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Abstract
Millions of people are affected by valvular heart disease, with the need for roughly
250,000 valve replacements each year. One of the leading contributors of this disease is
valvular insufficiency, particularly of the aortic valve. A possible solution to this is a
polymeric trileaflet heart valve. Abiomed© has two different types of polymeric trileaflet
valves: a twisting and normal valve. Previous studies have shown that the twisting valve
performs better hemodynamically, and was thus chosen to study further. In this
experiment, we consider the effect of thinning the leaflets on the Abiomed Angioflex ®
twisting trileaflet valve.

In order to help characterize the operation of this valve in the aortic position, a study of
the flow through the valve and in the aortic sinuses is conducted. To do this, the valve is
placed in an acrylic model mimicking the Sinuses of Valsalva and run in a mock
circulatory loop. Using a 40% hematocrit viscoelastic blood analog under physiological
conditions (72 bpm, 120/80 mmHg, 3.5 L/min), two-dimensional particle image
velocimetry is performed at 100 ms intervals in diastole and at 25 ms intervals in systole
over the cardiac cycle to acquire the flow.

Analysis reveals that the thin polymer valve produces a wider systolic jet than the flow
associated with the thick polymer valve, which results in a lower peak velocity and a
flatter velocity gradient. Further analysis shows that the thin leaflet protrudes deeper into
the sinus when compared to the thick leaflet. This produces more flow within the sinus
than the thick leaflet valve, which in turn helps to feed the coronary ostia located within.
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Chapter 1
INTRODUCTION

1.1 Background and Clinical Need
According to the American Heart Association, nearly a million people died in
2005 due to cardiovascular disease, which represents over 35% of all fatalities that year
[1]. In 2009, the direct cost of cardiovascular disease in the United States was 313.8
billion dollars [2]. Cardiovascular diseases can lead to high blood pressure, stroke, heart
failure, and heart valve disease. Heart valve disease was responsible for over 20,000
deaths and was considered to be a contributing factor to an additional 22,500 fatalities
[3].
Heart valve disease may involve valvular insufficiency (chronic and acute),
stenosis and atresia. In valvular insufficiency, the ventricle has an increase in volume,
which increases the wall tension and the valve does not close completely [4]. This causes
regurgitant flow into the ventricle, which can be as high as 80% of the total stroke output
[4]. Stenosis occurs in patients when the leaflets of the valve thicken, stiffen or fuse
together, thus causing the heart valve to not open fully [5]. This decreases blood flow
through the valve, and may make the flow more turbulent [5]. Atresia occurs when the
heart valve lacks an opening for blood to flow [5]. This may be caused by hypertension,
age related changes, rheumatic fever, and infections [6]. These symptoms, along with
other less prevalent ones, will cause 250,000 people to seek out heart valve replacements
each year [7].
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1.2 Anatomy
A normal healthy heart, as depicted in Figure 1, has four active heart valves: the
tricuspid valve located between the right atrium and the right ventricle, the pulmonary
valve located between the right ventricle and the pulmonary artery, the mitral valve
located between the left atrium and the left ventricle, and the aortic valve located between
the left ventricle and the aorta.

Figure 1 Diagram of the anterior view of a normal heart including the four heart valves
(tricuspid, pulmonary, mitral, aortic) [8].

Heart valve disease is most prevalent in the aortic valve [6]. Figure 2 shows that
a normal aortic valve, that is, a tricuspid valve, has three leaflets or cusps that open and
close to regulate blood flow. These leaflets are about 0.1 mm thick and, in the closed
position, their central margins coapt along three separate radii 120° apart to seal the
2

entrance into the aorta [9]. About 1% of the population are born with a bicuspid (two
leaflets/cusps) aortic valve, and this may cause complications later in life [10].

Figure 2 Diagram of the heart, with a comparison of a normal aortic valve against an
aortic valve diagnosed with a stenosis [11].

Figure 3 shows that the aortic valve is surrounded by three sinuses called the
Sinuses of Valsalva or simply the aortic sinuses. In the open position, each cusp/leaflet
opens into a separate sinus, and the commissures of the valve align with the commissures
of the sinuses. Two of the sinuses contain the coronary ostia, which supply blood to the
heart [9]. The third sinus does not have a coronary ostia, and is referred to as the noncoronary sinus [9]. These sinuses are important, as without them the leaflets would seal
against the coronary ostia as a result of the high differential pressure across the valve,
causing a decrease of flow into the coronary artery accompanied by a decrease in
coronary arterial pressure [9]. The aortic valve is not only important in regulating blood
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flow to the systemic circulation, but is also essential to maintaining the heart’s blood
supply.

Figure 3 Diagram of the Sinuses of Valsalva, showing the origins of the coronary arteries
[12].

1.3 History and Evolution of Mechanical Heart Valves and Development
of Polymeric Heart Valves
Since 1960, heart valve prostheses have been implanted and used successfully
[13]. Currently, over 95% of patients undergo successful heart valve replacement surgery
and live, on average, an additional 10 years after the surgery [14]. There are two main
categories of heart valve prostheses used clinically today: bioprosthetic valves and
mechanical heart valves (MHV). Bioprosthetic valves were rigorously studied during the
1970’s, both because of their lower incidence of thromboembolic complications and the
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fact that they can be used without anticoagulant therapy [13]. However, bioprosthetic
valves may have a limited lifespan as a result of pannus overgrowth, calcification (more
prevalent in the young), primary tissue failure, jet-like flow through the valve leaflets,
and relatively large pressure drops [13,15]. Also, the bioprosthetic heart valve poses a
risk of an immune system response, accompanied by an infection, since the tissue is
foreign to the body it is being implanted in [16].
Mechanical heart valves, as the ones displayed in Figure 4, on the other hand have
a much longer life and are extremely durable, and are thus used more often in heart valve
replacement surgeries (60% of surgeries) [14, 17].

Their disadvantages include

hemolysis, thromboembolic complications, damage to the intima of the aorta, and the
need for long term anti-coagulant therapy [15, 18]. These complications are due to the
fluid dynamic characteristics of blood flow past these valves, which are heavily
dependent on the specific geometry of the valve and its material [18, 19].

5

Figure 4 Three different designs of MHVs (starting from top to bottom): Caged Ball
design, Tilted Disk design, Bileaflet design. The left image shows the valve in the open
position, while the right shows it in the closed position [20].

Mechanical heart valve replacement dates back to September 21, 1960, when Dr.
Albert Starr performed the first successful orthotopic valve replacement, in the mitral
position, using a design known as the Caged Ball design [21]. The cage is usually
composed of a chrome-cobalt mixture, while the ball was first composed of silicon rubber
but then later changed to pyrolytic carbon [22].

This valve has many drawbacks,

including a large pressure drop across the valve and a strong turbulent flow created by the
occluder through and downstream of the valve which ultimately leads to hemolysis and
thrombus formation [23].
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The tilting disk design was introduced later in the 1960’s, to try and minimize the
resistance to forward flow, decrease turbulence, limit regions of stagnant flow, and
reduce the areas of high shear stress [21]. The streamlined disk is allowed to tilt back
inside its stent at an angle of either 50° or 75° when in the open position, as shown in
Figure 4, which reduces turbulence and pressure drop [22]. A Medtronic-Hall valve,
which is still used clinically today, is shown in Figure 4. One drawback of this valve is
the struts that hold the tilting disk in place still impede flow when the valve is open,
similar to how the cage impeded forward flow in the Caged Ball design [22].
The bileaflet MHV was designed and used clinically in the late 1970’s to try and
improve blood flow through the valve [24]. This valve typically consists of two leaflets
shaped as half circles, which pivot to open and close within an orifice [22]. These
leaflets, typically constructed of pyrolytic carbon, ―float‖, so that they can be cleansed by
the flow of blood [23]. A St. Jude Medical© MHV, shown in Figure 4, is typical of the
bileaflet valve.

Similar valves differ in leaflet profile, pivot design, and orifice

configuration [22].
Here, we consider the use of a trileaflet valve design. This design resembles the
native human aortic valve, which is appealing to many engineers and physicians from a
hemodynamic viewpoint [25]. These valves typically consist of some type of polymer
leaflets (usually polyurethane) and have the potential to reduce hemolysis and thrombosis
relative to other MHVs [25]. These valves produce a centralized forward flow with a
relatively flat velocity profile, which is similar to the flow a native aortic valve produces
[25]. However, these valves have also been found to produce higher turbulent shear
when compared to the native valve, due to their more constricted orifice area [25]. The
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flow field that is induced is heavily dependent upon the leaflet thickness and the
geometry of the valve, and is mostly independent of the type of polymer chosen. Some
polymeric valves have shown their efficacy in assist devices, such as the Abiomed
Angioflex Trileaflet MHV, but none of them have shown sufficient durability for longterm implantation [26].

1.4 Hemodynamics
The blood shear stress field is linked to certain cardiovascular diseases, which
includes thrombosis, platelet activation and hemolysis [27]. Mechanical heart valves in
particular pose a substantial risk of thrombosis and hemolysis, due to valve closure events
and the high fluid shear stresses they produce [28, 29].
In the past, studies involving flow field analysis downstream of a prosthetic heart
valve used laser Doppler anemometry (LDA). Yoganathan et al. used laser Doppler
anemometry to measure the wall shear stresses, along with the velocity profiles
downstream of a caged-ball valve and a tilted disc valve under steady-state conditions
[18]. Yoganathan et al. also used a three component LDA system to analyze the flow
fields created by various valve prostheses in the mitral position under physiological
pulsatille flow conditions [30]. Alchas et al. and Phillips et al. also used LDA to study
valves mounted in an artificial left ventricular assist device (VAD) under pulsatile
conditions [18].

Bruss et al. used LDA under unsteady conditions with a mock

circulatory system to obtain velocity profiles behind several aortic valves. Manning et al.
used laser Doppler velocimetry (LDV) to measure the local flow in a ―single shot‖
chamber designed to isolate mitral valve closure dynamics over a 30 ms period
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encompassing the initial valve impact and rebound [31]. Kreider et al. used PIV to
investigate the flow fields associated with the Bjork-Shiley Monostrut MHV in various
mitral valve orientations in the 50cc Penn State left ventricular assist device (LVAD)
[32]. Balducci et al. used particle image velocimetry and particle tracking velocimetry to
investigate the velocity field at the outlet of a bi-leaflet artificial heart valve [27]. Kini et
al. integrated LDV and PIV to measure the regurgitant flow field past a Bjork-Shiley
Monostrut valve in the mitral position under pulsatile conditions [33]. Brown et al. also
used both PIV and LDV to investigate the flow downstream of a St. Jude bileaflet heart
valve under steady flow conditions, and thereafter drew a comparison between the two
techniques [34].

1.4.1 Platelet Activation and Hemolysis
Reynolds shear stresses (RSSs) are caused by random turbulent fluctuations in
fluid momentum. Significant cell deformation has occurred for turbulent Reynolds shear
stresses ranging from 400 dynes cm-2 to 5,600 dynes cm-2, with exposure time varying
from 100 – 10,000 seconds [25]. Other studies have shown that Reynolds shear stresses
in the order of 40,000 dynes cm-2 cause the same effect after an exposure time of 10 -5 s
[35, 36]. Brown et al. examined the effect of Reynolds shear stresses on platelets, and
determined that shear stresses of 250 dynes cm-2 caused platelet fragmentation, which
revealed the sensitivity of platelets to shear stress [37].
Hemolysis is not only dependent upon the magnitude of the shear stresses, but
also on the exposure time to the shear stresses, similar to that found with platelet
activation. Leverett et al. investigated blood damage in a rotational viscometer, and found
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that the threshold for extensive erythrocyte damage was approximately 1,500 dynes cm-2
[38]. Sallam et al.’s study of erythrocyte hemolysis in a turbulent shear flow field
however found that the maximum Reynolds shear stresses an erythrocyte can experience
before hemolysis occurs is approximately 4,000 dynes cm-2 [39]. Lu et al. reevaluated
Sallam et al.’s study, and found that the hemolytic threshold was approximately 8,000
dynes cm-2 [40].

The accepted standard Reynolds shear stress value for the

commencement of hemolysis is approximately 4,000 dynes cm-2 [41].

1.4.2 Thrombosis
Brown et al. also studied the effect of shear stress on thrombus formation, and he
found that shear stresses at 50 dynes cm-2 caused an excess release of ADP (adenosine
diphosphate), an agonist that causes platelet aggregation and ultimately, clot formation
(thrombosis) [37].
Regions of low flow velocities that would promote thromboembolic events occur
during diastole at the vortex inside the sinus region, and at the flow in the recirculation
area along the chamber wall [25]. Thromboembolic complications can occur in all
currently available aortic valve prostheses, and does occur at a rate of 12% per patientyear [42].

1.5 Specific Trileaflet MHV Flow Characteristics and Fluid Mechanics
Involving the Aortic Valve
In order to support the large pressure difference found in the aorta, the cusps of
the trileaflet valve must close simultaneously and not touch the walls of the aorta when in
the open position [43]. A fluid dynamic mechanism is needed to force the cusps to close,
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which is found to be the vortex created between each cusp and its sinus as shown in
Figure 5 [43].

Figure 5 Streamlines and vortices during valve closure with sinus shown [38].

When a trileaflet valve was tested with the sinuses, it was found that only a 4 %
regurgitative flow was needed to close the cusps, but when tested without the sinuses, a
23 % regurgitative flow was needed [43]. The streamline of flow striking the distal end
of the sinus divides, causing half of the flow to regurgitate back into the sinus, while the
other half follows the distal aortic wall as shown in Figure 5 [43]. If the cusp is deflected
too far into the sinus, the vortex strength would be reduced, and thus the sinus pressure
would decrease, causing the cusp to return to its equilibrium position too soon [44]. If
the cusp does not open fully however, the stagnation point would be replaced by a
reattachment point further downstream [44]. Thus, the blood flow into the sinus is a very
important aspect of the hemodynamic function of the valve, and contributes largely to
how the valve performs.
In principle, in comparison to other designs for MHVs, the trileaflet valve, which
mimics the native aortic valve, opens as a single orifice and allows a larger distribution of
smooth flow with a flat velocity profile and low turbulence [14]. However, Yoganathan
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et al. investigated the effective orifice area of many different prosthetic heart valves, and
found that the EOA of common trileaflet valves was typically less than that of common
bileaflet valves [45]. The EOA increased by a large margin however when the valve was
nonstented [45]. Some of these values are listed in Table 1. A larger effective orifice
area is desired for a prosthetic valve, to produce a wider systolic jet and a less turbulent
flow. Also, the recirculation flows caused by the trileaflet valve within the sinuses help
to close the valve more quickly when compared to the other MHVs. The absence of
downstream turbulent wake eddies, as seen in other MHVs, indicates a smooth blood
flow similar to the native valve [14].
Table 1 Effective Orifice Area’s of Common 21mm Aortic Valve Prostheses [45].
Valve Type
Valve
Effective Orifice Area
(cm2)
Caged Ball
Starr-Edwards 1260
1.23
Tilted Disc

Bjork-Shiley Monostrut

1.45

Bileaflet

St. Jude Medical Standard

1.81

Stented Bioprosthesis

Carpenter-Edwards Porcine
2625
Medtronic Freestyle
Porcine

1.28

Nonstented Bioprosthesis

2.17

In practice, currently available trileaflet valve designs do not adequately mimic
the aortic valve. In Leo et al.’s study of three polymeric trileaflet heart valves, regions
with high RSS levels and velocities were found at the leakage jet during diastole, the flow
along the cusp inside the valve during diastole, the edge of the central orifice jet, and in
the turbulent mixing occurring at the distal region of the flow chamber during systole
[25]. This study was performed in a mock circulatory flow loop, with the rate set at 70
bpm, the cardiac output at 5.0 L/min (peak systolic flow rate of 25 L/min), the mean
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aortic pressure ranging from 90-100 mmHg, and the systolic flow phase comprising 35%
of the cycle. Leo et al. found that the central orifice jet during the peak forward flow was
approximately 2 m/s, with leakage jets during diastole having RSS magnitudes exceeding
4,500 dynes cm-2 [25]. A split flow feature shown in Figure 6, were also observed in the
valve, most likely from the leakage jets and oscillation of the valve leaflets during
diastole [25]. These are also of great concern, as thrombus formation can occur in low
velocity areas.

Figure 6 Observed split flow patterns within sinuses surrounding the valve [25].

1.6 Background on the Abiomed Angioflex Trileaflet Valve
The Abiomed Trileaflet polymeric valve shown in Figure 7 was first studied in
1983 by Woo et al. It was considered as an alternative to the bioprosthetic valves being
used (Carpenter-Edwards and Ionescu-Shiley valves) as they showed relatively large
pressure drops across the valve, jet-like flow through the leaflets, material fatigue, and
calcification of the leaflets (especially in children) [13]. Two valves, a 25 and a 21 mm
valve, with internal stent orifice diameters of 22.8 and 18.6 mm, respectively, were
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studied. Both valves are made out of a polymeric material called Angioflex®, a
proprietary polyether urethane.

Figure 7 Still images of in vitro analysis of the Abiomed Angioflex trileaflet valve used
in this experiment in an open and closed state, respectively.

Woo et al. concluded that the available bioprosthetic valves offered by Carpenter
-Edwards and Ionescu-Shiley (both 25 and 21 mm) functioned more efficiently in almost
every aspect [13]. More recently, Abiomed has designed two different types of 21 mm
valves, one that opens and closes normally, and one that opens and closes with a twisting
motion. The valve itself does not twist, but the leaflets do with respect to the base of the
valve. In previous work done with the PSU Artificial Heart Lab, the twisting valve was
found have a larger flow into the sinus regions, and a wider systolic jet. It was also found
that the jet flow downstream becomes slower and thus increases the flow into the sinuses
as the valve leaflets open more. Also, it was noted that the twisting valve closes more
tightly during diastole, thus causing less leakage through the valve. This data therefore
supports that the twisting valve functions more efficiently than the normal valve.
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1.7 Leaflet Thickness Considerations on Trileaflet Polymeric Valves
Trileaflet valves made of polyurethane have been studied most, due to its low
thrombogenicity and good blood compatibility characteristics [15]. These valves lasted
over 400 million cycles when tested in vitro to see when they experience primary fatigue
failure [47]. The durability of the valve has been found to be directly linked to the
Young’s modulus of the material used for the valve [15]. However, a low modulus
material is desired for a mechanical valve leaflet, because these materials achieve good
hydrodynamic function, and open more fully than the ―stiffer‖ valves [15].
Although the Young’s Modulus of the material is a determinant of how the
polymeric valve will open and close, the valve leaflet thickness also plays a significant
role.

It has been shown that leaflet thickness has a considerable effect on valve

hydrodynamics [47]. The thicker the leaflet, the harder it is for the valve to open
completely, thus affecting the flow downstream of the valve. Increased leaflet thickness
was found to decrease the closing efficiency of the valve, and cause a significant rise in
the pressure gradient across the valve [15]. According to the results obtained from
Bernacca et al., for leaflet thicknesses ranging from 5 to 10 μm, their pressure gradient
versus the RMS flow curve when the leaflets had moduli of either 11.4 or 32.5 MPa did
not vary widely, but did vary significantly when the modulus was increased to 63.6 MPa
[15]. Further studies showed that the thicker leaflets produced greater leakage flow
during diastole when compared to the thinner leaflets. This, along with the high shear
stress regions found during diastole, can contribute to both hemolysis and thrombus
formation [25]. These data prove that good hydrodynamic function can be achieved with
thinner leaflets with higher moduli. Thus, finding a suitable combination of modulus and
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leaflet thickness is essential for a polymeric valve to ensure good hydrodynamic function
with little regurgitative flow and a low pressure gradient across the valve [15]. Since all
currently available valves still show the potential to cause blood damage and thrombus
formation, new generations of polymeric heart valves will need to address this.
In this experiment, we study the effect of thinning the leaflets on the Abiomed
Angioflex® twisting trileaflet valve. This valve is tested in a mock circulatory flow loop
under physiological conditions to obtain velocity fields downstream of the valve and in
the sinuses surrounding the valve. These results are then compared to the previous
results obtained with the thicker twisting valve.
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Chapter 2
PARTICLE IMAGE VELOCIMETRY

2.1 Theory
A variety of flow measurement techniques, such as laser Doppler velocimetry and
hot film anemometry, can be used to characterize and measure flow. Particle image
velocimetry (PIV) is advantageous in comparison to these techniques however, due to its
ability to capture the velocity of an entire plane of the flow field at an instant [48].
Particle image velocimetry utilizes an Eulerian approach, where suspended
particles within a fluid flow through a known volume. The velocities of the fluid can
then be calculated since the movement of these particles is measured over a set time
difference (Δt). To illuminate these particles so that they can be observed within the
fluid, a thin light sheet is pulsed through the fluid at the Δt [49]. A pair of images of the
illuminated planes is captured at the same Δt, which in turn allows the velocity of the
particles to be calculated from the following equations [50]:
u = Δx/Δt (1)

v = Δy/Δt (2)

A concern with PIV is that the tracer particles chosen to seed the fluid must
follow the local flow being observed faithfully. One can ensure this by ensuring that the
modified Stokes number is much less than one [49]. To calculate this value, one must
obtain τs/ Δt, where τs is directly related to the square of the diameter of the particle and
to the density of the particle, and inversely related to the viscosity of the fluid [49]. This
problem occurs more often with high speed gas flows, but should still be noted.
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To calculate the velocities of the flow being observed, PIV breaks down each
captured image into small interrogation regions. These regions from the two images
taken a set Δt apart from one another are then cross-correlated using pattern recognition
of the particle displacement between the pair of images [50]. A known displacement is
indicated by a peak in the cross-correlation function, where the group particle
displacement shifts in the second image [50]. This can be seen in Figure 8. This
displacement is then utilized by equations 1 and 2 to calculate the velocity vectors
associated with the flow [49].

Figure 8 PIV process of using interrogation regions and cross-correlation [51].

2.2 Basic PIV System Setup
A typical PIV system setup is shown in Figure 9. To start, as stated previously,
the fluid used needs to be seeded with small tracer particles. Ten micron-diameter
hollow glass spheres (Potters Industries, Valley Forge, PA) were used in this experiment.
The density of the particles is critical to the PIV setup. If the seeding density is too low,
there will be an insufficient amount of particles to fully represent the fluid flow of
interest. If the seeding density is too high though, it could alter the local fluid flow being
observed, and possibly attenuate the laser as it is pulsed through the model.
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Figure 9 An example experimental arrangement for PIV acquisition [43].

A light sheet is pulsed through the particle-seeded fluid, which illuminates the
particles at the instant the image is taken. This light sheet produced by a laser must be as
thin as possible to minimize the effects of particles moving out of the plane but remaining
in the light sheet [52]. The light sheet actually passes through the fluid twice within a
short time delay, which is dependent upon the flow being observed and on the
magnification.

The light that is scattered from the particles is then picked up and

recorded by a charge-coupled device (CCD) sensor [49].

After the recordings are

digitized, the velocity fields can be calculated by determining the particle displacements
during the time delay.
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Chapter 3
METHODS

3.1 Acrylic Model
For this experiment, two different Abiomed polymeric trileaflet valves were used
and the results compared. Both valves are 21 mm in diameter and both are the twisted
version of the valve. The second valve however has thinner leaflets than the first valve,
to see if the cusps will open further into the sinuses. The thicker and thinner valves
leaflets were measured and were found to be approximately 0.307 and 0.141 mm thick,
respectively. The measurements of the thicker valve had a standard deviation of 0.011,
while the measurements of the thinner valve had one of 0.015.
When placing the valve into the acrylic housing, it is essential that one aligns the
valve correctly, ensuring that the commissures of the valve align with the commissures of
the sinuses. The sinuses of the acrylic model are shown in Figure 8. The commissures of
the sinuses are shown inside the square located on the drawing.
In order to perform the flow measurements needed for this experiment, an acrylic
model was constructed to house the Abiomed polymeric trileaflet valve. This acrylic
model is 2‖ thick, and consists of a 1‖ diameter tube after the valve housing, and three
sinuses within the valve housing that mimic the Sinuses of Valsalva. The refractive
index of this model is 1.49, which matches the refractive index of the blood analog. A
drawing of the in vitro model is shown in Figure 9. This drawing shows a global rotated
view of the model, with the area of flow measurements colored in a darker grey. Flow
direction is indicated by the arrow below the model.
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Figure 10 SolidWorks drawing of sinuses inside the acrylic model used.

Figure 11 SolidWorks drawing of the acrylic model used to house the Trileaflet valve
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3.2 Mock Circulatory Loop
Since the testing of the Abiomed polymeric trileaflet valve was done in vitro, a
mock circulatory loop was used to simulate the systemic circulation.

The acrylic

chamber, which housed the Sinuses of Valsalva and the valve itself, was placed in a
mock circulatory loop first described by Rosenberg et al. [53]. This loop is shown in
Figure 12.
The loop was powered by a Harvard Pulsatile pump, which drives a pusher-plate
against a 50 cc VAD diaphragm to mimick the left ventricle. Flow into the VAD is
regulated by a Björk-Shiley monostrut valve in the mitral postition. The loop contains a
reservoir, to mimic venous reserve within the body. There are two chambers used within
the loop to simulate both the aortic and atrial compliances. The chambers have a piston
that is resisted by a variable spring force, which causes the volume inside the chamber to
fluctuate with the pressure difference [50]. The spring tension is adjusted by changing
the length of a cantilever beam to help obtain the desired pressure difference [50]. Here,
the outlet pressure difference is 120/80 mmHg, and the inlet pressure is approximately
25/10 mmHg. In order to get the pressure to the desired value, one needs resistance,
which is adjusted by using a resistance clamp in between the aortic compliance chamber
and the reservoir. The tubing used to connect all of these components of the mock
circulatory flow loop is flexible Tygon® 3603 tubing (Saint-Gobain Performance
Plastics, Aurora, OH).
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Figure 12 Schematic of the modified mock circulatory flow loop used in this experiment
with its key.

The pulse rate was 72 bpm (833.33 ms cycle), with systole comprising 37 %
(308.33 ms) of the cycle. As shown in Figure 12, the Abiomed valve was housed
downstream of the VAD in the optically clear acrylic model.

An image of the

circulatory loop used is displayed in Figure 13. The flow rate was set at 3.5 L/min and
was monitored with two ultrasonic flow probes (Transonic Systems, Inc., Ithaca, NY)
before the VAD and after the Abiomed polymeric trileaflet valve, as shown in Figure 12.
The inlet and outlet pressures were obtained using Maxxim Medical pressure transducers
(Athens, TX) located at both of the compliance chambers in the loop. Pressure wave
forms were converted and displayed via a WaveBook acquisition system and WaveView
software (IOtech, INC., Cleveland, OH). These flow and pressure waveforms are shown
in Figure 14.
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Figure 13 Picture of the modified mock circulatory flow loop used in this study
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Figure 14 Flow and pressure waveforms for one cardiac cycle during data collection.

3.3 Fluid
Since blood can not be used for flow visualization, one must use a blood analog
that has similar viscoelastic properties. The blood analog chosen for this experiment
mimics 40% hematocrit whole blood, which is approximately the average hematocrit in
healthy adults. The fluid consists of (weight % given in parentheses): Xanthan gum
(0.03%), glycerin (16%), sodium iodide (50%), and water (35%). Glycerin increases the
viscosity of the fluid. The Xanthan gum provides the elastic properties that are found in
blood. The fluid properties were then tested to see if they matched the properties of
blood. The results from this test are shown in Figure 15. The sodium iodide is used to
make the blood analog refractive index 1.49, the same refractive index of the acrylic in
the model. This is essential for optical measurements.
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Figure 15 Comparison of the blood analog with whole blood and a Newtonian fluid.

3.4 PIV System and Setup
A Gemini PIV 15 system (New Wave Research, Inc., Fremont, CA) was used in
this experiment to obtain PIV data. This system included dual Nd:YAG lasers to produce
a 6 mm light beam, which is shaped into a 200 μm light sheet using a -25 mm cylindrical
lens coupled with a 25 mm diameter high energy mirror and a 500 mm spherical lens.
This light sheet passed through the acrylic chamber housing the Abiomed valve, as
depicted in Figure 16. The images were then captured using a one megapixel chargecoupled device (CCD) camera (TSI, Inc., Shoreview, MN). A 60 mm f/2.8D Micro
Nikkor lens (Nikon Corporation, Tokyo, Japan) was used on the camera, which was
oriented so that it was looking down onto the acrylic chamber and perpendicular to the
200 μm light sheet, as shown in Figure 16. A frame-straddling technique was used with a
LaserPulse Synchronizer (TSI, Inc., Shoreview, MN) in combination with a personal
computer (Dell, Inc., Round Rock, TX) [41]. A trigger delay box based on the start of
the inflow, with an internal delay of 50 ms, was used to capture the images every 100 ms
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for the first 550 ms of the cycle, starting at 50 ms, and then every 25 ms until the end of
the cycle (~825 ms).
The LaserPulse Synchronizer controlled the CCD camera and the laser, which
was pulsed through the acrylic model twice to illuminate the particles within the flow.
The delay between the two laser pulses was set at a specific Δt, which was also the time
difference between the pair of images taken at that set difference in time. These delays
need to be adjusted accordingly, so that one can observe the desired velocity magnitude
of the flow through the region being observed. For example, a 50 μs delay is better for
faster flow, whereas a 400 μs delay is better for slower flow.
The laser pulse delay at each of the time steps throughout the cardiac cycle varied
significantly, depending on what part of the flow field was being observed, and what part
of the cycle was being captured (systole or diastole). This delay varied from 400 μs in
the zoomed in sinus view (10.88 μm/pixel magnification) to 50 μs in the global views
(35.18 μm/pixel) during systole. At each of these time steps, 200 image pairs were
acquired in order to provide a sufficient amount of data to produce a reasonable average
during post-processing as done by [46]. These images are taken and saved in InsightTM
3G (TSI, Inc., Shoreview, MN).
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Figure 16 A simple diagram depicting the laser sheet and camera orientations.
Three dimensional flow will occur since there is no circular symmetry in the flow
through and downstream of the valve.

Since we use two-dimensional PIV in this

experiment, three different planes are acquired for each of the five views, as shown in
Figure 17: at the centerline of the model, and ±3 mm from this centerline. The five views
are: one global view of the valve, one global rotated view of the valve, one view of the
entire sinus, and one view of both the zoomed in upstream and downstream sinus region.
These views are shown in Figures 18-22, respectively.
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Figure 17 Diagram of the different planes that are taken with the light sheet. The top
view is the rotated view in which we can focus on the sinus and the commissure, and the
bottom view is the normal view in which we get a better global view of the valve and
sinuses.

Figure 18 Global view of the model
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Figure 19 Global rotated view of the model.

Figure 20 Full sinus view.
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Figure 21 Zoomed in downstream sinus view.

Figure 22 Zoomed in upstream sinus view.
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3.5 Processing
The 200 images taken at each time step needed to be masked first through a
custom Matlab® program (The MathWorks, Inc., Natick, MA) [43]. Masking removes
the background noise surrounding the image and locates the fluid boundary of the images
[43].
InsightTM 3G was then used to calculate the velocity vectors for each pair of PIV
images.

Two hundred images were deemed sufficient to produce a stable average

velocity at each plane, and this is consistent with previous work. The deformation grid
had an original interrogation region of 32 x 32 pixels, with a 16 x 16 pixel final region.
During analysis, the Hart Correlation algorithm was determined to be the most efficient
correlation method, and was thus used [54]. Upon calculating the velocity vectors, the
vector files were then averaged for each time step to produce a single averaged flow map
for each time step.
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Chapter 4
RESULTS

4.1 Global View
The global view is shown in Figure 18. Three planes were taken in this view; at 3
mm above the midline, at the midline, and at 3 mm below the midline, as shown in Figure
17. The minimum velocity that can be detected with this magnification during diastole is
0.035 m/s. The minimum velocity that can be detected with this magnification during
systole is 0.14 m/s.
From early diastole until 525 ms into the cycle, zero flow was observed from this
view, as shown in Figure 23.

Figure 23 Centerline plane of global view (A) 50 ms and (B) 525 ms into the cardiac
cycle. The flow direction is from right to left.

Systole began at approximately 525 ms into the cardiac cycle, as shown in Figure
14. In figure 14, the start of the cardiac cycle is located at the origin, right before the
inflow wave starts to increase. As circled in Figure 24A, flow through the valve was low
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at 550 ms, since the flow was still restricted by the leaflets. At 575 ms however, it is
obvious that the leaflets had opened further by a considerable amount, allowing more
fluid to flow through the valve, as shown in Figure 24B.

Figure 24 Centerline plane of global view at (A) 25 ms into systole and (B) 50 ms into
systole. The low flow through the valve is circled in A. The flow direction is from right
to left.

Six hundred milliseconds into the cycle, the systolic jet increased in velocity
significantly to 1.88±0.02 m/s. Two vortices formed on either side of the systolic jet
downstream of the valve, as circled in Figure 25A. These vortices moved out of view in
the time frame after this (625 ms) as the flow progressed further downstream and
approached its peak velocity (2.15±0.02 m/s). These vortices caused flow in the reverse
direction on either side of the systolic jet, which is circled in Figure 25B.
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Figure 25 Centerline plane of global view at (A) 75 ms and (B) 100 ms into systole. The
vortices are circled in A, while the reverse flow is circled in B. The flow direction is
from right to left.

Figure 26A displays the global view 650 ms into the cycle, which showed that the
systolic jet was approximately at its peak velocity (2.2±0.01 m/s), and that the reverse
flow from the vortices had progressed further upstream. The reverse flow is circled in
Figure 26A and 26B. Twenty-five ms later, the systolic jet (highlighted in Figure 26B)
started to diminish downstream, while the reverse flow from the vortices continued to
move further upstream.
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Figure 26 Centerline plane of global view at (A) 125 ms and (B) 150 ms into systole.
The reverse flow is circled in both A and B, with the decreased systolic jet circled in B.
The flow direction is from right to left.

As the cardiac cycle continued, the systolic jet flowing through the valve and
downstream of the valve decreased in velocity significantly, to 1.52±0.02 m/s (Fig. 27A).
As the cycle progressed 200 ms into systole, the systolic jet decreased in velocity further
(1.34±0.02 m/s), while the reverse flow on either side of the systolic jet also began to
slowly diminish, as shown in Figure 27B.

Figure 27 Centerline plane of global view at (A) 175 and (B) 200 ms into systole. The
flow direction is from right to left.
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As the cycle further progressed towards the end of systole, the systolic jet
continued to lose velocity (1.20±0.04 m/s at 750 ms to 0.48±0.04 m/s at 825 ms), and
started to become thinner (14 mm wide to 7 mm wide) as the valve began to close. This
pattern can be observed in Figure 28A- 28D, specifically from 775 ms to 825 ms into the
cycle. The downstream systolic jet is circled in all four time steps. The reverse flow
increased in velocity around 800 ms into the cycle again (0.28±0.04 m/s), but began to
diminish yet again 25 ms later (0.18±0.04 m/s), near the end of systole. The reverse flow
is circled in Figure 28C and 28D.

Figure 28 Centerline plane of global view towards the end of systole/start of diastole (A:
750 ms, B: 775 ms, C: 800 ms, D: 825 ms). The downstream systolic jet is circled in AD, with the reverse flow circled in C and D. The flow direction is from right to left.
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4.2 Global Rotated View
The global rotated view is shown in Figure 19. Three planes were taken in this
view; at 3mm above the midline, at the midline, and at 3 mm below the midline, as
shown in Figure 17. The minimum velocity that can be detected with this magnification
during diastole is 0.035 m/s. The minimum velocity that can be detected with this
magnification during systole is 0.14 m/s.
It should be noted that the centerline (0 mm) plane of this view seemed to be
approximately 25 ms behind in the cardiac cycle at some of the time steps when
compared to the other two planes (+3 mm and -3 mm). This is most likely due to
deviation of the trigger used to acquire the data.
From early diastole until 525 ms into the cycle, zero flow was observed from this
view, as shown in Figure 29.

Figure 29 +3mm plane of global rotated view (A) 50 and (B) 525 ms into the cardiac
cycle. The flow direction is from right to left.

At 550 ms into the cycle (25 ms into systole), Figure 30 shows that the flow
began to increase in velocity to 0.46±0.02 m/s just downstream of the valve. This is very
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apparent in the +3mm plane (Fig. 30A), but not as apparent in either the centerline or 3mm plane (Fig 30B and 30C). This flow is circled in Figure 30A- 30D.

Figure 30 All three planes (A: +3mm at 550ms, B: -3mm at 550ms, C: centerline at 550
ms) of the global rotated view 25 ms into systole. The start of flow through the valve (or
lack thereof) is circled in A-C. The flow direction is from right to left.

Shortly after the start of systole, the flow began to increase through the valve to
0.95±0.1 m/s, but was still constricted by the valve leaflets. The +3mm plane flow field
that is circled in Figure 31A seemed to be more developed then the other two planes
(centerline and -3mm plane).
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Figure 31 All three planes (A: +3mm at 575ms, B: -3mm at 575ms, C: centerline at 600
ms) of the global rotated view 50 ms into systole. The centerline plane image is taken
from 75 ms into systole, to compensate for the trigger error. The more developed
downstream flow in the +3mm plane is circled in A. The flow direction is from right to
left.

At 75 ms into systole, the systolic jet had developed further, and had increased in
velocity to 1.97±0.03 m/s. Shown in Figure 32, the mainstream jet caused vortices
(which are circled in Figure32) on either side of the jet, which caused low flow back
towards the valve at 0.25±0.04 m/s. The +3mm plane’s flow field (Fig. 32A) seemed to
be slightly more developed than the other two planes (centerline and -3mm plane) still, as
one can see in Figure 32.
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Figure 32 All three planes (A: +3mm at 600ms, B: -3mm at 600ms, C: centerline at 625
ms) of the global rotated view 75 ms into systole. The centerline plane image is taken
from 100 ms into systole, to compensate for the trigger error. The vortices created by the
systolic jet are circled in A-C. The flow direction is from right to left.

At 100 ms into systole, the systolic jet further increased in velocity (2.11±0.05
m/s), while the vortices, which are circled in Figure 33A, got carried further downstream
of the valve. This trend continued into 100 ms into systole, where the systolic jet reached
its maximum velocity of 2.25 ± 0.02 m/s. These results can be seen in Figure 33A and
33B.
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Figure 33 +3mm plane of the global rotated view (A) 100 ms and (B) 125 ms into
systole. The two vortices created by the systolic jet are circled in A. The flow direction
is from right to left.

At approximately 150 ms into systole, the systolic jet flow began to decrease in
velocity to 2.01±0.02 m/s, and some reverse flow can be seen (0.42±0.03 m/s), mostly on
the side of the jet opposite of the sinus (the flatter side). This is circled in Figure 34.
This trend continued as systole progressed, as seen in Figure 34B.

Figure 34 +3mm plane of the global rotated view (A) 150 ms and (B) 175 ms into
systole. The reverse flow caused by the systolic jet is circled in A and B. The flow
direction is from right to left.
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As the cycle progressed towards the end of systole, it is observed that there is
more reverse flow towards the valve in the +3mm and -3mm plane when compared to the
centerline plane. This is circled in Figure 35A and 35B. One can also see from these
images that the systolic jet in the centerline plane is approximately 3mm wider than the
mainstream jets observed in the +3mm and -3mm planes, which is circled in Figure 35C.

Figure 35 All three planes (A: +3mm at 725ms, B: -3mm at 725ms, C: centerline at
725ms) of the global rotated view 200 ms into systole. The reverse flow caused by the
systolic jet is circled in A and B, while the downstream systolic jet is circled in C. The
flow direction is from right to left.

As the cycle progressed towards the end of systole, the systolic jet continued to
decrease in velocity (from 0.98±0.05 m/s at 750 ms to 0.26±0.03 m/s at 825 ms) and
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became thinner as the valve begins to close (13 mm at 750 ms to 8 mm at 825 ms). This
is circled in Figure 36. The reverse flow found in the +3mm and -3mm planes increased
slightly 250 ms into systole to 0.21±0.02 m/s (which is circled in Fig. 36B), but then
began to diminish to 0.15±0.01 m/s as the cycle approached the beginning of diastole
once again.

Figure 36 +3mm plane of global rotated view towards the end of systole/start of diastole
(A: 750 ms, B: 775 ms, C: 800 ms, D: 825 ms). The downstream systolic jet is circled in
A-D, while the increase in reverse flow is circled in B. The flow direction is from right
to left.
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4.3 Full Sinus View
The full sinus view is shown in Figure 20. Three planes were taken in this view;
at 3mm above the midline, at the midline, and at 3 mm below the midline, as shown in
Figure 17. The minimum velocity that can be detected with this magnification during
diastole is 0.009 m/s. The minimum velocity that can be detected with this magnification
during systole is 0.012 m/s.
In early diastole, there appeared to be some regurgitant flow within the sinus,
which had a velocity magnitude of 0.02±0.005 m/s. On the downstream side of the sinus
there was some faster flow at 0.043±0.004 m/s, which is circled in Figure 37A. As
diastole continued, this flow within the sinus began to diminish further until 450 ms into
the cycle, as shown in Figure 37B.

Figure 37 Centerline plane of the full sinus view (A) 50 ms and (B) 450 ms into the
cycle. The faster flow located in the downstream end of the sinus is circled in A. The
flow direction is from right to left.

Twenty-five milliseconds after the start of systole, there was a significant change
in the flow field within the sinus. The leaflet was opening into the sinus, which caused a
very rapid increase in flow within the sinus. This flow reached velocities of 0.68±0.002
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m/s, and was more developed just above the sinus and on the downfield side of the sinus,
since these areas were closest to the leaflets. These higher-velocity areas are circled in
Figure 38. The -3mm plane (Fig. 38C) of this time step had a somewhat less developed
flow field, and did not reach the same velocities that the other planes flow fields reach
(0.062±0.001 m/s).

Figure 38 All three planes (A: +3mm, B: centerline, C: -3mm) of the full sinus view 25
ms into systole. The higher-velocity flow regions are circled. The flow direction is from
right to left.

At 50 ms after the start of systole, the fluid near the downstream region of the
sinus experienced vortical flow, and increased in velocity significantly. This vortical
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flow, which is circled in Figure 39A, reached velocities greater than 0.25 m/s. The
velocity of the fluid upstream in the sinus decreased to 0 m/s, as shown in Figure 39A.
At 75 ms after systole, vortical flow pattern dissipated and decreased in velocity in the
downstream region of the sinus (0.018±0.003 m/s towards middle of sinus), which is
circled in Figure 39B.

The flow in the upstream region of the sinus stayed at

approximately 0 m/s.

Figure 39 Centerline plane of the full sinus view (A) 50 ms and (B) 75 ms into systole.
The vortex is circled in A, while the high-velocity flow caused by the vortex is circled in
B. The flow direction is from right to left.

As systole proceeded, the flow in the downstream portion of the sinus continued
to diminish, while the flow in the middle and upstream regions of the sinus stayed
relatively the same. However, there was a slight increase in flow in the middle portion of
the sinus in the -3mm plane to 0.018±0.004 m/s. This is circled in Figure 40C.
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Figure 40 All three planes (A: +3mm, B: centerline, C: -3mm) of the full sinus view 100
ms into systole. The increase in flow in the middle of the sinus in the -3mm plane is
circled in C. The flow direction is from right to left.

At 125 ms into systole, flow further penetrated the downstream and middle
portion of the sinus. This flow reached velocities of approximately 0.011±0.002 m/s in
the upstream region, as shown in Figure 41A. At 150 ms into systole, the flow had
increased in velocity to 0.12±0.01 m/s in the downstream portion of the sinus, as shown
in Figure 41B.
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Figure 41 Centerline plane of the full sinus view (A) 125 ms and (B) 150 ms into systole.
The flow direction is from right to left.

The flow in the +3mm plane at 150 ms into systole varied from the other two
planes slightly in the downstream portion. Where the centerline and -3mm plane had a
smooth gradient in fluid velocity across the sinus, the +3mm plane had a somewhat
vortical flow in the downstream region of the sinus, which is circled in Figure 42A. One
can also see from the circled region in Figure 42C that the -3mm plane had more fluid
flow penetrate the upstream region of the sinus.
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Figure 42 All three planes (A: +3mm, B: 0mm, C: centerline) of the full sinus view 150
ms into systole. The vortical flow pattern is circled in A, while the further penetrating
upstream sinus flow is circled in C. The flow direction is from right to left.

Proceeding 25 ms further into systole, the flow patterns started to change in the
centerline and +3 mm planes. In the +3 mm plane, the fluid in the downstream and
middle portion of the sinus separated into three distinct flows that connect further
downstream, which are circled in Figure 43A. The top and bottom section of this flow
was oriented downstream, while the middle section was oriented upstream, which created
two separate vortices with peak velocities of 0.12±0.01 m/s. In the centerline plane, the
flow separated into two distinct flows both oriented downstream in the middle of the
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sinus, and connected together in the downstream region of the sinus, which are circled in
Figure 43B. In the -3 mm plane (Fig. 43C), the fluid still had a smooth gradient in
velocity oriented downstream, but had decreased in magnitude to 0.083±0.004 m/s in the
downstream region of the sinus.

Figure 43 All three planes (A: +3mm, B: centerline, C: -3mm) of the full sinus view 175
ms into systole. The separated flow patterns are circled in A and B. The flow direction is
from right to left.

As flow progressed 175 ms into systole, the flow patterns began to decrease in
velocity. All three planes retained the flow patterns that were observed in the previous
time step, which can be seen in Figure 44. However, in the +3 mm plane, the flow region
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closest to the sinus wall oriented downstream diminished significantly (from 0.058±0.003
m/s to 0.011±0.003 m/s). The middle section of this separated flow was still oriented
upstream, while the upper section was oriented downstream, which continued to create a
slight vortex in between, as shown in Figure 44A. One can also see in Figure 44B that
the centerline plane flow penetrated further into the upstream region of the sinus.

Figure 44 All three planes (A: +3mm, B: centerline, C: -3mm) of the full sinus view 200
ms into systole. The separated flow patterns are circled in A and B. The flow direction is
from right to left.

The flow in the sinus stayed relatively the same for all three planes for the next 50
ms of the cycle. The flow patterns and their velocities remained the same (approximately
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0.055±0.006 m/s in the higher velocity regions) for each of the planes. The vortex
formed from the separated flow in the +3 mm plane became more apparent as the cycle
continued, as shown in Figure 45.

Figure 45 +3 mm plane of the full sinus view (A) 225 ms and (B) 250 ms into systole.
The flow direction is from right to left.

Towards the end of systole, the flow began to increase in all three planes. At 800
ms into the cardiac cycle, the velocity of the fluid within the upstream region of the sinus
increased to 0.041±0.004 m/s, as shown in Figure 46. The separated flow pattern, which
is circled in Figure 46A, stayed the same in the +3 mm plane, but diminished in the
centerline plane.
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Figure 46 All three planes (A: +3mm, B: centerline, C: -3mm) of the full sinus view 275
ms into systole. The separated flow pattern is circled in A. The flow direction is from
right to left.

At the end of systole, the flow continued to penetrate further into the entire sinus
for the -3 mm and +3 mm planes, but stayed relatively the same for the centerline plane.
The vortex created from the separated flow in the +3 mm plane extended further into the
upstream region of the sinus, which is circled in Figure 47A. Also, it can be seen that the
velocity of the fluid increased from 0.039±0.003 m/s at 800 ms into the cycle to
0.055±0.004 m/s at 825 ms into the cycle in the upstream region of the -3 mm plane,
which is circled in Figure 47C.
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Figure 47 All three planes (A: +3mm, B: centerline, C: -3mm) of the full sinus view 300
ms into systole. The upstream flow pattern is circled in A-C. The flow direction is from
right to left.

4.4 Zoomed-In Sinus View
The zoomed-in sinus view consists of two separate views, which are shown in
Figure 21 and 22. The first view is the zoomed-in downstream region of the sinus,
whereas the second view is the zoomed-in upstream region of the sinus. Three planes
were taken in this view; at 3 mm above the midline, at the midline, and at 3 mm below
the midline, as shown in Figure 17. The minimum velocity that can be detected with the
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magnification used in the zoomed-in upstream sinus view during the cardiac cycle is
0.005 m/s. The minimum velocity that can be detected with the magnification used in the
zoomed-in downstream sinus view during the cardiac cycle is 0.01 m/s.

4.4.1 +3mm Plane
At the beginning of the cardiac cycle, the flow within the sinus was somewhat
scattered, with a higher velocity flow (0.038±0.003 m/s) located near the center of the
sinus and near the downstream end of the sinus, which is circled in Figure 48.

Figure 48 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 50 ms into the cardiac cycle. The higher-velocity flow in the middle and
downstream region of the sinus is circled in A and B. The direction of the flow is from
right to left.

As diastole continued, the flow continued to diminish within the sinus, until the
majority of the fluid was at 0 m/s. This is shown in Figures 49-52.
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Figure 49 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 150 ms into the cardiac cycle. The direction of the flow is from right to left.

Figure 50 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 250 ms into the cardiac cycle. The direction of the flow is from right to left.
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Figure 51 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 350 ms into the cardiac cycle. The direction of the flow is from right to left.

Figure 52 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 450 ms into the cardiac cycle. The direction of the flow is from right to left.

At 25 ms into systole, the flow within the downstream region of the sinus (Fig.
53A) increased significantly to 0.043±0.004 m/s, while the flow within the upstream
region (Fig. 53B) remained at 0 m/s. The fluid velocity was highest near the end and the
top of the downstream region of the sinus, which is circled in Figure 53A.
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Figure 53 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 550 ms into the cardiac cycle. The higher-velocity flow in the downstream region
of the sinus is circled in A. The direction of the flow is from right to left.

As systole continued, the flow in the downstream region of the sinus (Fig. 54A)
increased even more, reaching high velocities of 0.25 m/s. This fluid velocity increased
as one moves from right to left across the downstream sinus view, since the further
downstream region was more affected by the systolic jet. The flow in the upstream
region of the sinus increased near the middle of the sinus, with peak velocities reaching
0.039 m/s. This is circled in Figure 54B.
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Figure 54 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 575 ms into the cardiac cycle. The higher-velocity flow in the upstream sinus
region is circled in B. The direction of the flow is from right to left.

At 75 ms into systole, the regurgitant flow from the systolic jet increased in
velocity and formed a vortex near the downstream end of the downstream sinus region,
which is circled in Figure 55A. The flow towards the middle of the sinus, however,
decreased to 0.025±0.006 m/s. The upstream sinus region’s flow remained the same,
with a decrease in flow near the middle of the sinus. This is circled in Figure 55B.

Figure 55 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 600 ms into the cardiac cycle. The vortex formed in the downstream region of the
sinus is circled in A, along with the decreased flow observed in the upstream sinus
region. The direction of the flow is from right to left.
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At 100 ms into systole, the vortex that had formed in the previous time step in the
downstream sinus region moved further downstream, while the flow decreased towards
the middle of the sinus. The higher-velocity flow near the downstream end of the sinus
separated into three regions: one which was near the top of the sinus, one which was near
the edge of the sinus, and one which was located in between the two. These flows are
circled in Figure 56A. The majority of the flow in the upstream region of the sinus
remained at 0 m/s, with a slight increase in velocity to 0.017±0.001 m/s near the middle
of the sinus, as shown in Figure 53B.

Figure 56 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 625 ms into the cardiac cycle. The three separated flow regions are circled in A.
The direction of the flow is from right to left.

Flow in the downstream region of the sinus increased gradually and 125 ms into
systole, reaching velocities of 0.1±0.02 m/s near the downstream end and 0.03±0.01 m/s
near the middle of the sinus, as shown in Figure 54A. Flow in the upstream region of the
sinus increased to 0.02±0.002 m/s towards the middle of the sinus, and remained at 0 m/s
in the upstream end. This can be seen in Figure 54B.
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Figure 57 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 650 ms into the cardiac cycle. The direction of the flow is from right to left.

At 150 ms into systole, flow within the downstream region of the sinus (Fig. 55A)
increased significantly.

The fluid near the downstream end of this region reached

velocities of 0.18±0.02 m/s, whereas the fluid near the middle of the sinus reached
velocities of 0.04±0.01 m/s. The flow in the upstream region of the sinus decreased in
velocity near the middle of the sinus to 0.025±0.003 m/s, and began to form a gap near
the upper portion of the sinus. This is circled in Figure 55B.

Figure 58 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 675 ms into the cardiac cycle. The cleavage in the flow in the upstream sinus
region is circled in B. The direction of the flow is from right to left.
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At 175 ms into systole, the flow in the downstream sinus region changed
drastically. The flow in this region at this time step started to form two vortices, which
separated the flow into three distinct sections. The two vortices are circled in Figure
59A. The velocity of the fluid seemed to had increased significantly, reaching velocities
of approximately 0.18 ± 0.02 m/s in between the vortices and downstream of the vortices,
which can be seen in Figure 59A. The separated flow pattern caused by the two vortices
in the downstream region carried over to the upstream region, which can be seen toward
the middle of the sinus, as shown in Figure 59B.

Figure 59 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 700 ms into the cardiac cycle. The two vortices in the downstream sinus region are
circled in A. The direction of the flow is from right to left.

As the cycle continued further into systole, the flow began to decrease in velocity
in the downstream region of the sinus (Fig. 57A). The flow patterns observed in the
previous time step were still apparent 25 ms later in the cycle, but the peak velocities of
the fluid had decreased to 0.11±0.02 m/s. One can see from Figure 57A that the fluid
nearest to the sinus wall and mainstream jet was oriented downstream, while the fluid in
between was oriented upstream. This was due to the two vortices in the flow, which are
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circled in Figure 60A. The flow within the upstream region of the sinus (Fig. 57B)
increased to 0.076±0.005 m/s, which caused much more fluid penetration throughout the
entire upper sinus region. The flow in the upstream region of the sinus was also vortical,
and had a small area of low velocity (0.032±0.002 m/s) located in the center of it, which
is circled in Figure 60B. One can see that the fluid nearest the sinus wall was oriented
upstream, while the fluid nearest the valve was oriented downstream.

Figure 60 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 725 ms into the cardiac cycle. The two vortices in the downstream sinus region are
circled in A, while the low-velocity flow region is circled in B. The direction of the flow
is from right to left.

At 225 ms into systole, the flow patterns observed in both the upstream and
downstream regions of the sinus remained the same, and remained relatively the same in
velocity magnitude. One can see that the vortex closest to the sinus wall had dissipated,
leaving only one large vortex in the middle of the sinus, as shown in Figure 58A. In the
upstream sinus region however, the small area of low velocity in the upper section of the
separated flow had increased in size slightly, which is circled in Figure 61B. The flow
seemed to move around this low velocity area, as shown in Figure 61B.
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Figure 61 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 750 ms into the cardiac cycle. The low-velocity region in the center of the vortex
in the upstream sinus region is circled in B. The direction of the flow is from right to left.

The vortex observed in the previous time step was still apparent in the
downstream sinus region 250 ms into systole, as shown in Figure 62A. The magnitude of
the velocity of the fluid decreased to 0.084±0.005 m/s near the middle of the sinus. Also,
the lower section of the vortex extended further towards the wall of the sinus, which is
circled in figure 62A. In the upstream region of the sinus, the vortex was still visible, but
the flow had retracted towards the middle of the sinus. The fluid in the upstream region
decreased in velocity to 0.021±0.003 m/s, as one can see in Figure 62B.

65

Figure 62 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 775 ms into the cardiac cycle. The flow that had extended closer to the sinus wall
is circled in A. The direction of the flow is from right to left.

At 275 ms into systole, the upper portion of the vortex in the downstream region
of the sinus began to disappear (Fig. 60A). The flow in this region became much more
uniform, but still had slightly higher velocities of 0.072±0.004 m/s towards the upper part
of the sinus and towards the middle of the sinus. The vortical flow pattern observed in
the previous time steps was still apparent in the upstream region of the sinus. This can be
seen by observing that the orientation of the flow near the sinus wall is upstream, while
the flow close to the valve is oriented downstream. This is shown in Figure 63B.
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Figure 63 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 800 ms into the cardiac cycle. The direction of the flow is from right to left.

As systole came to an end, the flow remained relatively the same within the sinus,
which is shown in Figure 64.

Figure 64 +3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 825 ms into the cardiac cycle. The direction of the flow is from right to left.

4.4.2 Centerline Plane (0mm)
At the beginning of the cardiac cycle, there was low velocity flow near the middle
of the sinus at 0.013±0.003 m/s, with higher velocity flow located near the downstream
end of the sinus at 0.058±0.004 m/s. This is shown in Figure 62.

67

Figure 65 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 050 ms into the cardiac cycle. The direction of the flow is from right to
left.
As diastole continued, the flow continued to diminish within the sinus, until the
majority of the fluid was at 0 m/s. This is shown in Figures 66-69.

Figure 66 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 150 ms into the cardiac cycle. The direction of the flow is from right to
left.
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Figure 67 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 250 ms into the cardiac cycle. The direction of the flow is from right to
left.

Figure 68 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 350 ms into the cardiac cycle. The direction of the flow is from right to
left.
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Figure 69 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 450 ms into the cardiac cycle. The direction of the flow is from right to
left.

At 550 ms into the cardiac cycle (25 ms into systole), the flow in the upstream
and downstream region of the sinus increased significantly, as shown in Figure 67. In the
downstream end of the downstream region, the fluid increased in velocity to 0.038±0.003
m/s (Fig. 67A). The fluid in the upstream region, however, increased in velocity to only
0.021±0.003 m/s, as shown in Figure 67B.

Figure 70 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 550 ms into the cardiac cycle. The direction of the flow is from right to
left.
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At 50 ms into systole, the flow pattern changed drastically due to the leaflets
opening further into the sinus. There was significant leaflet interference at this time step,
as shown by the circled regions at the top of Figure 71. This caused the velocity of the
fluid to increase in both the upstream and downstream region of the sinus significantly.
Near the downstream end of the downstream region, the flow reached high velocities
over 0.25 m/s (which is circled in Figure 71A), which then decreased as one moved from
left to right across the sinus. The velocity of the fluid at the upstream end of the
upstream sinus region was approximately 0.025±0.004 m/s.

Figure 71 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 575 ms into the cardiac cycle. The leaflet interference is circled in both
A and B, as is the high-velocity area in the downstream region of the sinus. The direction
of the flow is from right to left.

At 75 ms into systole, the regurgitant flow from the systolic jet increased in
velocity and formed a vortex near the downstream end of the downstream sinus region,
which is circled in Figure 72A. The flow towards the middle of the sinus, however,
decreased to 0.021±0.004 m/s.

The majority of the upstream sinus region’s flow

decreased to 0 m/s, which can be seen in Figure 69B.
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Figure 72 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 600 ms into the cardiac cycle. The vortex formed from the systolic jet is
circled in A. The direction of the flow is from right to left.

At 100 ms into systole, the vortex that formed near the downstream end of the
downstream sinus region reduced in velocity significantly. There were still some areas at
the edge of the vortex that reached high velocities over 0.25 m/s, but the majority of the
vortex was at a velocity of 0.13±0.02 m/s. There was a smaller vortex located right
beneath this vortex that consisted of mainly high velocity flow over 0.25 m/s. Both of
these vortices are circled in Figure 73A. The majority of the upstream sinus region’s
flow remained at 0 m/s, which can be seen in Figure 73B.
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Figure 73 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 625 ms into the cardiac cycle. The two vortices formed in the
downstream region of the sinus are circled in A. The direction of the flow is from right
to left.

As the cycle continued further into systole, the vortices in the downstream region
of the sinus moved further downstream and left behind high velocity flow at 0.20±0.01
m/s. As one can see from the circled area in Figure 74A, this high velocity flow was
oriented downstream.

The upstream region of the sinus increased in velocity to

0.015±0.004 m/s near the middle of the sinus, as shown in Figure 74B.

Figure 74 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 650 ms into the cardiac cycle. The high-velocity flow left behind from
the vortices is circled in A. The direction of the flow is from right to left.
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At 150 ms into systole, the high velocity flow seen in the previous time step
penetrated further upstream into the sinus, even though the flow was still oriented
downstream. This flow had a smooth decreasing gradient in velocity as one moves from
left to right across the sinus, as shown in Figure 75A. The upstream region of the sinus
increased in velocity to 0.021±0.004 m/s near the middle of the sinus, as shown in Figure
75B.

Figure 75 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 675 ms into the cardiac cycle. The direction of the flow is from right to
left.

The flow patterns and their velocities remained relatively the same in both the
upstream and downstream region of the sinus 175 ms into systole, as one can see in
Figure 76.
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Figure 76 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 700 ms into the cardiac cycle. The direction of the flow is from right to
left.

As the cycle continued further into systole, the flow began to decrease in velocity
in the downstream region of the sinus (Fig. 74A). One can see that a vortical flow pattern
had started to form near the middle of the sinus in the downstream region, with higher
velocity flow at 0.055±0.006 m/s surrounding it. This is circled in Figure 77A. This
vortex carried over to the upstream region of the sinus, as one can see in the circled
region of Figure 74B. The vortex in the upstream region at this time step had peak
velocities of 0.021±0.005 m/s.
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Figure 77 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 725 ms into the cardiac cycle. The vortical flow pattern exhibited in
both the upstream and downstream region of the sinus are circled. The direction of the
flow is from right to left.

At 225 ms into systole, the higher velocity flow surrounding the vortex dissipated
and reduced in magnitude to 0.045±0.004 m/s. This caused the vortical flow pattern seen
in the previous time step to move closer to the sinus wall, as shown inside the circled area
in Figure 75A. The vortical flow pattern in the upstream region of the sinus increased in
velocity significantly to 0.043±0.004 m/s, which can be seen in Figure 75B. One can
observe that the flow near the wall was oriented upstream, while the flow near the valve
at the top of the image was oriented upstream, thus indicating that the vortical flow
pattern occupied the entire upstream region of the sinus.
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Figure 78 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 750 ms into the cardiac cycle. The vortical flow pattern in the
downstream sinus region is circled. The direction of the flow is from right to left.

The same flow pattern trend exhibited in the previous time step continued another
25 ms into systole, as one can see from Figure 79.

Figure 79 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 775 ms into the cardiac cycle. The direction of the flow is from right to
left.

At 275 ms into systole, the vortical flow pattern in the downstream region of the
sinus dissipated completely, as shown in Figure 80A. The fluid near the downstream end
of the downstream region decreased to 0.024±0.003 m/s, while the fluid near the middle
77

of the sinus increased to 0.031±0.003 m/s. The vortical flow pattern in the upstream
region of the sinus increased in velocity to 0.058±0.003 m/s, which can be seen in Figure
80B.

Figure 80 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 800 ms into the cardiac cycle. The direction of the flow is from right to
left.

At the end of systole, the fluid at the downstream end in the downstream region of
the sinus increased drastically to 0.138±0.004 m/s. This higher velocity flow surrounded
a lower velocity flow (0.024±0.004 m/s) that was located towards the middle of the sinus,
which is circled in Figure 81A. The vortical flow pattern remained in the upstream
region of the sinus, and had a slight increase in velocity to 0.052±0.004 m/s close the
valve. At the center of this vortical flow was a region of low velocity at 0.023±0.003
m/s, which is circled in Figure 81B.

78

Figure 81 Centerline plane of the zoomed in sinus view (A: Downstream view, B:
Upstream view) 825 ms into the cardiac cycle. The low-velocity areas in the upstream
and downstream sinus region are circled. The direction of the flow is from right to left.

4.4.3 -3mm Plane
At the beginning of the cardiac cycle, there was low velocity flow near the middle
of the sinus at 0.012±0.002 m/s, with higher velocity flow located near the downstream
end of the sinus at 0.036±0.005 m/s. These higher-velocity areas are circled in Figure 82.

Figure 82 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 050 ms into the cardiac cycle. The higher-velocity regions are circled in A. The
direction of the flow is from right to left.
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As diastole continued, the flow continued to diminish within the sinus, until the
majority of the fluid was at 0 m/s. This is shown in Figures 83-86.

Figure 83 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 150 ms into the cardiac cycle. The direction of the flow is from right to left.

Figure 84 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 250 ms into the cardiac cycle. The direction of the flow is from right to left.
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Figure 85 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 350 ms into the cardiac cycle. The direction of the flow is from right to left.

Figure 86 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 450 ms into the cardiac cycle. The direction of the flow is from right to left.

At 25 ms into systole, the flow patterns within the upper and lower sinus regions
changed drastically. The flow in the downstream end of the downstream sinus region
increased to 0.045±0.004 m/s, which is circled in Figure 87A, while the flow towards the
middle of the sinus increased to 0.028±0.004 m/s. One can see that this flow also
penetrated deep into the upstream sinus region. There was still a region towards the
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upstream portion of the upstream sinus region that had zero flow, as shown in Figure
84B.

Figure 87 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 550 ms into the cardiac cycle. The higher-velocity flow in the downstream sinus
region is circled in A. The direction of the flow is from right to left.

At 50 ms into systole, the flow decreased significantly in the downstream region
of the sinus, as shown in Figure 88A. The velocity throughout this region was very
uniform, and was 0.015±0.004 m/s. The flow in the upstream region of the sinus,
however, changed drastically. There was significant interference from the leaflet, which
caused high velocity flow near the upper portion of the upstream sinus region. This is
circled in Figure 88B. This flow had peak velocities of approximately 0.19±0.01 m/s
near the top of Figure 88B, and decreased to approximately 0.015±0.004 m/s near the
wall of the sinus.
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Figure 88 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 575 ms into the cardiac cycle. The leaflet interference is circled in B. The
direction of the flow is from right to left.

Continuing into systole, a vortex began to form in the downstream sinus region,
which is circled in Figure 89A. This vortex had high velocity flow over 0.25 m/s near the
downstream end of the region, but had velocities of 0.108±0.006 m/s towards the middle
of the sinus. The flow within the upstream region of the sinus decreased considerably
when compared to the previous time step. The majority of the flow within this region is
at 0 m/s, which one can see in Figure 89B.
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Figure 89 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 600 ms into the cardiac cycle. The vortex formed in the downstream region of the
sinus is circled in A. The direction of the flow is from right to left.

At 100 ms into systole, another vortex formed at the downstream end of the
downstream region, which is also circled in Figure 90A. This vortex consisted of high
velocity flow over 0.25 m/s. The vortex seen in the previous time step moved further
upstream, and decreased in velocity to 0.078±0.003 m/s. The majority of the upstream
sinus region’s flow remained at 0 m/s, which can be seen in Figure 90B.

Figure 90 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 625 ms into the cardiac cycle. The vortices formed in the upstream region of the
sinus are circled in A. The direction of the flow is from right to left.
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As the cycle continued further into systole, the flow pattern changed significantly
in the downstream region of the sinus (Fig. 91A). The high-velocity vortex that was
formed in the previous time step had moved further downstream, while the lowervelocity vortex moved downstream and upwards towards the mainstream jet just above
the sinus. The center of this vortex is circled in Figure 91A. This created an increase in
flow towards the middle of the sinus, which had peak velocities of approximately 0.081
m/s. Flow also increased in the upstream region of the sinus, specifically towards the
middle of the sinus. There were still some areas where zero flow occurred in this region
though, which can be seen in Figure 88B.

Figure 91 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 650 ms into the cardiac cycle. The center of the vortex in the downstream sinus
region is circled in A. The direction of the flow is from right to left.

At 150 ms into systole, the vortical flow pattern observed in the previous time
steps had dissipated, and was replaced with a flow that was oriented downstream. One
can see from the circled area in Figure 92 that this flow velocity was highest at
0.192±0.003 m/s in the downstream end, and decreased in magnitude gradually from left
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to right until it reached the upstream portion of the upstream sinus region, where the
velocity was approximately 0 m/s.

Figure 92 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 675 ms into the cardiac cycle. The high-velocity flow in the downstream end of
the sinus is circled in A. The direction of the flow is from right to left.

The flow pattern remained the same for the next 50 ms of systole (700 ms and 725
ms into the cycle). The velocities of this flow decreased gradually until the flow was at
0.128 m/s in the downstream end of the downstream sinus region 725 ms into the cycle.
These results can be seen in Figures 93 and 94.

Figure 93 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 700 ms into the cardiac cycle. The direction of the flow is from right to left.
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Figure 94 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 725 ms into the cardiac cycle. The direction of the flow is from right to left.

At 225 ms into systole, the velocity of the fluid near the sinus wall decreased to
0.026±0.003 m/s in the downstream sinus region.

This lower velocity flow region

extended towards the mainstream jet, which is circled in Figure 95A. The flow pattern
and velocity of the flow remained relatively the same for the upstream region of the
sinus, which is shown in Figure 92B.

Figure 95 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 750 ms into the cardiac cycle. The lower-velocity region in the downstream sinus
region is circled in A. The direction of the flow is from right to left.
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At 250 ms into systole, the flow within the downstream region of the sinus began
to diminish. The velocity of the fluid near the sinus wall decreased to 0.017±0.003 m/s,
while the velocity of the fluid near the mainstream jet (top of Fig. 96A) decreased to
0.051±0.004 m/s. The lower velocity flow region noticed in the previous time step
extended further towards the mainstream jet, which is circled in Figure 96A. The flow
within the upstream sinus region, shown in Figure 96B, penetrated further upstream.

Figure 96 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 775 ms into the cardiac cycle. The lower-velocity flow in the downstream sinus
region is circled in A. The direction of the flow is from right to left.

At 275 ms into systole, the flow within the downstream region of the sinus
continued to diminish further. The velocity of the fluid near the sinus wall decreased to
0.012±0.002 m/s, while the velocity of the fluid near the mainstream jet (top of Fig. 97A)
decreased to 0.035±0.004 m/s. The flow penetrated further into the upstream sinus
region, which is circled in Figure 97A. This flow also contained some vortical pattern, as
one can see from the orientation of the flow in Figure 97B. The fastest flow was seen
towards the middle of the sinus, and towards the wall of the sinus, which was at
0.041±0.002 m/s.
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Figure 97 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 800 ms into the cardiac cycle. The lower-velocity flow region that penetrated the
downstream sinus region is circled in A, while the higher-velocity flow in the upstream
sinus region is circled in B. The direction of the flow is from right to left.

At the end of systole, flow within the sinus increased drastically. The flow in the
downstream sinus region (Fig. 98A) had peak velocities of 0.095±0.004 m/s near the
downstream end of the region and near the middle of the sinus. The lower velocity flow
region noticed in the previous time steps was still apparent, which was approximately at
0.029±0.002 m/s. The flow in the upstream sinus region, however, extended further
upstream. This flow still showed some vortical flow pattern, as one can see from the
orientation of the flow in Figure 98B. The fastest flow was seen towards the middle of
the sinus, and towards the wall of the sinus, which was at 0.06941±0.004 m/s.
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Figure 98 -3mm plane of the zoomed in sinus view (A: Downstream view, B: Upstream
view) 825 ms into the cardiac cycle. The lower-velocity flow area in the downstream
sinus region is circled in A. The direction of the flow is from right to left.

90

Chapter 5
DISCUSSION

5.1 Comparison of the Thick and Thin Twisting Valve in the Global
View
The data acquired and discussed in the previous chapter was compared with the
data previously taken with the thick twisting valve. The minimum velocity that can be
detected with this view during diastole is 0.035 m/s. The minimum velocity that can be
detected with this view during systole is 0.14 m/s.
When comparing the global views, the flow maps were identical between the two
valves throughout diastole, both of which produced zero flow. This is anticipated, as the
valve is closed throughout diastole. This can be seen in Figure 99.

Figure 99 Centerline plane of global view with the (A) thin and (B) thick leaflet valves
450 ms into the cardiac cycle. The direction of the flow is from right to left.

When comparing the valves during early systole (75 ms into systole), it is
apparent that the thin leaflet valve produced a systolic jet that is approximately the same
width (13 mm) as the thick leaflet valve. However, the vortices that are produced on the
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sides of the systolic jet are much more apparent with the thin leaflet valve when
compared to the thick leaflet valve. These vortices are circled in Figure 100. These
vortices are important because they help to feed flow back into the sinus. Also, one can
see that the velocity of the systolic jet peaked at 1.9 m/s with the thin leaflet valve,
whereas with the thick leaflet valve, the systolic jet peaked at 2.1 m/s. The systolic jet
produced by the thin leaflet valve is at a lesser velocity that than produced by the thick
leaflet valve due to the effective orifice area increasing. It is desired to have a lowervelocity systolic jet with this flow to reduce the potential for blood damage. The thin
leaflet valve also produced a less steep velocity gradient within the systolic jet, which is
desired to reduce the shearing effects within the flow.

Figure 100 Centerline plane of global view with the (A) thin and (B) thick leaflet valves
75 ms into the systole. The vortices formed from the systolic jet are circled in both A and
B. The direction of the flow is from right to left.

When comparing the valves toward the middle of systole (150 ms into systole),
the thin leaflet valve produced more reverse flow on either side of the systolic jet, which
is circled in Figure 101. This reverse flow is desired since it feeds back into the sinus,
and thus helps to feed the coronary arteries that lie within the sinus. Also, one can see
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that the systolic jet produced with the thin leaflet valve decreased in velocity towards the
downstream end, where the systolic jet produced with the thick leaflet valve did not. As
stated before, this flatter velocity gradient is desired to reduce shearing effects. This can
also be seen in Figure 101.

Figure 101 Centerline plane of global view with the (A) thin and (B) thick leaflet valves
150 ms into the systole. The reverse flow produced from vortices seen previously are
circled in both A and B. The direction of the flow is from right to left.

Towards the end of systole (250 ms into systole), the systolic jet with the thin
leaflet valve was at 1.10 m/s, whereas with the thick leaflet valve, the systolic jet was at
1.3 m/s. This is shown in Figure 102.
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Figure 102 Centerline plane of global view with the (A) thin and (B) thick leaflet valves
250 ms into the systole. The direction of the flow is from right to left.

5.2 Comparison of the Thick and Thin Twisting Valve in the Global
Rotated View
The minimum velocity that can be detected with this view during diastole is 0.035
m/s. The minimum velocity that can be detected with this view during systole is 0.14
m/s.
When comparing the global views, the flow maps were identical between the two
valves throughout diastole, both of which produced zero flow. This is expected, since the
valve is closed throughout diastole. This can be seen in Figure 103.
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Figure 103 +3mm plane of global rotated view with the (A) thin and (B) thick leaflet
valves 450 ms into the cardiac cycle. The direction of the flow is from right to left.

When comparing the valves near the beginning of systole (75 ms into systole), it
is apparent that the thin leaflet valve produced a systolic jet that was approximately 6 mm
wider than the systolic jet produced with the thick leaflet valve. It is desired to have a
wider systolic jet, as it will decrease the velocity of the flow, and thus be less turbulent.
The vortices produced by the systolic jet are further downstream with the thicker leaflet
valve when compared to the thin leaflet valve. This is probably due to the fact that the
systolic jet produced by the thick leaflet valve was at a higher velocity, which thus
―pushed‖ these vortices further downstream. These vortices are circled in Figure 104.
Also, one can see that the velocity of the systolic jet was approximately 1.9 m/s with the
thin leaflet valve, whereas with the thick leaflet valve, the systolic jet was approximately
2.2 m/s.
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Figure 104 +3mm plane of global rotated view with the (A) thin and (B) thick leaflet
valves 75 ms into systole. The direction of the flow is from right to left.

When comparing the valves towards the middle of systole (150 ms into systole),
the thick leaflet valve produced more reverse flow on the side of the systolic jet opposite
of the sinus, which is circled in Figure 105. This may be due to the fact that the systolic
jet is favoring the lower half of the model, which causes more flow to wrap back around
towards the sinus. Also, one can see that the systolic jet produced with the thin leaflet
valve was approximately 4 mm wider than the systolic jet produced with the thick leaflet
valve. This is due to the leaflets of the thin leaflet valve opening further, which allows a
wider flow through the valve. This is desired, as it decreases the velocity of the jet,
makes the flow less turbulent, and makes the velocity gradient flatter, which reduces
shearing effects. This can also be seen in Figure 105.
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Figure 105 +3mm plane of global rotated view with the (A) thin and (B) thick leaflet
valves 150 ms into systole. The direction of the flow is from right to left.

Near the end of systole (250 ms into systole), the systolic jet produced by the thin
leaflet valve is still 4 mm wider than the systolic jet produced by the thick leaflet valve,
as shown in Figure 106. This is probably again due to the leaflets of the thin leaflet
opening further, thus creating a larger effective orifice area when compared to the one
produced by the thick leaflet valve. It is apparent that the systolic jet produced by the
thick leaflet valve favored the bottom half of the model, whereas the systolic jet produced
by the thin leaflet valve is more uniform. The velocity of the systolic jet produced by
both the thin and thick leaflet valve is relatively the same, and was 0.8 m/s.
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Figure 106 +3mm plane of global rotated view with the (A) thin and (B) thick leaflet
valves 250 ms into systole. The direction of the flow is from right to left.

5.3 Comparison of the Thick and Thin Twisting Valve in the Full Sinus
View
A zoomed-in view was necessary to observe the flow within the sinus, since the
flow within the sinus could not be detected with the previous magnification. With this
magnification, one can observe lower-velocity flows within the sinus throughout the
cardiac cycle. The minimum velocity that can be detected with this magnification during
diastole is 0.009 m/s, while the minimum velocity that can be detected during systole is
0.012 m/s. A penetrating vortical flow that occupies the entire sinus region is desired
within the sinus, since this flow pattern would help to feed the coronary arteries located
within the sinuses. Therefore, the more flow within the sinus, the better.
Throughout diastole, there was more flow observed in the sinus with the thick
leaflet valve when compared to the flow observed in the sinus with the thin leaflet valve.
This can be observed in Figures 107 and 108.
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Figure 107 Centerline plane of full sinus view with the (A) thin and (B) thick leaflet
valves 50 ms into the cardiac cycle. The direction of the flow is from right to left.

Figure 108 Centerline plane of full sinus view with the (A) thin and (B) thick leaflet
valves 450 ms into the cardiac cycle. The direction of the flow is from right to left.

In early systole (25 ms into systole), it was apparent that there was more flow
within the sinus when using the thin leaflet valve when compared to using the thick
leaflet valve. This is most likely due to the thin leaflet opening further into the sinus
during systole, thus producing more flow within the sinus. One can see from Figure 109
that there was a larger low-velocity region within the sinus when using the thick leaflet
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valve. These low-velocity regions within the sinus, which are circled in Figure 109, are
undesirable, as they indicate poor recirculation within the sinus.

Figure 109 Centerline plane of full sinus view with the (A) thin and (B) thick leaflet
valves 25 ms into systole. The low-velocity regions within the sinus are circled in A and
B. The direction of the flow is from right to left.

Towards the middle of systole (150 ms into systole), it can be seen that the thin
leaflet valve had more flow in the downstream region of the sinus when compared with
the flow produced by the thick leaflet valve. The thin leaflet valve produced flow that
had peak velocities of 0.12 m/s at this time step, whereas the thick leaflet valve had peak
velocities of 0.9 m/s. This is shown in Figure 110. The increase in flow within the
downstream sinus region with the thin leaflet valve is most likely due to the more
apparent vortices that were produced on either side of the systolic jet, when compared to
the ones formed with the thick leaflet valve.
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Figure 110 Centerline plane of full sinus view with the (A) thin and (B) thick leaflet
valves 150 ms into systole. The direction of the flow is from right to left.

Near the end of systole (275 ms into systole), it is apparent that there is more flow
occurring with the thin leaflet valve within the sinus when compared to the flow
associated with the thick leaflet valve. This was probably due to an increase in reverse
flow that was produced with the thin leaflet valve. One can also see that the flow
produced by the thin leaflet valve had a vortical pattern, whereas the flow produced by
the thick leaflet valve did not. This vortical flow pattern is desired, as it mimics the
native flow within the Sinuses of Valsalva, and it helps to further penetrate the upstream
region of the sinus. This further penetration is desired, as it helps to feed the coronary
arteries located within these sinuses. The flow produced at this time step within the
middle of the sinus when using the thin leaflet valve had peak velocities of approximately
0.05 m/s, whereas the thick leaflet valve produced peak velocities of approximately 0.02
m/s. This is shown in Figure 111.
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Figure 111 Centerline plane of full sinus view with the (A) thin and (B) thick leaflet
valves 275 ms into systole. The direction of the flow is from right to left.

5.4 Comparison of the Thick and Thin Twisting Valve in the Zoomed-In
Sinus View
With this zoomed-in sinus view, one can see in detail what type of flow patterns
were associated with both the thick and thin leaflet valves within the sinus region. A
penetrating vortical flow that occupies the entire sinus region is desired within the sinus,
since this flow pattern would help to feed the coronary arteries located within the sinuses.
The minimum velocity that can be detected with the magnification used in the zoomed-in
upstream sinus view during the cardiac cycle is 0.005 m/s. The minimum velocity that
can be detected with the magnification used in the zoomed-in downstream sinus view
during the cardiac cycle is 0.01 m/s.

5.4.1 +3mm Plane
At the start of diastole, one can see from Figure 112 that the thick and thin leaflet
valves produced the same amount of flow. The thin leaflet valve produced flow that had
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a higher velocity towards the middle of the sinus, whereas the thick leaflet valve
produced flow that had higher velocities towards the upstream and downstream regions
of the sinus. They both had relatively the same peak velocities at the beginning of
diastole (approximately 0.06 m/s), which gradually decreased throughout diastole until
the majority of the flow within the sinus was at 0 m/s. This was expected, since the valve
is closed throughout diastole. This can be seen in Figure 113.

Figure 112 +3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 50 ms into the cardiac cycle. The direction of the flow is from right
to left.
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Figure 113 +3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 450 ms into the cardiac cycle. The direction of the flow is from right
to left.

At 75 ms into systole, the thin and thick leaflet valves produced significant flow
in the downstream region of the sinus. It is apparent that a significant vortex had formed
in the downstream end of the downstream region of the sinus, which is circled in Figure
114A. This probably occurs since the thin leaflets open further into the sinus, which
creates more flow within the sinus. The thick leaflet valve did not produce a vortex at
this time step, but did however produce higher-velocity flow in the downstream end,
which is circled in Figure 114C. This higher-velocity flow was at 0.13 m/s, which
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decreased as one moves further upstream into the sinus. Both the thick and thin leaflet
flow patterns however did not penetrate the upstream sinus region, as one can see in
Figure 114B and 114D.

Figure 114 +3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 75ms into systole. The high-speed vortex produced by the thin leaflet
valve is circled in A, whereas the higher-velocity flow produced by the thick leaflet valve
is circled in C. The direction of the flow is from right to left.

Towards the middle of systole (175 ms into systole), the flow patterns within the
sinus for both the thin and thick leaflet valves had changed drastically. By looking at
Figure 115A and 115C, it is apparent that a similar flow pattern existed in the
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downstream region of the sinus for both the thick and thin leaflet valves. Both the thin
and thick leaflet valve produced a vortical flow pattern in the downstream sinus region
against the sinus wall, which is circled in Figure 115A and 115C. The thin leaflet valve
produced another small vortex above this vortex, which is also circled in Figure 115A.
Thus, multiple vortices were disrupting the flow within the sinus. This is a desired flow
pattern, as it helps flow recirculate within the sinus region. It can also be seen that the
vortical flow pattern produced by the thin leaflet valve had peak velocities of 0.20 m/s at
this time step, whereas the thick leaflet valve peaked at 0.13 m/s. The significant
increase in velocity could be due to the fact that the vortices produced on either side of
the systolic jet are closer to the sinus with the thin leaflet valve, since this valve produced
a wider systolic jet (Fig. 100A). In the upstream sinus region, a vortical flow pattern was
much more apparent with the thick leaflet valve when compared to the flow produced
with the thin leaflet valve. One can see from the orientation of the flow in Figure 115B
that a vortical flow pattern was produced by the thin leaflet valve in the upstream region
of the sinus, but did not penetrate as far upstream when compared to the thick leaflet
valve flow. This could be a result from the increased leaflet interference associated with
the thin leaflet valve. This is shown in Figure 115B and 115D. Flow that penetrates
further upstream is desired within the sinus, to help feed the coronary arteries located
within.
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Figure 115 +3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 175ms into systole. The vortices produced in the downstream sinus
region are circled in A and C. The direction of the flow is from right to left.

Near the end of systole (800 ms into cardiac cycle), it can be observed that the
thin leaflet valve produced significantly more flow within the sinus when compared to
the flow produced by the thick leaflet valve. The flow produced with the thin leaflet still
exhibited a vortical pattern, which occupied the entire sinus region, as shown in Figure
116A and 116B. The thick leaflet valve produced a vortical flow pattern within the
downstream region of the sinus as well, which is circled in Figure 116C, but it had
diminished considerably. The peak velocity of the vortex produced by the thick leaflet
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valve was 0.05 m/s at this time step, whereas the vortex produced by the thin leaflet valve
peaked at 0.085 m/s. Also, as shown in Figure 116B, the vortical flow produced by the
thin leaflet valve penetrated much further into the upstream sinus region when compared
to the flow produced by the thick leaflet valve (Fig. 116D). Thus, the thin leaflet valve
produced a deeply extended vortical flow pattern throughout the end of systole, whereas
the thick leaflet valve did not. This desired flow pattern will help feed the coronary
arteries within the sinus, which therefore means the heart will have a sufficient supply of
blood.
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Figure 116 +3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 275ms into systole. The vortical flow pattern produced with the thick
leaflet valve in the downstream sinus region is circled in C. The direction of the flow is
from right to left.

5.4.2 Centerline Plane (0mm)
At the start of diastole, one can see that the thick leaflet valve produced more flow
within the sinus when compared to the thin leaflet valve. This can be seen in Figure 117.
They both had relatively same peak velocities at the beginning of diastole (approximately
0.065 m/s), which gradually decreased throughout diastole. This was expected, since the
valve is closed throughout diastole. This can be seen in Figure 118.
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Figure 117 Centerline plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 50 ms into the cardiac cycle. The direction of the flow is from right
to left.
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Figure 118 Centerline plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 450 ms into the cardiac cycle. The direction of the flow is from right
to left.

At 50 ms into systole, more flow was produced with the thin leaflet valve when
compared to the flow produced with the thick leaflet valve. As one can see in Figure119,
the thin leaflet valve had a significant amount of leaflet interference, whereas the thick
leaflet valve did not. This leaflet interference is circled in Figure 119. This is most likely
due to the thin leaflet opening further into the sinus, which is desired to produce more
flow within the sinus. The thin leaflet valve had high velocity flow over 0.25 m/s in the
downstream end of the sinus, which gradually decreased in magnitude across the sinus
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(from left to right). The high velocity flow in the downfield sinus region is most likely
from the systolic jet.

The thick leaflet valve produced flow at 0.075 m/s in the

downstream region, which also decreased in magnitude across the sinus (from left to
right). One can see that the flow produced with the thin leaflet valve occupied the entire
sinus, whereas the flow produced with the thick leaflet valve still had some areas of no
flow.

Figure 119 Centerline plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 50 ms into systole. The leaflet interference is circled in A-D. The
direction of the flow is from right to left.
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Near the middle of systole (150 ms into systole), the observed flow patterns
produced with the thick and thin leaflet valves differed. As seen in Figure 120A, the
downstream sinus region with the thin leaflet valve had higher-velocity flow at 0.18 m/s
near the downstream end of the sinus. This velocity decreases in magnitude as one
moves from left to right across the sinus. The downstream sinus region with the thick
leaflet valve, however, contained a vortical flow pattern, which is circled in Figure 120C.
This vortical flow pattern had peak velocities of 0.105 m/s at this time step. This vortical
flow pattern carried over into the upstream sinus region, which is also circled in Figure
120D. The flow pattern observed in the downstream region with the thin leaflet valve
may be caused by a vortex from a different plane (probably above or below the plane
observed), which would thus explain why the flow observed from this view does not
appear to be vortical. In other words, the current view of the sinus with the thin leaflet
valve could be observing the vortex from the side, whereas the view of the sinus with the
thick leaflet valve is viewing the vortex from above. A vortical flow pattern is desired
within the sinus, to help feed the coronary arteries, and to help close the valve. The
upstream sinus region for both the thin and thick leaflet valves still had areas of zero
flow, which is shown in Figure 120.
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Figure 120 Centerline plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 150 ms into systole. The vortical flow pattern observed with the thick
leaflet valve is circled in C D. The direction of the flow is from right to left.

At the end of systole (300 ms into systole), a vortical flow pattern was observed in
the upstream and downstream regions of the sinus with the thin leaflet valve, as shown in
Figure 121A and 121B. The flow in the downstream end (circled in Fig. 121A) had peak
velocities of 0.15 m/s, while the vortical flow in the upstream sinus region (Fig. 121B)
peaked at 0.065 m/s. One can also see from this figure that the vortical flow pattern
occupied the entire sinus, unlike the flow pattern observed with the thick leaflet valve
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shown in Figure 121C and 121D. The vortical flow pattern was very apparent in the
downstream region of the sinus with the thick leaflet, but had diminished completely in
the upstream region. A vortical flow pattern that occupies the entire sinus region is
desired to help feed the coronary arteries and to help close the valve. The flow in the
downstream end of the downstream region had peak velocities of approximately 0.095
m/s(circled in Fig. 121C), while the majority of the flow in the upstream sinus region
(Fig. 121D) was at 0 m/s. There was more flow observed with the thin leaflet valve due
to the more recirculatory flow produced by the vortices on either side of the systolic jet,
and from the leaflets opening further into the sinus.
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Figure 121 Centerline plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 300 ms into systole. The area containing the peak velocities at this
time step are circled in A and D. The direction of the flow is from right to left.

5.4.3 -3mm Plane
At the beginning of diastole, more flow was observed with the thick leaflet valve
in the downstream sinus region when compared to the flow produced by the thin leaflet
valve. The velocity of the flow produced by both the thick and thin leaflet valves peak
near the downstream end of the downstream sinus region at this time step, as shown in
Figure 122A and 122C. The velocity magnitude, however, was slightly higher in the
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flow produced by the thick leaflet valve. The flow produced by the thick leaflet valve
peaked at 0.085 m/s at this time step, whereas the flow produced by the thin leaflet valve
peaked at 0.065 m/s. The thin leaflet valve flow however did penetrate further upstream
into the upstream sinus region, as one can see from Figure 122B and 122D. These flow
patterns diminished as diastole continued until most of the flow within the sinus was near
0 m/s, as shown in Figure 123. This was expected since the valve is closed through
diastole.

Figure 122 -3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 50 ms into the cardiac cycle. The direction of the flow is from right
to left.
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Figure 123 -3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 450 ms into the cardiac cycle. The direction of the flow is from right
to left.

At the start of systole, the thin leaflet valve produced velocities over 0.25 m/s in
the downstream end of the sinus. To the right of this flow, a vortex was produced, which
is circled in Figure 124A. This vortex has speeds over 0.25 m/s at the downstream edge
of it, which quickly degraded as one moves further upstream into the sinus. The flow
produced by the thick leaflet valve also contained a vortex, which is circled in Figure
124C. This vortex was located further downstream, and was at a much lower velocity,
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approximately 0.065 m/s. The vortex produced by the thin leaflet valve is probably
greater in velocity due to the leaflets opening further into the sinus, which would cause
more flow to recirculate within the sinus. Also, one can observe that the flow produced
by the thin leaflet valve penetrates further upstream, which can be seen in Figure 124B
and 124D. It is desired for this vortical flow pattern to occupy the entire sinus to feed the
coronary arteries and to help the valve close at the end of systole.

Figure 124 -3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 75 ms into systole. The vortices produced by the thin and thick
leaflet valve are circled in A and C. The direction of the flow is from right to left.
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Towards the middle of systole (700 ms into the cardiac cycle), the flow produced
with the thin leaflet valve increased significantly in the downstream region of the sinus.
The vortical flow pattern exhibited previously had diminished, and was now replaced by
flow at approximately 0.175 m/s in the downstream end of the sinus, which gradually
decreased in magnitude as one moves further upstream into the sinus.

As noted

previously, a vortex could exist in a different plane at this time step, which would thus
create the flow pattern observed. The flow produced with the thin leaflet valve had fully
encompassed the downstream sinus region, whereas the flow produced with the thick
leaflet valve did not, as one can see in Figure 125A and 125C. This is most likely due to
the leaflets opening further into the sinus. The flow in Figure 125C peaked at 0.115 m/s
at this time step, and diminished rapidly as one moves further upstream into the sinus.
The downstream sinus region had a large area of little flow within it, which is circled in
Figure 125C. The flow produced by both the thin and thick leaflet valve extended
approximately the same distance into the upstream sinus region, as shown in Figure 125B
and 125D. The flow produced from the thick leaflet valve, however, had a gap in the
flow in the upstream sinus region, which is circled in Figure 125D.
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Figure 125 -3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 175 ms into systole. The region of zero flow with the thick leaflet
valve within the downstream sinus region is circled in C, while the ―cleavage‖ in the flow
within the upstream sinus region is circled in D. The direction of the flow is from right to
left.

At the end of systole (825 ms into the cardiac cycle), the flow produced with the
thin leaflet valve had diminished in velocity slightly in the downstream sinus region.
This flow had a peak velocity of 0.07 m/s in the downstream end at this time step. Also,
it can be seen that a small area of lower-velocity flow had reached the downstream sinus
region, which is circled in Figure 126A. The thick leaflet valve, however, produced a
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vortical flow pattern in the downstream sinus region, which had a peak velocity of 0.07
m/s at this time step.

This flow pattern left a large area of zero flow within the

downstream sinus region, which is circled in Figure 126C. Within the upstream sinus
region, the thin leaflet valve produced a vortical flow pattern which occupied the entire
upstream sinus region, as one can see from the orientation of the flow in Figure 126B.
The thick leaflet valve, however, produced very little flow within the upstream sinus
region, as one can see in Figure 126D. Having the flow occupy the entire sinus region is
essential to ensure that enough blood is supplied to the coronary arteries located within
the sinus.
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Figure 126 -3mm plane of zoomed-in sinus view with the thin leaflet valve (A:
Downstream view, B: Upstream view) and the thick leaflet valve (C: Downstream view,
D: Upstream view) 300 ms into systole. The lower-velocity area produced with the thin
leaflet valve within the downstream sinus region is circled in A, whereas the zero flow
area from the thick leaflet valve is circled in C. The direction of the flow is from right to
left.
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Chapter 6
CONCLUSIONS

After investigating the fluid mechanicals of the Abiomed Angioflex® twisting thin
trileaflet valve, it was found that thinning the leaflets did have an effect on the flow.
When analyzing the global view directly downstream of the valve, it was found that the
thin polymer valve produced a wider systolic jet than the flow associated with the thick
polymer valve. This increase in systolic jet width resulted in a lower peak velocity
located within the jet, which therefore reduces the potential for blood damage. It also
resulted in a flatter velocity gradient throughout the systolic jet, which helps reduce
shearing effects.
The flow patterns found within the sinus were also altered by thinning the leaflet
thickness. Although thinning the leaflets did not improve flow within the sinus during
diastole, it did cause significant improvement in flow throughout systole. At the start of
systole, it was found that the thin leaflet protruded deeper into the sinus when compared
to the thick leaflet, which is desired to produce more flow within the sinus. The flow
patterns produced by the thick leaflet valve appeared to contain vortical flow in more
time steps than those associated with the thin leaflet valve, but this could be a result of
vortices forming in a plane that was not being captured within the sinus with the thin
leaflet valve. Overall, however, the thin leaflet valve produced flow that was higher in
velocity than the flow associated with the thick leaflet valve during systole, as well as
flow that penetrated deeper within the sinus.

124

In future studies, one should acquire new data for the zoomed-in downstream
sinus view at 575 ms into the cardiac cycle in the -3mm plane, since the flow map
produced from this view seemed suspicious. If possible, it would be beneficial to also
acquire flow maps of the sinus where the orientation of the laser sheet and camera are
switched. This would allow one to observe the cross sectional flow that occurs within the
sinus region.
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