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Abstract

Objective: The objective of this study is to investigate and compare the hemodynamic and 

turbulence characteristics upon implantation of St. Jude Medical (SJM) and ON-X bileaflet 

mechanical valves (BMHV). Both valves are considered highly successful BMHVs characterized 

by good clinical outcomes despite their numerous design differences. While thromboembolism 

remains the main disadvantage of BMHVs, ON-X has been shown to need less anti-coagulation 

therapy.

Methods: Hemodynamic assessment of a 23mm ON-X bileaflet mechanical valve and a 23mm 

bileaflet St. Jude Mechanical valve (SJM) implanted in an aortic root was performed under 

pulsatile physiological conditions. Time-resolved and phase-locked Particle-Image-Velocimetry 

images and high-speed imaging data were acquired. Pressure gradients (PG), effective orifice areas 

(EOA), dimensionless area index (AI), leaflet position tracking, velocity and Principal Reynolds 

shear stress (RSS) were calculated.

Results: (a) PG across ON-X was 4.15±0.099mmHg versus 4.75±0.048mmHg for 

SJM(p<0.001). EOA across ON-X was 2.61±0.045cm2 versus 2.36±0.022cm2 for SJM(p<0.001); 

(b) AI was higher with SJM (0.87±0.008) than with ON-X (0.73±0.013)(p<0.001); (c)ON-X 

showed a fluctuating leaflet behavior during systole while SJM leaflets were stable; (d) at peak 

systole, the maximal velocity with ON-X was 1.86m/s versus 2.33m/s with SJM; (d) RSS was 

higher with ON-X compared with SJM at peak systole (95 versus 72Pa); (e) Higher velocity 

fluctuations was noted with ON-X.

Conclusions: This study shows that despite the design differences that characterize ON-X, the 

hemodynamic and turbulence parameters were not necessarily improved compared with SJM.
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Introduction

Bi-leaflet mechanical heart valves (BMHV) became the gold standard in mechanical heart 

valve implantation therapy. They are still widely used specifically in younger patients’ 

populations in need of valve replacement. Throughout the past decades, mechanical valve 

designs have evolved in order to ameliorate valve hemodynamic and clinical performance, 

durability and reduce if not omit blood damage mainly platelet activation and blood 

hemolysis. However, blood trauma remains a seemingly non-preventable risk. Despite 

guideline-directed anti-coagulation therapy, thromboembolism has been the most common 

adverse effect associated with BMHV affecting around 0.1% to 5.7% per patient year (1). 

Anticoagulation therapy is associated with several risks such as hemorrhage (2–4). Clinical 

studies have shown that patients with BMHV have shortened platelet and red blood cell 

half-lives(5,6).

One of the most efficacious and popular bileaflet BMHV to date has been the St. Jude 

Mechanical valve (SJM) (St Jude Medical, Inc, St Paul, Minn) with over 35 years of 

proven clinical performance(7). SJM is characterized by an 85-degree leaflet-opening angle. 

Despite its low relative thrombogenicity, clinical studies with SJM mechanical valve have 

demonstrated a potential risk of valvular thrombosis that can lead to patient mortality (8–

11). Another bileaflet mechanical valve, the ON-X (On-X Life Technologies, Inc (Austin, 

Tex)), emerged in 1996 and was FDA approved in 2001(12). In 2015, ON-X obtained 

an FDA approval that allows patients after 3 months from implantation to be managed at 

an international Normalized Ratio (INR) level of 1.5 to 2.0 that is closer to unmedicated 

INR(13). ON-X is characterized by a 90 degree leaflet opening angle in addition to a 

flared inlet orifice(12). Preliminary studies addressing the efficacy of ON-X demonstrated 

that the associated complications were comparable with other bileaflet BMHV in a similar 

population(12). ON-X valve demonstrated improved mean valve gradients and effective 

orifice areas compared with earlier bileaflet models(12,14). The most important observation 

found with ON-X was the decrease in thrombus formation that led to significantly reducing 

if not omitting the need for anti-coagulation therapy(15).

The assessment of blood damage in-vitro is usually performed through evaluating turbulent 

shear stresses, thus many attempts have been made to implement design modifications that 

reduce these stresses(16,17). Even though remarkable design developments in BMHVs over 

the last 50 years and new drug therapies have been established, the problems of platelet 

activation, hemolysis, and thromboembolism in BMHVs still persist.

The objective of this study is to investigate and compare the hemodynamic and turbulence 

characteristics upon implantation of SJM and ON-X BMHVs.

Methods

Valve selection and hemodynamic assessment

To evaluate post-valve hemodynamics and turbulence, measurements described below were 

conducted with a 23mm ON-X Life Technologies (ON-X) bileaflet mechanical valve (Aortic 

Heart Valve with Standard Sewing Ring (ONXA-23)) and a 23mm bileaflet St. Jude 
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Mechanical valve (SJM) (Masters Series mechanical heart valve PTFE cuff (23ATJ-503)) 

implanted in an aortic root. Valve dimensions are shown in Fig. 1a. Hemodynamic 

parameters were evaluated under pulsatile flow conditions created by a left heart simulator 

yielding physiological flow and pressure curves as previously described (18–25). The 

working fluid in this study was a blood-analogue mixture of water-glycerin (99% pure 

glycerine) producing a density of 1060Kg/m3 and a kinematic viscosity of 3.5cSt. The 

cardiac output was set to be 5 L/min, the heart rate 60 beats per minutes and pressures of 

120/80 mmHg. Three hundred 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.

The effective orifice area (EOA) is an important parameter to evaluate valve orifice opening. 

EOA was computed using the Gorlin’s equation:

EOA = Q
51.6 PG (1)

Where Q represents the root mean square aortic valve flow over the same averaging interval 

of the PG.

Because EOA is a function of the valve size, the area index (AI) is also calculated in 

equation (2) below. AI is an additional dimensionless characteristic that normalizes EOA 

by geometric valve size and shows a measure of the valve’s resistance characteristics 

independent of the valve size.

AI = EOA
A (2)

Where A represents the inner area in cm2.

Particle Image Velocimetry (PIV)

For PIV, the flow was seeded with fluorescent PMMA-Rhodamine B particles with average 

diameters of 10 μm. For all cases, the velocity field within the distal flow region were 

measured using high spatial and temporal resolution PIV. Briefly, this involved illuminating 

the flow 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 region. Time-resolved PIV images were 

acquired with a resulting spatial and temporal resolutions of 0.0296mm/pixel and 500Hz 

respectively. Phase locked measurements were recorded for 12 phases of the cardiac cycle 

starting from early systole (acceleration) and ending in mid-diastole repetitively 250 times 

with a spatial resolution of 0.0296mm/pixel. 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 previous publications (18–26).
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Vorticity Dynamics

Using the velocity measurements from PIV, vorticity dynamics were also evaluated distal 

to the valve. Vorticity is the curl of the velocity field and therefore captures rotational 

components of the blood flow shearing as well as visualizing turbulent eddies(25). Regions 

of high vorticity along the axis perpendicular to the plane indicate both shear and rotation of 

the fluid particles. Vorticity was computed using the following equation:

ωz = − dV x

dy − dV y

dx (3)

Where ωz is the 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 with the z direction being out of measurement plane.

Reynolds shear stress (RSS)

Reynolds shear stress has been widely correlated to turbulence and platelet 

activation(27,28). It is a statistical quantity that measures the maximum (principal) Reynolds 

shear stress between fluid layers when fluid particles decelerate or accelerate while changing 

direction(29).

RSS = ρ u′u′ − v′v′

2

2

+ u′v′ 2
(4)

Where ρ is the blood density and u’ and ν’ are the instantaneous velocity fluctuations in the 

x and y directions respectively.

Statistics

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. Probability density functions of 

the shear stress distribution were calculated and plotted. Analyses were performed over 300 

replicates.

Results

Hemodynamic parameters

The pressure gradient (PG) across the ON-X valve was 4.15±0.099 mmHg and that across 

the bileaflet SJM valve was 4.75±0.048 mmHg (p<0.001). The effective orifice area (EOA) 

across the ON-X valve was 2.61±0.045 cm2 and that across the SJM valve was2.36±0.022 

cm2 (p <0.001). The area index of the ON-X was calculated to be 0.73±0.013 versus a 

0.87±0.008 for SJM (p < 0.001).

Leaflet tracking

Video 1 shows the opening and closing of the leaflets of every mechanical valve. Figure 1b 

shows the average instantaneous positions of the leaflet tip with respect to the mid-plane 

of each bileaflet valve (see figure inset) throughout the normalized opening phase. An 
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interesting feature that appear during the opening phase exclusively for the ON-X is the 

higher rate of leaflet fluctuations. However, the SJM valve shows a more stable behavior 

throughout systole.

Flow velocity fields

Flow velocity field is an important indicator of the flow velocity and vorticity state. While it 

is intuitive to assess the velocity, evaluating the vorticity that evaluates the local spinning of 

the fluid elements along with the characteristics of the shear layers (red and blue contours) 

do provide a comprehensive assessment of the flow post valve and help in the understanding 

of the resulting turbulence. The red and blue traces represent shear layers with red and blue 

being counterclockwise (CCW) and clockwise (CW) vorticity generated from the inner and 

outer surface boundary layers of each leaflet.

Figures 2 and 3 show the phase averaged velocity vectors and vorticity contours at different 

phases in the cardiac cycle for the 2 different valves. Video 2 shows the flow visualization 

across the valves. Qualitatively, as the valve opens, the shear layers start developing in both 

cases showing similar characteristics. Thinner shear layers are noted with the SJM compared 

to the ON-X along with a slower decay of the middle orifice ones until peak-systole is 

reached. More dissipation occurs with the ON-X in the peripheral jets compared with the 

SJM. Post peak systole, as shown in Figure 3, faster dissipation is again noted in the middle 

jet with the ON-X. During diastole, the flow structure topology is quite similar for both 

valves with more mixing clearly shown with the ON-X from the velocity vector direction. 

Quantitatively, at the beginning of the valve opening as shown in Figure 2, the flow field 

for both valves is characterized by a near zero velocity with the ON-X showing slightly 

higher velocity magnitude of 0.045±0.004 m/s compared with 0.008±0.001 m/s for SJM. 

Right before peak-systole, for the ON-X valve, the velocity reached 1.88±0.01 m/s in the 

middle jet and 1.94±0.02 m/s in the peripheral jets. For the SJM valve, the velocity reached 

2.16±0.04 m/s in the middle jet and 2.21±0.01 m/s in the peripheral jets. During peak 

systole, and to better assess the variations of the velocity, Figure 4a shows the variation of 

the Vx profile at the horizontal centerline (Y=0) midway between the leaflets of the ON-X 

and the SJM valves during peak systole. The SJM exhibits higher velocities at the middle jet 

compared with the ON-X starting from 2.32m/s and ending at x = 30 mm with a velocity 

of 1.73 m/s (0.59 m/s difference). While for the ON-X, the velocity at the opening was 

shown to be 1.85 m/s and at x = 30 mm, 1.42m/s (0.43 m/s difference). In addition, during 

peak systole, Figure 4b shows the variation of Vx profile right at the tip of the leaflets 

post opening (at X=0) versus y during peak systole for the ON-X and the SJM valves. 

The velocity as shown in the previous point is higher with SJM compared with ON-X 

in the middle jet and the peripheral ones. In the middle jet at peak systole, the maximal 

velocity obtained with ON-X was calculated to be 1.86 m/s while 2.33 m/s for SJM. In the 

peripheral jets, the maximal velocity calculated with ON-X was shown to be 2.06±0.05 m/s 

and 2.42±0.07m/s for SJM. SJM peripheral jets nevertheless exhibit differences in maximal 

velocities. The difference between the middle jet velocity and the peripheral ones are close 

for both valve cases, despite having the ON-X more consistent as the peripheral jets velocity 

profiles are similar.
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Reynolds shear stress (RSS) and velocity fluctuations field

Figures 5 and 6 display the distribution of Reynolds shear stress contours of the 2 valve 

cases at different time points throughout the cardiac cycle. Qualitatively during acceleration, 

the distribution of RSS looks different between both valves irrespective of the magnitude. 

More diffusion is noted with the ON-X during acceleration and prior to reaching mid-

systole. At mid systole, higher level of irregular diffusion of momentum due to turbulent 

advection is noted with the ON-X in comparison with the SJM. More momentum diffusion 

continues to overwhelm the overall topology of the RSS contours in the ON-X compared to 

the SJM. This momentum diffusion is also obvious more notably in the peripheral jets of the 

SJM compared to the middle one. Decay in RSS is observed in both valves with increasing 

distance from the valve.

Quantitatively to better visualize the distribution of RSS throughout the flow region for 

both valves, probability density functions of RSS distribution were plotted and shown in 

Figures 7a, 7b and 7c during acceleration, peak systole and deceleration phases respectively. 

It is clear from the figures that peak systole is characterized by the highest magnitudes of 

RSS for both valves reaching around 95Pa in the ON-X case versus 72Pa for SJM. During 

acceleration, ON-X is characterized by higher likelihood to develop higher RSS up to 45Pa, 

however SJM is characterized by higher RSS magnitudes reaching around 58Pa. At peak 

systole, ON-X is characterized by higher likelihoods to develop higher RSS throughout. 

The same observation applies during deceleration with RSS magnitudes reaching 55Pa for 

ON-X and 42Pa for SJM. Velocity fluctuations characterize turbulent flows. A larger Vrms 

indicates a higher turbulence. Figure 7(d,e) shows the root mean square of the fluctuations in 

velocity (Vx’) for the 2 different valves before, at and after mid-systole. Figure 7(f,g) shows 

the root mean square of the fluctuations in velocity (Vy’) for the 2 different valves before, at 

and after mid-systole. It is obvious from Figure 8(a,b) that there is a more persisting level of 

fluctuations that occupies the downstream region post valve opening in x direction with the 

ON-X in comparison with the SJM.

Discussion

In this study, the differences engendered as a consequence of the 2 different bileaflet BMHV 

ON-X and SJM were evaluated via: (1) hemodynamic parameters in terms of pressure 

gradients, effective orifice areas and area index; and (2) flow visualization in terms of 

turbulence parameters. The importance of studying turbulence stems from its effect on blood 

damage particularly platelet activation, hemolysis, and effects on pressure recovery and 

drop.

Effect of valve design on hemodynamic parameters

The pressure gradient data among the 2 BMHV were insignificantly different. Clinical 

studies have shown that for ON-X valves whose sizes range from 19 to 25 mm, the expected 

pressure gradients fall within 4.7 to 8.3mmHg, and effective orifice areas within 1.5 to 2.7 

cm2 as per Palatianos et al(14). Similarly, the pressure gradient obtained with the SJM valve 

falls within the clinical range (average 6.9mmHg) obtained by Izzat et al(30). Another study 

by Butany et al(31) showed that the average PGs obtained with an SJM range from 3.0 
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to5.2mmHg. The values obtained in this in-vitro study fall within the range of those obtained 

in vivo.

Xu et al showed in a population study that regardless of the size of the valve and 

the diversity of the patients, the ON-X yielded equal or higher EOAs. From a design 

perspective, the ON-X valve is characterized by a larger internal diameter (21.4mm) 

compared with the same tissue annulus diameter and valve size SJM (18.6mm) (Fig. 1a). 

These additional mms seem to be advantageous for the ON-X and seem to explain the 

higher EOAs obtained in-vivo and in-vitro. Nevertheless, non-dimensional area index that 

normalizes EOA to the internal diameter of the valve indicates how well a valve design 

utilizes its total internal geometric orifice area. Thus, it provides a measure of the valve’s 

resistance characteristics independent of the size higher performance with SJM compared to 

ON-X.

Additionally, from a physical perspective, flows from reservoirs to smaller orifices with 

sharp edges are accompanied by high entry losses. These entry losses can be mitigated or 

decreased by having a rounded edge entry orifice(32), as is the case with the ON-X design. 

The flared inlet design of the ON-X valve as opposed to the SJM bileaflet mechanical valve, 

allows the flow to remain attached to the boundary without any separation thus with minimal 

losses. This design and fluid mechanism may also be partially responsible for the lower 

pressure gradients and higher EOAs obtained with the ON-X.

Effect of leaflet and valve design on hemodynamic behavior

As highlighted in the results, the ON-X leaflets show a higher degree of leaflet fluctuation 

compared with the SJM bileaflet valve. The relatively constant and consistent leaflet motion 

of the SJM during systole emphasizes one aspect of the valve design that is the smaller and 

shorter leaflet design of the SJM. The larger the leaflets the harder it is to maintain a stable 

behavior under the flow conditions. In addition to that, the incomplete leaflet opening of 

the SJM leaflets allows the fluid pressure force to keep the leaflet pressed open against the 

hinge. While in the ON-X case, and due to the complete opening of the leaflets, this force 

is not present leading to a free oscillation of the leaflet. That is also clear at the beginning 

of valve opening in Figure 1b where the ON-X responds faster (sharp slope) to the flow 

condition while the SJM opening phase is slower at the beginning (constant and slowly 

decreasing leaflet tracking curve). The effect of leaflet fluctuations will be further discussed 

in details in the coming sections.

Flow velocity fields and profiles and relationship with turbulence

RSS and flow velocity fields help identify the spatio-temporal locations of flow instabilities 

and quantify overall turbulence characteristics(33). They can also provide an additional 

assessment of valve performance(25). Previous in-vitro studies investigated the risk of blood 

damage and attempted to set thresholds that signal the beginning of platelet activation. 

However, so far thresholds are not well-established, and the characterization of turbulent 

stress is still disputable. Hung et al. reported platelet damage at 100–165 dynes/cm2 with an 

exposure time of 102 s(34). Williams et al established the onset of platelet activation at 130 

dynes/cm2 under an exposure time of 1023 s(35). Ramstack et al. reported platelet activation 
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at 300–1000 dynes/cm2 at an exposure time of 10s(36). A study by Kameneva et al showed 

that turbulent flow increases hemolysis risk compared with laminar flow(37) given the same 

exposure time. Another study by Quinlan et al (38) explains that in turbulent flow through a 

prosthetic heart valve, the flow-induced stress on a blood cell is estimated to be at least an 

order of magnitude less than the Reynolds stress(38). Antiga and Steinman (39) highlighted 

the importance of cell-to-cell interaction in blood damage with turbulent flow. They also 

explain how turbulent velocity fluctuations can give rise to viscous shear stress however they 

acknowledge that RSS is a potential indicator of blood damage.

The jet through ON-X is characterized by lower velocities compared with SJM, and this is 

expected due to the larger orifice that allows blood to flow. Faster vorticity dissipation was 

observed with the ON-X in addition to higher levels of velocity fluctuations in the x and 

y directions. These fluctuations were evident in Video 1 and Figure 1b where the leaflet 

was “oscillating” throughout the valve opening phase. The fluctuations in the y-direction 

are tightly related to the unsteadiness explained in the stream-wise component of velocity, 

and vorticity fields above showing a more stable behavior for SJM. The distribution of the 

principal RSS of both showed great differences in terms of magnitudes and of likelihoods 

to develop high RSS. These results are also confirmed by those in Figures 7(a,b) and 7(c,d) 

where more fluctuations in the x and y directions are observed with ON-X compared with 

SJM.

Hemodynamics and in-vivo anti-coagulant results

Several clinical studies have been conducted using the ON-X mechanical valve and 

demonstrated promising results shortly after implantation and on the long run, particularly 

when it comes to the absence of thrombus formation with no or minimal anticoagulation 

therapy(12,15). While ON-X is characterized by lower velocities and higher effective orifice 

areas, turbulence results have shown quite important parameters that do not constitute a 

decisive indication or proof for a decision of whether omitting or reducing anti-coagulant 

therapy. Hinges flow dynamics of both BMHV were not investigated in this study. Previous 

studies have shown that a proper bileaflet valve function necessitates proper flow fields 

within hinge mechanisms(40,41). Within these hinge mechanisms, stagnation regions can 

form which trigger the formation and development of thrombus(7). Investigating the flow 

in the hinges does not fall within the scope of this work, however future studies will be 

performed.

Limitations

Several limitations are present in this study. The blood-analog fluid used is of constant 

viscosity while blood is a non-Newtonian fluid. The change in viscosity does not affect the 

pressure or pressure gradient measurement, but certainly it does affect the leaflet kinematics, 

the overall flow structures onset and formation and blood damage (42–44). To precisely 

evaluate these differences, further experiments are needed. In addition, 2D PIV is used in 

this study and only size 23mm is tested.
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Conclusion

The turbulence and hemodynamic performances of 2 BMHVs ON-X and SJM were assessed 

in this study. Figure 8 provides a summary of the study. ON-X showed slightly smaller 

PGs and higher EOAs compared with SJM. The dimensionless area index was higher with 

SJM. The flow velocity fields and RSS contours were different between the valves with 

higher velocities and vorticities with SJM whereas higher fluctuating velocities in the x 

and y directions and RSS with ON-X. This study shows that despite the design differences 

between the 2 valves, hemodynamic and turbulence parameters are close. Further studies are 

required to investigate the flow in the hinges along with the effect of each of these valves 

on blood cells in order to understand and relate more thoroughly hemodynamics to blood 

trauma.
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Abbreviations, symbols and terminology

SJM St. Jude Medical

PG Pressure Gradient

RSS Reynolds shear stress

PIV Particle Image Velocimetry

EOA Effective Orifice Area

AI Area Index

BMHV Bi-leaflet Mechanical Heart Valve
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Figure 1: 
(a) Geometric dimensions of the 2 valves: ON-X on the left and SJM on the right; TAD 

denotes tissue annulus diameter, H denotes height and ID denotes internal diameter; (b) 

Average Instantaneous positions of the leaflet tip with respect to the mid-plane of the 

valve throughout the normalized opening phase. Error bars are ± standard deviation. Larger 

internal orifice and profile are measured with ON-X. More leaflet fluctuations are observed 

with ON-X.

Hatoum et al. Page 12

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2020 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Phase averaged velocity vectors and vorticity contours at different phases in the cardiac 

cycle (until peak systole) for the 2 different valves. Different flow structures are dictated by 

the different flow behaviors in the presence of the 2 different valves.
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Figure 3: 
Phase averaged velocity vectors and vorticity contours at different phases in the cardiac 

cycle (post peak systole) for the 2 different valves. Different flow structures are dictated by 

the different flow behaviors in the presence of the 2 different valves.
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Figure 4: 
(a) Vx profile at the horizontal centerline (Y=0) midway between the leaflets of the ON-X 

and the SJM valves during peak systole and (b) Vx profile right at the tip of the leaflets post 

opening (X=0) versus y during peak systole for the ON-X and the SJM valves. Error bars 

are ± standard deviation. Vx is the streamwise component of velocity. Higher velocities are 

obtained with SJM compared to ON-X.
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Figure 5: 
Principal Reynolds shear stress (RSS) contours of the 2 valve cases at different time points 

throughout the cardiac cycle. Higher RSS magnitudes are obtained with ON-X compared to 

SJM.
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Figure 6: 
Principal Reynolds shear stress (RSS) contours of the 2 valve cases at different time points 

throughout the cardiac cycle. Higher RSS magnitudes are obtained with ON-X compared to 

SJM.
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Figure 7: 
Root mean square of the fluctuations in velocity (a,b) Vx’ and (c,d) Vy’ for the 2 

different valves before, at and after mid-systole. Reynolds Shear Stress (RSS) and velocity 

fluctuations span a wider range with ON-X compared with SJM.
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Figure 8: 
ON-X shows more turbulent fluctuation than SJM yet lower anti-coagulation seems to 

suffice.
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