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Abstract

Leaflet thrombosis is a complication associated with transcatheter aortic valve(TAV) 

replacement(TAVR) correlated with sinus flow stasis. Sinus hemodynamics are important because 

they dictate shear stress and washout necessary to avoid stasis on TAV leaflets. Sinus flow is 

controlled by TAV axial deployment position but little is known regarding TAV axis misalignment 

effect. This study aims to elucidate TAV angular misalignment with respect to aortic root axis 

effect on sinus flow stasis potentially leading to leaflet thrombosis. Sinus hemodynamics were 

assessed in-vitro using particle-image velocimetry in three different angular misalignments with 

respect to aorta axis: untilted, tilted away from the sinus and tilted towards sinus. A 26mm 

Edwards SAPIEN3 was implanted in a 3D printed model of an anatomically realistic aortic root. 

TAV hemodynamics, sinus vortex tracking, leaflet shear stress probability density functions, and 

sinus blood time to washout were calculated. While pressure gradients differed insignificantly, 

blood velocity and vorticity decreased significantly in both tilted cases sinuses. Shear stress 

probability near the leaflet decreases with tilt indicating stasis. TAV tilted away from the sinus is 

the most unfavorable scenario with poor washout. TAV axial misalignment adds to factors list that 

could influence leaflet thrombosis risk through modifying sinus hemodynamics and washout.
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Introduction

Transcatheter aortic valve (TAV) replacement (TAVR) is a non-invasive procedure relevant 

to patients who are classified as high-risk patients for traditional open heart surgery1. 
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Adverse effects such as elevated post-procedure pressure gradients, paravalvular leakage, 

coronary obstruction and recently sub-clinical leaflet thrombosis have been associated with 

TAVR2–5. Leaflet thrombosis in particular can be identified with Computed Tomography 

(CT) imaging5, 6. Many in-vivo clinical studies have tried to identify possible causes leading 

to leaflet thrombosis such as retention of blood flow and stasis in the sinuses and at the base 

of the leaflets7–9, lower implants of TAVs7, 8, under-expansion and asymmetry of the TAV8, 

incomplete TAV apposition to the aortic wall9, 10, the metallic frame of the TAV9, 10 and 

other conditions.

In this in-vitro study, we examine another possible reason that may lead to the formation of 

leaflet thrombosis stemming for in-vivo patient cases. An 86 year-old man underwent TAVR 

and at an in-clinic evaluation 6 months later due to worsening dyspnea with exertion, a harsh 

systolic murmur was detected and an echocardiogram was performed. The results of the 

echo revealed flow acceleration with a mean pressure gradient (PG) of 52mmHg which was 

significantly higher than prior to discharge post-TAVR. The patient was receiving warfarin 

however this was discontinued due to recurrent gastrointestinal bleeding (GI). A CT scan 

revealed leaflet thrombus formation (Fig. 1A and B). Another 84 year old patient underwent 

TAVR and after 6 months went through the same symptoms described above. Thrombus was 

detected as shown in Fig. 1C and D. The in-vivo study by Makkar et al6 showed some 

sample cases of CT scans for patients’ valves with leaflet thrombosis (Fig. 1E, F, G and H). 

From Fig. 1, the TAVs implanted in these cases were tilted with respect to the axis of the 

aorta (yellow lines), bringing the question of the relative valve angulation and its potential 

influence on sinus flow stasis that’s associated with leaflet thrombosis. The tilt angles are 

shown (Fig. 1B, D, F and H) and mark the difference between the aortic longitudinal axis 

and that of the TAV. For every section view, the corresponding top aortic view is shown (Fig. 

1 A, C, E and G) with arrows pointing to the thrombus location. From a fluid dynamics 

argument alone tilting of the forward jet towards or away from the sinus can influence sinus 

vortex dynamics.

The objective of this study is to perform a controlled in-vitro experiment to study the effect 

of different axial tilt orientation of the TAV with respect to the axis of the aortic root on flow 

stasis as well as washout characteristics in the sinus in the context of better understanding 

the patho-mechanics of leaflet thrombosis.

Materials and Methods

In-vitro modelling

This study was approved by the institutional review board (IRB) and access to patient data 

was granted after the patients’ consent was obtained as part of the study. The high spatial 

resolution of the Computed Tomography (CT) imaging data provide clear depiction of the 

aortic valve cusps and calcific regions.

Contrast enhanced CT DICOM images at the 85% phase were imported into anatomic 

modeling software (Mimics, Materialise, Belgium). 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 
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of the calcified and non-calcified structures within the data set. Fig. 2a and 2b show the 

aortic view and the sinus view respectively. These stereolithographic files were exported to a 

Stratasys Connex Printer where the files were used to create a fused material 3D construct 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). The model was coated externally with a thin layer of silicon to improve visual 

clarity and durability. Print material properties were chosen to best represent the complex 

tissue properties of an aortic root. The print material used for the non-calcified anatomic 

regions (TangoPlus) has a manufacturer-reported elastic modulus of 0.1 MPa at 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.

The valve native annulus area and perimeter at mid-systole were measured to be 366mm2 

and 69.1mm respectively. This patient’s heart rate and cardiac output were 81bpm and 

5.3L/min respectively.

The model was created based on the methodology of Maragiannis et al11 and Hatoum et 

al12, 13.

Valve selection and deployment

A 26mm Edwards SAPIEN 3 TAV was selected and implanted at 3 different angulations 

with the axis of the valve (1) in line with the axis of the aorta, (2) tilted away from the sinus 

(downwards with respect to the axis of the aorta) by a 12 degree angle and (3) tilted towards 

the sinus (upwards) by a 12 degree angle as shown in Fig. 2c and d. These tilt angle values 

fall within the range found in-vivo cases as shown in Fig. 1 and are defined as the angles 

between the longitudinal axis of the aorta and that of the TAV. The selection of the 

appropriate TAV size was based on the recommendations of Kasel et al14. A sketch of the 

valve axial tilt with respect to the axis of the aorta is shown in Fig. 2e.

Hemodynamic assessment

Hemodynamic parameters were evaluated under pulsatile flow conditions ensured by a left 

heart simulator yielding physiological flow and pressure curves15, 16. The desired outputs 

can be summarized as establishing a systolic to diastolic pressure of 120/80mmHg, an 

81bpm heart rate, a systolic duration of 33% and a cardiac output of 5.3L/min. The working 

fluid in this study is a mixture of water-glycerine (99% pure glycerine) producing a density 

of 1080 Kg/m3 and a kinematic viscosity of 3.5cSt 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 (PIV)

PIV was performed to capture high spatio-temporal resolution blood flow velocity fields and 

particle washout characteristics within the sinus for all cases. The flow was seeded with 
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fluorescent PMMA-Rhodamine B particles with diameters ranging from 1 to 20μm. The 

velocity field within the sinus region, including the region adjacent to the TAV leaflets, was 

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. The laser was generated 

using the Photonics Industries DM40–527 diode-pump Q-switched laser (Photonics, 

Bohemia, NY) with optics to covert the output beam into an expanded laser sheet. The laser 

had an initial thickness of approximately 1 mm, which was focused down to less than 200 

microns within the measurement region using a spherical lens (f = 1m). Raw PIV images 

were acquired with a resulting spatial and temporal resolutions of 0.02964mm/pixel and 

4000Hz 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 al12, 13, 16–20.

Sinus Vorticity and Shear Stress Dynamics

Using the velocity measurements from PIV, vorticity dynamics (as previously done16, 17, 21) 

were also evaluated for the sinus region. Vorticity is the curl of the velocity field and 

therefore captures localized rotation of blood. Regions of high vorticity indicate both shear 

and rotation of the fluid particles. Vorticity was computed using the following equation:

ωz = −
dV x
dy −

dVy
dx (1)

Where ω is the measured vorticity component with units of s−1; Vx and Vy are the x and y 
components of the velocity vector with units of m/s. The x and y directions are axial and 

lateral respectively.

Viscous shear stress field was evaluated consistently with Hatoum et al12, 13, 18, 19, 22, 23 and 

Moore et al21.

τ = μ
dV x
dy +

dVy
dx (2)

Where τ is the shear stress in Pascal (Pa) and μ 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. Ideally good washout is associated with a 

high percentage of particles exiting over a minimum number of cardiac cycles. To quantify 

Hatoum et al. Page 4

Ann Biomed Eng. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sinus washout curves, first particle tracking was performed similar to other studies 
13, 22, 24–26. Briefly, particles were seeded as a uniform grid of 1mm x 1mm 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:

d x
dt (t) = u (( x ), t)) (3)

With:

x (t = 0) = x 0 (4)

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 because by 

10 cycles no more significant particles exited the sinus from the initial seeding.

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 is repeated over 10 cycles for every 

case. The resulting curves represent the sinus washout characteristic for all cases.

Results

a- Hemodynamic parameters

Table 1 summarizes some in-vitro hemodynamic parameters post-TAVR for the three cases. 

The average PG obtained with the untilted SAPIEN3 was 20.14±0.16mmHg, 

17.71±0.77mmHg with the SAPIEN tilted away from the sinus and 15.32±0.33mmHg with 

the SAPIEN tilted towards the sinus. The pressure gradient obtained pre-TAVR was found to 

be 49.4mmHg.

b- Flow velocity fields

Fig. 3 shows the velocity vectors and vorticity contours within the sinus of the three different 

valve cases at selected time points throughout the cardiac cycle. Both velocity and vorticity 

patterns are different in the sinus with the different deployment types. Having a tilt in the 

axial orientation of the valve with respect to the axis of the aorta leads to different vortex 

propagation mechanisms during systole. Because of the different jet orientations, it is 

important to note that in the case of tilt away from the sinus, a clockwise (CW) vortex forms 

due to the large recirculation region evident near the sinotubular junction (STJ). While in the 

tilted towards sinus orientation case, the counterclockwise (CCW) vortex forms and interacts 
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with the sinus wall immediately and directly near the sinotubular junction side. The peak 

velocities within the sinus are found to be 0.34m/s, 0.13m/s and 0.20m/s in the untilted, 

tilted away from the sinus and tilted towards the sinus cases respectively. The peak 

vorticities are 250s−1, 91s−1 and 89s−1 in the untilted, tilted away from the sinus and tilted 

towards sinus cases respectively.

During diastole, the velocity in the sinus reaches 0.15m/s, 0.10m/s and 0.12m/s for the 

untilted SAPIEN, for the tilted away and towards the sinus respectively in mid-diastole.

c- Shear stress distribution

Figs. 4a and b show the probability density function (PDF) of flow shear stress magnitude in 

the region adjacent to the leaflets during systole and diastole, respectively. As is clearly 

evident in part a, higher peak shear stresses (up to 1.2Pa) occur when the SAPIEN is untilted 

however the likelihood of this peak shear stress decreases once a tilt whether towards or 

away from the sinus is introduced (only up to 0.6Pa). Having the tilt towards the sinus 

provides slightly higher shear stress probabilities near the leaflets compared with the one 

away from the sinus during systole. During diastole (Fig 4b), having the untilted SAPIEN 

still provides higher likelihood of developing higher peak shear stress values near the leaflets 

with shear stress almost reaching 1.0Pa. The tilts changed the diastolic shear stress 

probabilities by decreasing it compared to the untilted case. Nevertheless, during diastole 

having the tilt towards the sinus is almost comparable to the untilted case while the one with 

the away tilt shows smaller values (up to 0.6Pa).

d- Sinus washout

Fig. 5 shows the survival probability curve of particles remaining in the sinus for the three 

different valve cases. When the SAPIEN3 is tilted away from the sinus, 21% of the particles 

exit the sinus region (79% remain) after the first cardiac cycle, followed by an additional 

39% at the end of the second cycle. The decrease in particle remaining is continuously slow 

throughout the cardiac cycles reaching a total washout after 9.5 cycles.

With the SAPIEN tilted towards the sinus, 88.32% of the particles exit (11.68% remain) the 

sinus after the first cardiac cycle, and total washout takes place at the end of the second 

cardiac cycle.

The untilted SAPIEN represents a midway case where 75% of the particles exit the sinus at 

the end of the first cardiac cycle then the decease becomes slow till total washout is achieved 

after 7.5 cycles.

Discussion

a- Hemodynamic parameters

The pressure gradients varied between the different deployment cases although the 

differences are clinically insignificant. Tilt can help with early re-attachment of the forward 

jet along the aortic wall that the jet impinges on and therefore better pressure recovery which 

may explain the minor improvement in pressure gradient with the tilts. Having the tilt may 

have also provided a bigger orifice area – because the SAPIEN stent is less constrained 
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during balloon inflation on the side that’s not aligned with the axis of the aorta. The more 

the tilt, the more a portion of the stent is unconstrained leading to a potentially wider (albeit 

insignificant) opening.

b- Flow velocity fields

Introducing a tilt to the valve deployment with respect to the axis of the aortic root clearly 

modifies the sinus vortex propagation mechanism (shape, motion and stability) in the 

different valve cases due to the different relative orientations between the forward jet and the 

ascending aorta27, 28.

Sinus flow patterns were altered decreasing sinus velocity, modifying the vortex formation 

and propagation mechanisms in the sinus, and increasing regions of flow stasis especially at 

the base of the sinus. The orientation of the SAPIEN with respect to the annulus has altered 

the direction of the flow. The vortex starts propagating in the sinus region later in the cardiac 

cycle for the tilted SAPIENs compared to the untilted case.

When the SAPIEN is implanted without tilt, a vortex starts forming at the leaflet tip and 

develops to get bigger and propagate inside the sinus as is clear at the peak phase providing 

fast mixing and rotation within the sinus29. This how normal sinus flow is established and 

relies on the vortex formation and entrapment into the sinus with the appropriate interaction 

with the sinus ridge at the STJ.

When the SAPIEN is tilted away from the sinus, as the leaflet opens and because of the tilt, 

the jet is correspondingly oriented downwards. The vortex that is formed at the edge of the 

leaflet now fails to propagate inside the sinus because sinus fluid is now more in the 

entrainment region of the forward jet thereby exiting the sinus rather than actually rotating 

there. As the leaflet closes and the pressure gradient reverses, vortices start forming driven 

by flow reversal and a mixing takes place. The overall motion in the sinus when the SAPIEN 

is tilted away from the sinus, becomes less about rotation and more about having the 

particles attempt to exit the region which shows that the main jet leads the flow from the 

back of the sinus.

When the SAPIEN is tilted towards the sinus, as the leaflet starts opening, the main jet itself, 

due to the orientation, impinges the STJ side leading to having the vortex, at the beginning 

near the tip of the leaflet, adjacent to the exit side of the sinus. The usual propagation and 

entrapment of vortex does not occur. This can be attributed to the higher dynamic pressure in 

the sinus with the jet pointed towards the sinus. The higher pressure in the sinus prevents 

any flow or vortexes into the sinus as compared to the untilted case where there is a 

dynamically favorable condition for the vortex to enter the sinus. As is clear at peak systole, 

the overall flow in the sinus tends to stagnate in the region than rotate there. Having it tilted 

towards the sinus leads to having the main flow hit the sinus edge adjacent to the STJ 

leading to having the vortex experience an impact with the wall leading to vortex 

stretching30 at peak systole.

The two tilted orientations both lead to decreased blood flow motion near the leaflets 

compared to the untilted placement of the TAV with respect to the axis of the aortic root.
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c- Shear stress distribution

Thrombosis is most likely to occur in low-flow or stasis regions with reduced shear 

stresses2, 22, 31. In healthy blood vessels, shear stress values range from 1.5 to 

2Pa13, 22, 32.Usually shear stress varies with the local conditions and the flow rate. Very low 

values of shear stress change the behavior of some cells for example platelets and can lead to 

thrombus formation33. 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 stress33, 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 al36 and Saw et 

al37 showed that vascular shear stress of large conduit arteries typically varies between 5 and 

20 dynes/cm2 (0.5 to 2.0Pa). Another study by Casa et al38 reported a normal value of 1000s
−1 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 al38 has reported physiological arterial shear 

rates below 400s−1 equivalent to 1.4Pa. Having said this, high likelihood of high shear stress 

near the leaflet is desirable while lower likelihood of high shear stress is not favorable as low 

shear stress is associated with higher likelihoods of developing thrombus.

Despite the decreased high shear stress likelihood once a tilt is introduced, the one with the 

tilt towards sinus showed higher probabilities of high shear stress than the downward one. 

The reason may be that the flow still retains more momentum compared with when the jet is 

projected downwards thus having a greater influence on the particle flow inside the sinus39. 

This finding is confirmed by the vorticity and velocity patterns observed in the sinuses.

One of the reasons we observe the differences between diastole and systole, can be due to 

the additional space that the downward orientation provides for the backflow (unimpeded by 

the decelerating main jet) during pressure gradient reversal to enter the sinus. Having lower 

or higher shear stress levels near the leaflets of the valve in the sinus depending on the 

orientation of the TAV itself, leads to an important factor related to the enhancement of 

thrombosis leading to leaflet mobility problems16, 40, 41.

d- Sinus washout

The tilt away from the sinus yielded the slowest washout and the greatly reduced velocity 

and vorticity for this case clearly support and explain this result. It is clear that when the 

SAPIEN is tilted towards the sinus, a total washout is achieved within 2 cycles faster than 

that with the untilted case. As explained in the shear stress section, the flow still retains more 

momentum compared with when it is projected downwards39. Thus it has a greater influence 

on the particle flow inside the sinus potentially increasing washout39. In addition, when the 

SAPIEN was untilted and tilted away from the sinus, the washout follows a “stair step” 

decay indicating that most of the initial particles that leave the sinus stay together and exit 

together. When the SAPIEN is tilted towards the sinus, it appears that washout is quick and 

characterized by intense episodes of blood change.
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e- TAV angular tilts and thrombus locations

The clinical significance of the above results and discussion is clearly in the context of 

leaflet thrombosis post-TAVR. The development of thrombus post-TAVR is an intriguing 

adverse effect given the diversity of reasons that may contribute to it. It is clear that flow 

stasis is what aids the formation of thrombus and that it is dependent on a variety of factors 

such as coronary flow16, 22, 40, valve type13, 16, valve positioning22 etc. Interestingly 

however, given that most leaflet thrombosis occurs on one or two leaflets only, it is 

intriguing to investigate the asymmetry in flow stasis due to potential tilt in the axis of the 

TAV. The patients who presented this adverse effect (Fig. 1) had their TAVs oriented at an 

angle with respect to the axis of the aorta. To the best of our knowledge, we have for the first 

time preliminarily provided data that may correlate the TAV angle tilted as discussed in the 

previous sections above with the alteration of shear stress distribution near the leaflets, sinus 

flow propagation, and significantly impacts sinus washout. Eventually, if the valve is tilted 

away from one sinus, it is thus tilted towards one of the 2 other sinuses. So the effect of the 

tilting can be extrapolated to the whole sinus-system through adding all the effects together, 

and the relationship with flow stasis depends on how the valve is positioned with respect to 

each sinus. In-vivo data show that one leaflet always has more thrombus than another and 

the way the valve is deployed with respect to the cusp can have an effect on that. Almost all 

the cases visualized in Makkar et al6 have thrombosis on the side the TAV was pointing 

away corresponding to the downward tilt case presented in this paper. Future clinical studies 

need to be conducted to investigate tilt as a potential predictor of thrombosis as well as 

establish thresholds for tolerance to help in identifying appropriate follow up.

Limitations

A few limitations were present in this study. 2D fluid mechanics analysis may not be 

sufficient to comprehensively evaluate the flow feature in the sinus and further more 

elaborate experimental and computational studies are needed to investigate these flow 

features in more details.

Conclusion

Some patient cases with leaflet thrombosis presented angular tilts of the TAVs relative to the 

aortic root axis. This study constitutes a detailed look at aortic sinus hemodynamics as 

regulated by different angular tilts of the TAV. Novel methodology was developed to 

simulate in-vitro conditions through usage of a patient-specific 3D printed aortic valve root. 

Sinus flow patterns were greatly altered with the introduction of the TAV tilt compared with 

the untilted case. While changes in valve performance with tilt was clinically insignificant 

(in terms of pressure gradients), sinus vortex formation and propagation mechanisms were 

significantly altered. Peak sinus flow velocities and vorticities were reduced. During systole, 

a drastic decrease in shear stress value range and favorable probabilities (high probabilities 

for high shear stress) were obtained. Sinus washout was modified with the tilts. Tilting the 

TAV with respect to the axis of the aorta may be considered an additional factor to the list of 

factors that could potentially influence the risk of leaflet thrombosis.
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Figure 1: 
CT images of 4 different patients with leaflet thrombosis showing the relative position of the 

thrombus on the leaflets (A, C, E and G) along with the tilted orientation of the TAV with 

respect to the axis of the aorta (B, D, F and H). The red arrows point out at the thrombus. 

The yellow dashed lines represent the axis of the implanted TAV and the full yellow lines 

represent the axis of the aorta. Figures E, F, G and H are taken from Ref6 with permission.
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Figure 2: 
(a) Aortic and (b) Sinus view of the segmented valve and Valve placement view with respect 

to the aorta axis (a) untilted and (b) tilted away from the sinus.
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Figure 3: 
Velocity vectors and vorticity contours within the sinus of an aortic valve post-TAVR with 

Sapien S3 26 untilted and tilted away from the sinus and towards sinus at selected time 

points throughout the cardiac cycle.

Hatoum et al. Page 15

Ann Biomed Eng. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4a and b: 
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 different valve 

configurations.
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Figure 5: 
Survival probability curve of particles remaining in the sinus of the bicuspid and tricuspid 

valves with different valve configurations.
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Table 1:

Hemodynamic parameters of the valve with the different TAV orientations. CO denotes the cardiac output and 

ΔP the average pressure gradient.

With Untilted Sapien S3 26 With tilted Sapien S3 26 away from 
sinus

With tilted Sapien S3 26 towards 
sinus

CO (L/min) 5.3 5.3 5.3

Heart Rate (BPM) 81 81 81

ΔP (mmHg) 20.14±0.16 17.71±0.77 15.32±0.33
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