shear stress varies with the local conditions and the flow rate. \ery low values of
shear stress or tremendous variation in values (oscillatory for example) change the behavior
of some cells for example platelets and can lead to thrombus formation(33). It is the shear-
dependent mass transport that is responsible for atheroma growth and thus higher risk of
thrombosis. Furthermore, the endothelium has been shown to become atherogenic when
exposed to low wall shear stress(33,34). Several studies have reported and classified shear
stress values in grafts as “high” and “low” (35), and suggested low values of shear stress to
be 0.25Pa and 0.31Pa while the high values were 1.54Pa and 1.71Pa. Another study of
vascular shear stress by Cuningham et al(7) showed that vascular shear stress of large
conduit arteries typically varies between 5 and 20 dynes/cm? (0.5 to 2.0Pa). Another study
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by Casa et al(8) reported a normal value of 1000s1 for shear rate that corresponds to 3.5Pa
in arteries and a value of 500s™1 corresponding to 1.75Pa in coronary arteries. A study by
Bark et al(9) has reported physiological arterial shear rates below 4003s~1 equivalent to
1.4Pa.

The fact that the probability of developing high shear stresses tremendously varies nearby
the leaflets once a TAV is implanted in the two different representative patient aortic valve
models, underscores the complexities associated with the selection of the appropriate
TAV(3,20,36). It is clear that shear stress distribution near the leaflet whether in systole or
diastole in a function of TAV type and representative patient anatomy. The SAPIEN
performs better in terms of shear stress than the CoreValve in both models. Both TAVs
perform better in Model 2 than Model 1 highlighting the importance of representative
patient interaction with the TAVs. It may also be due to how the sinus connects with the STJ
and at what level. A lower STJ-sinus connection point allows for more vortex entrapment
thus constant movement inside the sinus (Model 1) unlike a higher one that allows more
exchange of flow (Model 2).

In diastole, the greatly decreased shear stress level in Model 1 sinus near the leaflet after
TAVR connects well with the slowed down flow previously observed. Such a large reduction
in shear stress could lead to thrombus growth, and associated leaflet mobility
problems(3,9,37).

c- Sinus washout

Thrombosis is most likely to occur in low-flow or stasis regions characterized by longer
particle/cell residence times(38,39). The implantation of a TAV aims at improving the
overall sinus washout with the least cardiac cycles possible(20). The SAPIEN improved
washout drastically after the first and second cardiac cycles compared to the CoreValve. The
sinus region - when a SAPIEN is implanted - shows better distributions of vortical structures
leading to more efficient fluid motion than the CoreValve.

The CoreValve and the SAPIEN seem to improve the washout better in Model 1 sinus
compared to Model 2 emphasizing the complexity of the anatomy and TAV interaction
especially that the shear stress distribution near the leaflet as previously described gets
tremendously reduced in Model 1 sinus compared to that of Model 2. Also note that the
curves for Model 1 represent plateaus followed by steep drops indicating that washout
appears to occur in intense events of blood exiting the sinus compared to that in Model 2
which shows a gradual washout without intense events. While velocities did not seem to be
significantly different among the models with the same valve however the rotation in the
SAPIEN was significantly higher in Model 2 sinus compared to Model 1. This higher
rotation may explain the poorer washout characteristic while still maintaining higher shear
stress events. These findings highlight the importance of how the TAV behaves within its
surroundings and how the impact of that complicates the hemodynamics in that shear stress
and washout appear to be independent measures with both necessary to examine stasis.
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d- Comparison between idealized and anatomical sinus geometries

To the best of our knowledge, this is the first study of sinus flow patterns complexity in an
anatomical representative patient model post TAVR. Many previous studies have shown that
the implantation of a TAV does not affect the formation of flow patterns inside the idealized
sinus however the patterns were weaker(6). These sinus flow patterns were comparable in
the native aortic valves, bioprosthetic valves, polymeric valves and Lotus valve(6,40-42).
The common line between these studies was adopting an idealized axisymmetric design of
the aortic sinus (i.e. absence of three sinuses). In this study, as highlighted in the previous
discussion points, the different anatomical patient morphologies contributed to profoundly
different dynamics starting from different durations of formation and propagation of the
vortex, to different vortex entrapment patterns, and different vortex dissipation and fission to
smaller vortices. These differences engendered different washout, different velocity fields
and therefore shear stress distributions nearby the leaflets. The sinus vortex dynamics highly
influence stasis regions thus highlighting the importance of patient characteristics and the
TAV interaction with them.

As a final discussion point, the complex flow patterns in the sinus which are inherently
valve- and patient-specific lead to mechanical forces at scales that can cause blood cell
damage and stasis thus probably thrombosis, which can trigger the pathogenesis of various
valvular heart diseases. From a comprehensive perspective, the linkages between valve
hemodynamics and disease pathways as well as clinical complications require the use of
integrated multimodality approaches that incorporate information across a range of scales
and bridge the gap between mechanics and biological cascades. While molecular pathways
have a vital and crucial role when it comes to thrombus formation, our study only uses one
multi-modality approach that is looking into hemodynamics through flow fields.

Limitations

This study considered only two representative patient aortic root models that encompass a
combination of parameters that we cannot isolate (variability in terms of the size and shape
of the annulus, size and height of the sinuses, the size of the STJ, the height of the coronaries
(and dominance), the size of the aorta and the size and shape of the LVOT). In addition, only
Edwards SAPIEN and Medtronic Evolut TAVs were tested in a way that their commissures
align with those of the native valve (for which there is no way to ensure that this is the case
in-vivo during the procedure). This study also only presented the dynamics in the non-
coronary sinus hemodynamics (as a conservative representation from the standpoint of
stasis). However, the purpose of the study is to illustrate how sensitive sinus hemodynamics
are after TAVR with the complex TAV-patient anatomy interaction (even for the same valve).
Because this study does not represent any population or group study, generalized
conclusions about valve choice in relation to the anatomical features and the ensuing shear
stress washout characteristics should be avoided. Further studies with coronary flow are
needed to provide a more complete picture.
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Conclusion

This study presents a detailed assessment of sinus hemodynamics in two different
representative patient aortic roots after TAVR. Novel methodology was developed to
simulate in-vitro conditions as close as possible to the physiological ones using
representative aortic valve roots segmented and 3D printed from patient’s CT angiogram. It
is shown that overall sinus flows are greatly altered post-TAVR with CoreValve vs SAPIEN
in the 2 models. Specifically, SAPIEN always yielded more favorable shear stress and
washout characteristics. However, the interaction of either TAVs with the two different roots
can greatly impact both shear stress and washout characteristics with the fundamental
mechanism always being about the alteration of the sinus vortex formation and propagation.
This study highlights the complexity of patient factors through looking at two different
anatomical roots and their TAV interaction that may constitute a rich variety of factors to
consider when assessing potential risk of leaflet thrombosis in patients.”
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Figure 1.
Steps followed to construct the 3D representative patient models. (a) CT image

segmentation, (b) aortic view of the aortic valve with leaflet calcification, (c) long axis view
of the digital model, (d) 3D printed model, () aortic view of the 3D printed model and (f)
left heart simulator flow loop where the valves are tested.
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Figure 2.
En-face short axis imaging views of the valves at different phases in the cardiac cycle.
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Figure 3.

Velocity vectors and vorticity contours within the representative patient models 1 and 2 post-
TAVR with CoreValve 26 and 31 and SAPIEN 23 and 29 at selected time points throughout
the cardiac cycle. STJ denotes sinotubular junction. ** The vector length is 3 times higher.
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Probability density function in log scale of varying shear stress distribution values along a
sub-region near the valve leaflets during (a) systole and (b) diastole for the two

representative patient models.
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Figure 5.
Survival probability curve of particles remaining in model 1 sinus and model 2 sinus post-

TAVR with different valve combinations.
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Video 1.
Short video summary of the paper with narration.
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