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ABSTRACT
About 290,000 heart valve replacement surgeries are performed every year, and the demand for
artificial heart valves is increasing 10-12% annually. Current artificial heart valves, mechanical
and bioprosthetic, have been developed over the past 50 years but are still not sufficient.
Complications often arise from artificial heart valves because of irregular fluid dynamics, leading
to thromboembolism, platelet activation, hemolysis, calcification, and stenosis. The need for a
better alternative has led to a tissue-engineered heart valve (TEHV). Ideally, the TEHV would
mimic the biomechanics as well as grow and strengthen as a normal heart valve.

With the development of this new valve comes the need to test the fluid dynamic properties of
flow associated with the valve and compare it to current artificial valves. The properties of flow
development through a valve are linked to complications associated with the valve. To test these
properties, a mock circulatory loop is made integrating an acrylic valve testing chamber that
houses the valve and mimics the aortic sinuses. A nontoxic blood analog that mimics the
viscoelastic properties of blood is used in the loop.

Particle image velocimetry is used to measure the flow downstream of the aortic valve. In this
study, the flow about a native porcine valve is analyzed at 50, 75, and 100 beats per minute
(bpm). The porcine valve flow patterns will be used as a comparison to the flow associated with a
tissue-engineered valve to assess viability. Important characteristics to analyze in the flow fields
include systolic jets, areas of recirculation and stagnation, and high velocity gradients. The results
show a systolic jet developing during all three beat rates with areas of stagnation and recirculation
outside the jet. These jets include some areas downstream that are skewed or separated. During
diastole, the individual porcine leaflets successfully stay closed with no leakage.
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Chapter 1
Introduction

1.1 Background and Clinical Need
It is well known that cardiovascular disease (CVD) is the leading cause of death in the
United States. According to the American Heart Association (AHA), in 2008 more than 2200
Americans died of CVD everyday. An estimated 82.6 million American adults, greater than 1 in
3, have one or more types of CVD.1 One of the most common types of CVD is valvular heart
disease (VHD), which led to over 21,000 deaths in 2008. Over the past three decades VHD has
become more prevalent due to the aging population, an increase in degenerative VHD, and the
ability to diagnose VHD from ultrasound.

1.2 Anatomy and Physiology of the Heart
A normal heart, as shown in Figure 1-1, is composed of four chambers: two atria and two
ventricles. The atria act as a collecting chamber that then pump blood to the ventricles. The
ventricles are more muscular and pump blood out of the heart. The right side of the heart is
responsible for pulmonary circulation, or collecting deoxygenated blood from the body and
pumping it to the lungs. The left side receives blood from the lungs and pumps it to the rest of the
body. This part of the circulation, or carrying oxygenated blood from the heart to the body and
returning deoxygenated blood to the heart, is called the systemic circulation.
The four valves in the heart are necessary to regulate the flow of blood. On the right side
is the tricuspid and pulmonary valves, while the mitral and aortic valves control blood flow
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through the left side of the heart. The tricuspid and mitral valves are found between the atrium
and ventricle on their respective side and allow blood to collect in the atria before being pumped
into the ventricles. They then stop backflow of blood from the ventricles to the atria. The
pulmonary and aortic valves open to let blood leave the heart. They open during systole when the
ventricles are contracting and close during diastole when the heart is at rest.

Figure 1-1: Anatomy of a normal heart2
More pressure is needed on the left side of the heart in order to pump blood to the entire
body. When closed, the mitral valve must withstand pressures up to 150 mmHg and the aortic
valve pressures of 100 mmHg, while the valves on the right side only have to withstand a
pressure of up to 30 mmHg.3 Because of their high pressures, the left side heart valves are more
prone to disease.
The aortic valve separates the left ventricle from the aorta, which is 2-5 cm in diameter.4
The valve is composed of 3 semilunar cusps or leaflets. An annular ring is formed by the
attachment of the leaflets.4 The non-muscular cusps or flaps are 1 mm thick or smaller and open
and close about once every second. When closed, these cusps support the pressure of 100 mmHg.
Superior to this ring are the aortic sinuses, or three bulges at the root of the aorta. These sinuses
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are named the Sinuses of Valsalva and are shown in Figure 1-2. The vortices that develop in these
sinuses are critical to the fluid dynamics and closure of the valve. Backflow through a normal,
healthy aortic valve is less than 5% of the amount of forward flow. 5

Figure 1-2: Aortic sinuses6

1.3 Heart Valve Disease
Heart valve disease takes the form of regurgitation, stenosis, or atresia.7 Regurgitation, or
insufficiency, occurs when the valve does not completely close and blood flows back into the
heart chambers. This means that the heart has to contract more to get enough blood flow to the
body. A valve with stenosis cannot fully open, leading to an insufficient amount of blood flowing
through the valve and to the rest of the body. The flaps of the valve thicken, stiffen, or fuse
together.7 This malady is depicted in Figure 1-3. The major problem with stenosis is that
resistance to blood flow causes a larger pressure drop across the valve, as the pressure in the

4
ventricle of the heart is higher than the blood pressure in the aorta. The ventricle wall thickens,
causing increased stress to the heart. Atresia occurs when a heart valve lacks an opening.
Calcification is the most common cause of aortic stenosis.1 Aortic stenosis increases the
risk of dying from cardiovascular problems by about fifty percent.1 The AHA has standards for
classifying aortic stenosis. If a valve has an effective orifice area greater than 1.5 cm2 and a jet
velocity less than 3.0 m/s, it is considered mild, whereas a valve with an area less than 1.0 cm2
and a jet velocity greater than 4.0 m/s is considered severe.8 According to the AHA, 40% of
patients with severe aortic stenosis undergo aortic valve replacement.9

Figure 1-3: Comparison of normal and stenosed aortic valve10

A common congenital heart condition is a bicuspid aortic valve rather than the normal
tricuspid. Bicuspid aortic valves occur in 1.37% of the population and may cause problems
during adulthood. 1 This condition is shown in Figure 1-4. Stenosis is more likely to occur in
bicuspid aortic valves. While stenosis is often seen in adults over sixty years old, it has been more
commonly seen in adults with bicuspid valves starting at forty years old. 11
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Figure 1-4: Difference between normal tricuspid valve and congenital bicuspid valve12
The symptoms and causes of valvular heart disease have currently led to over 290,000
heart valve repairs or replacements every year. This number is estimated to hit 850,000 by 2050.13

1.4 Fluid Dynamics Involving the Aortic Valve
To withstand the pressure difference between the systolic and diastolic phases, the three
cusps of the aortic valve must close at the same time and not touch the walls of the aorta. Thus,
the valve has its own inherent fluid dynamic control mechanism that positions the cusps and
causes slight reversed flow to close the valve. 14 The mechanism involves the formation of
vortices within the Sinuses of Valsalva and a stagnation point at the downstream end of each
sinus. Because of the vortex between the sinus and cusp, three-fourths of closure is accomplished
by forward flow. When studied at steady state without the sinuses, the valve had no stagnation
point and no vortex. Without sinuses it was only 75% efficient, while with the sinuses it was 98%
efficient.4
The mechanism works because of sinus pressure. The vortex between the cusps and the
sinus wall is generated by flow in and out of the sinus and is shown in Figure 1-5. The flow is at a
maximum when the cusps are in an open equilibrium position.
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A

B

Figure 1-5: (A) Vortex formation in the sinus with cusps in open equilibrium position. (B) The
vortex helps to close the valve as flow decreases through the valve.
During forward flow, pressure decreases along the curved sinus wall and the cusps bulge
into the sinuses by an average of 1 mm. As the cusps are deflected into the sinus, the vortex
strength is reduced, causing the cusps to move back into equilibrium position. If the cusps are
deflected away from the sinus, a reattachment point further downstream causes sinus pressure to
decrease and the cusps move back into equilibrium. This control system acts during maximum
velocity in the aorta when the valve is fully open so that the cusps stay open and protrude slightly
into the sinuses. As the flow decelerates, the relationship between vortices and sinus ridge
stagnation provides the force to almost completely close the valve, as pictured in Figure 1-6.4

Figure 1-6: Streamlines show vortices formed in sinus during valve closure. 4
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1.5 History of Artificial Heart Valves
Fluid dynamics have contributed to most of the complications in current artificial heart
valves. 3 More than 50 valve designs have been developed since 1960. The designs differ in valve
geometry, number of leaflets, and materials. 13 The two major types of artificial valves currently
in use are mechanical and bioprosthetic valves. Figure 1-7 shows a ball and cage valve, tilting
disc mechanical valve, bioprosthetic valve, and bileaflet mechanical valve.

A)

B)

C)

D)

Figure 1-7: (A) Caged-ball mechanical valve was the first artificial valve. (B) Tilting disc valves
were the next type of mechanical valves. (C) Bioprosthetic and (D) bileaflet mechanical valves
are the most common valves used today. The valves are shown in the (left) open and (right)
closed position. 15
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Despite many developments and improvements, artificial valves are still less than ideal.
The biggest engineering factors that must be considered when designing an artificial heart valve
are a minimal pressure drop and minimal regurgitation. Large pressure drops require larger
systolic pressure and force in the left ventricle, which puts more strain on the heart. Artificial
valves have been known to cause regions of stagnation and flow separation leading to thrombus
formation, tissue overgrowth, and calcification. Elevated shear stress can lead to hemolysis and
platelet activation. 3
The first artificial heart valve, called the ball and cage or caged-ball valve, was created in
1952.3 These valves have been reliable but have poor hemodynamic performance. The valve
creates a jet that causes high turbulent stress, but has low flow in the center of the velocity profile.
Tilting disc valves were developed next and contain major and minor orifices divided by a pivot
strut. These valves also create high velocity jets and high shear stress while the pivot strut
obstructs the center of the flow field. Bileaflet valves are the most commonly used today. These
valves have two semicircular leaflets that are the most hemodynamically efficient, mechanically
stable, and are relatively quiet. 16 The hinges on mechanical valves create a problem for clotting,
and thus a gap is created to wash the hinge. 17
The advantage of mechanical valves is their durability of 20-30 years.18 However,
mechanical valves create high shear stresses that increase the risk of platelet activation and
thromboembolism. The biggest disadvantage of the mechanical heart valves is the need for
lifelong anticoagulants to prevent clotting. Warfarin, a common anticoagulant that must be taken
everyday, is effective against thrombosis but heightens risk of hemorrhages. 18 Different materials
have been tested to eliminate the need for anticoagulants, but none have been found that do not
increase the risk of thromboembolism. 16
Bioprosthetic heart valves are also extensively used. These valves are made from three
biological leaflets derived from porcine aortic valve leaflets or bovine pericardium.3 These valves
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are decellularized before implantation and treated to prevent immune reactions. The stented
bioprosthetic valves use metal or polymeric stents to provide support, while the nonstented are
attached to the native aorta. These two types are pictured in Figure 1-8. In both cases the annular
ring is cloth covered. Stentless valves have been preferred because the stress is transferred to the
aortic root instead of the leaflets. 13 Both are geometrically similar to a natural human valve, but
still have their own drawbacks. Bioprosthetic valves are less durable than mechanical valves and
only last about 10 years.3 Rates of deterioration have been found to occur 17.2% after 10 years
and 37% after 15 years. 18 Another major drawback to the bioprosthetic valves is calcification,
which could lead to deterioration of the tissue. 18 Calcification also increases the pressure drop
across the valve, often leading to stenotic characteristics. With improvements in bioprosthetic
valves, an age cutoff is no longer a clear selection criteria between bioprosthetic and mechanical
valves, but mechanical valves do still have longer survival. 19

A)

B)

Figure 1-8: (A) Medtronic Mosaic® stented and (B) Medtronic Freestyle® stentless bioprosthetic
valves. Both are made from porcine valves. 20
A recent treatment emerging for aortic stenosis is transcatheter aortic-valve replacement
(TAVR). This involves inserting a bioprosthetic valve through a catheter and implanting the new
valve within the diseased native valve. 21 This treatment is used for high-risk patients who are
unsuitable for a more invasive surgery, specifically elderly patients. A 2-year study on a TAVR
included patients with a mean age of 83 with severe aortic stenosis. The study found that the rate
of death from any cause was 68% among the standard-therapy group, while the rate was 43% for
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the TAVR group. 22 Currently, this therapy is limited to elderly patients and the process for
choosing candidates is quite complex. 23 More testing on long term effects must be done before
this treatment can be applied to younger patients.
The current artificial heart valves have complications due to non-physiological blood
flow through the valves. Blood cell damage and hemolysis, platelet activation, and tearing of
leaflets ensue from the high shear stress of the valves. High velocities from systolic jets increase
the potential for blood damage. The non-physiological flow also interferes with recirculation and
flow stagnation regions. 13
At Penn State, mechanical heart valves have been studied in depth. Many flow
visualization studies have been conducted, including studies on the closure and rebound of tilting
disc valves and its effect on blood damage over a 30 ms period using laser Doppler velocimetry
(LDV) 24, on cavitation during mechanical heart valve closure, 25 and on regurgitation in the St.
Jude bileaflet mechanical heart valve and its relationship to cavitation. 26

1.6 Need for a Heart Valve Bioreactor
With the prevalence of heart valve replacements, the demand for artificial heart valves is
expanding 10-12% every year. 13 The problems associated with current mechanical and
bioprosthetic heart valves have led to the development of tissue-engineered heart valves (TEHV).
A TEHV is shown next to mechanical and bioprosthetic valves in Figure 1-9. The optimal TEHV
would be biomechanically similar to a natural aortic valve and grow and remodel in the same way
as a natural valve. Other advantages of the TEHV are nonthrombogenicity, infection resistance,
and cellular viability. 27
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Figure 1-9: Examples of artificial heart valves. (A) Medtronic mechanical heart valve with
sewing ring. (B) Bioprosthetic valve with sewing ring. (C) Living TEHV 28

Tissue engineering uses synthetic or natural materials coupled with living cells to form a
living tissue. The success of a TEHV relies on the scaffold material, cell source, and in vitro
preconditioned settings. 13 Current scaffolds are made of decellularized allografts and xenograft
valves. Since animal cells used in scaffolds may cause an immune reaction, the immunogenic
cellular components are removed, but the extracellular matrix stays as a template. Collagen and
fibrin are also needed; fibrin from the patient’s own blood could be used to prevent an immune
response. 13
To create these valves, the scaffold is pre-seeded with cells. This is followed by an in
vitro stage to initiate tissue formation. The next step is the actual in vivo stage of tissue growth
and remodeling. Synthetic biodegradable polymers have demonstrated usefulness in TEHV. 27
The most immediate need for a TEHV lies in children and young adults, who will need
the valve to last them for at least 20 years. This would eliminate the issue of replacement
surgeries for an artificial valve that no longer works. The valve would grow, repair, and remodel
as the child grows. 27
The first testing that must be conducted with these valves is in vitro fluid dynamic testing
to ensure that the valve leaflets are behaving as expected and allowing for normal fluid flow
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through the valve. The physiological conditions in the loop would also condition the valve, and
mechanical properties of the valve could be tested.

1.7 Proposed Study
Measuring the flow fields produced by artificial valves helps to link fluid dynamic
characteristics of flow through the valve with complications that may arise. Therefore, before the
TEHV can be a viable option, testing of the flow characteristics are needed. Mock circulatory
flow loops, which are used to study many cardiovascular devices, provide a way to both study the
fluid dynamic properties of flow through living tissue valves and to mechanically condition
tissue-engineered valve leaflets. In this study, a nontoxic blood analog and two mock circulatory
flow loops were used for in vitro testing of an aortic valve. Particle image velocimetry (PIV)
measured the velocities downstream of a native porcine valve. The flow patterns from the porcine
valve will be used as a future comparison to assess the flow development through a tissueengineered valve. This study was the first step to discovering how the flow development through
a living tissue valve could be studied in vitro in the lab.
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Chapter 2
Particle Image Velocimetry

2.1 Theory
Particle image velocimetry (PIV) is a noninvasive flow visualization technique that
captures an entire plane of a flow field at one instant. The benefit of PIV compared to other
techniques such as laser Doppler velocimetry and hot film anemometry is its ability to capture a
large field of view at one time. PIV uses the concept of particle displacement over a small finite
separation time to create a velocity vector field.29 PIV uses a thin light sheet that illuminates
suspended particles at a set ΔT and images of the illuminated plane are taken at T and T + ΔT. 29
The velocity vectors can then be calculated by Equations (1) and (2):
u= Δx/ ΔT (1)

v= Δy/ ΔT (2)

The suspended tracer particles seeded in the fluid must faithfully follow the surrounding
fluid. A modified Stokes number calculated to be much less than one is used to ensure this. This
number is τs/ ΔT, where ΔT is the laser pulse delay and τs = d2pρp/18µ, where dp and pp are the
diameter and density of the particle and µ is the viscosity of the fluid. 30,31
For the velocity calculation, digital PIV breaks each image into small interrogation
regions. The regions from the two images taken ΔT apart are then cross-correlated with pattern
recognition of the particle displacement between the pair. The displacement between the pair
must be small enough so that the pattern is not distorted. A cross-correlation peak occurs where
the group particle displacement shifts in the second frame. The displacement indicated by the
cross-correlation peak is used in equations 1 and 2 to calculate velocity vectors.32
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2.2 Basic PIV Setup
First, the fluid is seeded with small tracer particles. The density of these particles must be
high enough to represent the flow and be imaged by the camera, but not too high to alter the fluid
flow. A thin laser sheet is pulsed through the fluid, illuminating the particles when an image is
acquired. Lenses and filters are used to focus the light and create the thin sheet. The laser sheet
pulses twice within a short time delay, so that two images are taken at a known ΔT. This ΔT
changes depending on the flow being observed and the magnification. A charged-couple device
(CCD) camera records an image of the illuminated plane at each laser pulse. A frame straddling
technique helps to synchronize the laser and camera so that small time steps can be captured. The
images recorded by the camera can then be processed to calculate the velocity fields.

Figure 2-1: Example of set up for PIV experiments30.
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Chapter 3
Methods

3.1 Low Volume Mock Circulatory Flow Loop
Mock circulatory flow loops (MCFL) are used to test the fluid flow through the aortic
valve in vitro. In this system, Tygon® tubing connects chambers, valves, and resistance
equipment to simulate systemic circulation. An iteration of the MCFL is shown in Figure 3-1 and
a schematic of the final loop in Figure 3-2.

C

E
D
F

B

A

Figure 3-1: Picture of flow loop showing (A) pusher plate, (B) valve testing chamber, (C) aortic
compliance chamber, (D) resistance clamp, (E) venous reservoir, and (F) atrial compliance
chamber
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CC: Compliance Chamber
RC: Resistance Clamp
VC: Valve Chamber
FM: Flow Meter

CC

Venous
Reservoir

RC

FM

CC

VC
FM

50 CC
VAD

Pump

Figure 3-2: Schematic of mock circulatory loop used in this study. The arrows show flow
directions.
A Harvard Pulsatile pump (Harvard Apparatus, Holliston, MA) drives a pusher-plate
against a 50cc VAD diaphragm to simulate the left ventricle. A Björk-Shiley Monostrut valve
regulates flow into the chamber while the acrylic model housing the aortic valve is connected
downstream. This system is shown in Figure 3-3.

Valve

Pusher plate
against
diaphragm
housed in
acrylic chamber

Figure 3-3: The Harvard Pulsatile pump (blue) pushes against the VAD diaphragm. The valve
testing chamber is attached at the bottom of the acrylic chamber.
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A valve testing chamber is connected to the acrylic chamber after 3” of 1” diameter
tubing. After the valve testing chamber, 6 inches of 1” diameter tubing leads to 4.5 inches of 3/8”
diameter tubing that attaches to the aortic compliance chamber. Between the aortic compliance
chamber and the venous reservoir (Terumo Capiox 400 mL venous reservoir, Tokyo, Japan) is
7.5 inches of 3/8” tubing. A resistance clamp is also placed between the compliance chamber and
venous reservoir. Ten inches of 3/8” diameter tubing connects the reservoir to the heat exchanger.
Ten more inches of this tubing follows the heat exchanger, connecting to 3 inches of 1” diameter
tubing to attach to the atrial compliance chamber. Four inches of ¼” diameter tubing, 7.5 inches
of 3/8” diameter tubing, and 2 inches of 1” diameter tubing return to the 50 cc VAD chamber.
The whole loop is less than 1 liter total volume.
The compliance chambers and resistance clamp are added to maintain physiological
conditions in the loop. The two compliance chambers serve to mimic the compliance of
cardiovascular vessels. Mathematically, compliance is described by Equation 3:
∆!

𝐶 = ∆!

(3)

The aortic compliance (Figure 3-4) involves a Penn State LVAD with valves removed. The
LVAD connects to a 4L vacuum flask, which is then connected to the pressure side of a
vacuum/pressure pump (Barnant Company, Vacuum Pressure Station, Barrington, IL). 33 The
tubing connecting the pressure pump to the flask splits to allow some of the air from the pump to
flow into the atmosphere. A screw clamp around the open tubing regulates the amount of air
flowing out to the atmosphere. As the clamp is tightened, the spread between systolic and
diastolic pressure decreases. Past the venous reservoir is another compliance chamber. This
chamber has a piston resisted by a spring force that allows the volume inside the chamber to
fluctuate with pressure. Changing the length of a cantilever beam connected to the piston allows
the spring tension to be adjusted, helping to maintain the correct pressure difference. Moving the
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bar that regulates beam length closer to the chamber increases the spread between systolic and
diastolic pressure. To supply resistance, screw clamps were placed between the aortic compliance
chamber and the venous reservoir. Tightening the clamp increases resistance, which increases the
overall pressure in the loop.

A
B

C
D

Figure 3-4: Aortic compliance composing of (A) VAD chamber connected to (B) vacuum flask
and (C) pressure pump. (D) A clamp controls the air flowing out of the flask into the chamber or
atmosphere.
For the loop to maintain a living tissue valve and support cell growth, it runs at 37°C.
Therefore, a heat exchanger (Thermo HAAKE DC10-K10 Circulating Heating Bath Waltham,
MA) was incorporated into the loop, as shown in Figure 3-5.
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A

B

C

Figure 3-5: (A) Venous reservoir, (B) heat exchanger, and (C) arterial compliance chamber
connected.

3.2 Larger Volume Mock Circulatory Flow Loop
Another MCFL was used to collect data because it provided more accurate pressure and
flow conditions. This loop, first described by Rosenberg et al, 34 is about 3 L in volume. It also
uses a Harvard pulsatile pump with a 50 cc VAD chamber, compliance chambers, venous
reservoir and resistance. In this loop, aortic and atrial compliance are both created with the
chambers that include a piston resisted by spring force and a cantilever beam. Two plates are used
as a resistance clamp and can be tightened to control the amount of resistance. (Figure 3-6)

Figure 3-6: Resistance plate
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All of the components of the loop are connected by 1” Tygon® tubing. The 50 cc VAD
chamber is connected to a valve test chamber, which is then connected to the aortic compliance
chamber. Following aortic compliance is the resistance clamp, venous reservoir and atrial
compliance. The atrial compliance chamber is connected back to the VAD chamber. This loop is
shown in Figure 3-7.

F

E

A
B
C

D
Figure 3-7: The whole loop including (A) 50 cc chamber, (B) valve test chamber, (C) aortic
compliance chamber, (D) resistance clamp, (E) venous reservoir, and (F) atrial compliance
chamber.
The compliance and resistance are adjusted to achieve physiologic pressures and flow
rates. The pressure for the outlet should be 120/80 mmHg so that the aortic valve undergoes a
physiologic pressure drop. The inlet pressures are around 30/10 mmHg, which is higher than
physiologic, but acceptable in this study. These pressures were monitored with pressure
transducers (Argon Medical Devices Inc., Athens, TX) located at the two compliance chambers.
The flow rate is about 2.5 L/min for a beat rate of 50 bpm, 5 L/min for 75 bpm, and 5.75 L/min
for 100 bpm. The outlet flow rate is measured directly downstream of the aortic valve test
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chamber, and the inlet flow rate is measured between the arterial compliance chamber and inlet of
the VAD chamber. These measurements are taken with ultrasonic flow probes (Transonic
Systems, Inc., Ithaca, NY). The pressure and flow waveforms are displayed using a WaveBook
acquisition system and WaveView software (IOtech, INC, Cleveland, OH). The pressure and
flow waveforms for 50 bpm are shown in Figure 3-8, for 75 bpm in Figure 3-9, and for 100 bpm
in Figure 3-10. The vertical lines show the points in the cycle where PIV data is collected.
12.5 25 37.5 50 62.5 % into Systole

25

37.5

50

62.5

75 % into Diastole

Figure 3-8: Pressure and flow waveform for larger flow loop at 50 bpm.
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25
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75 % into Diastole

Figure 3-9: Pressure and flow waveform for larger flow loop at 75 bpm.

12.5 25 37.5 50 62.5 % into Systole

25

37.5

50

62.5

75 % into Diastole

Figure 3-10: Pressure and flow waveform for larger flow loop at 100 bpm.
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3.3 Valve Test Chamber
An acrylic model that mimics the anatomy of the aortic valve position was needed to
house the valve during testing. Two different acrylic models were used throughout this study,
both with an index of refraction of 1.49. The first model includes a 90° elbow to allow for
imaging. One end of this model has threading which attaches to the VAD chamber in order to
minimize the distance from the diaphragm to the valve. This model was used for high-speed
imaging; Figure 3-11 shows the view from which images were acquired.

Figure 3-11: Ball and cage valve in testing chamber for high-speed imaging
A second valve testing chamber was used for particle image velocimetry studies due to
the better quality of its acrylic. This model is straight, with two ends that can attach to tubing.
This model was also attached right downstream of the VAD chamber. Because the geometry of
the Sinuses of Valsalva is very important to the fluid dynamics of the valve, both models include
three sinuses with depths of 1 cm. Both models (Figure 3-12) also have an annular region of 2.54
cm.
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1”

1”

A.

B.

Figure 3-12: Aortic valve test chambers. (A) The first model is used to take pictures of the valve
opening and closing. (B) The second model is used in particle image velocimetry studies.
Porcine valve leaflets were dissected from pig hearts obtained from both the Penn State
Meat Lab and Brenneman’s Meat Market in Huntingdon, PA. These leaflets were carefully cut to
remove any excess fat, tissue, or muscle before being sutured into a plastic ring (Figure 3-13),
which fit into both of the acrylic models. When the valve was placed into the testing chamber, it
was critical that the leaflets lined up with the sinuses.

1”
Figure 3-13: Porcine valve leaflets sutured into plastic ring.

3.4 Fluid
For flow visualization, a blood analog fluid is run through the MCFL. This fluid requires
similar viscoelastic properties to those of blood and a refractive index close to that of the acrylic
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model, so that light does not refract as it moves from the acrylic to fluid. Traditional blood
analogs, such as a solution of glycerin, sodium iodide, and xanthan gum, are toxic to living cells.
Thus, a new fluid was made with components that would not kill the living cells of the valve. Cell
media (Gibco Medium 199 with 10% FBS and 5% antibiotic-antimicotic), 3,4-dimethoxybenzl
alcohol (DMBA), and dimethyl sulfoxide (DMSO) were three components tested to use in the
fluid. Despite a low viscosity and refractive index, cell media was used as a starting point for the
fluid because it contains sugar, amino acids, vitamins, and salts needed to sustain and support cell
growth. The medium used is a version without phenol red, as the red color cannot be used in laser
imaging studies. DMBA was chosen because of its low health hazard rating and high viscosity
and index of refraction. DMSO was added because of its high index of refraction. 35
Viscosities of over 30 different fluid mixtures were taken with a Vilastic 3 viscometer
(Vilastic Scientific, Austin, TX) shown in Figure 3-14A. At the same time, refractive index
measurements were taken with the refractometer (Bausch & Lomb) shown in Figure 3-14B. The
desired refractive index to match the acrylic model is around 1.49.

A.

B.

Figure 3-14: (A) Viscometer and (B) refractometer used to measure blood analog properties.

Table 3-1 shows the viscosities and refractive indices of many different combinations of
the fluids tested for use as a blood analog. The blood analog chosen is composed of cell culture
media (40%), DMBA (42%), and DMSO (18%). This fluid has a refractive index of 1.451, which
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is low, but the highest that could be found with a viscosity in range. Since viscosity varies with
temperature, the viscosity of the fluid at 37 °C was needed. The viscometer was not able to take
values at this high of a temperature, so data was extrapolated with an exponential model. Figure
3-15 shows a graph of the average viscosity measurements for the final fluid. Based on the graph,
the fluid has an average kinematic viscosity of 4.26 mm2/s at 37 °C. Figures 3-16 and 3-17 show
the curves of shear rate vs. viscosity and elasticity for the chosen analog at 34 °C.
Table 3-1. Properties of Blood Analog Fluids
Media
(%)

DMBA
(%)

DMSO
(%)

Density
(g/mL)

Refractive
Index

Dynamic
Viscosity
at 34°C
(cP)

Kinematic
Viscosity
at 34°C
(mm2/s)

100

0

0

.979

1.331

.88

.89

0

100

0

1.106

1.549

7.76

7.01

0

0

100

1.09

1.473

2.20

2.01

40

42

18

1.03

1.451

4.96

4.82

43

43

14

1.05

1.448

4.16

3.96

45

45

10

1.05

1.447

4.57

4.35

43

45

12

1.055

1.449

4.78

4.53

55

40

5

1.3

1.439

6.37

4.9

40

40

20

1.05

1.449

4.33

4.12

Kinematic Viscosity (mm^2/s)

27
8
7
6
5
4
3

y = 21.719e‐0.044x
R² = 0.9899

2
1
0
20

22

24

26

28

30

32

34

36

Temperature (Celsius)

Figure 3-15: Viscosity of blood analog (40% Media, 42% DMBA, 18% DMSO) vs. temperature.
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Figure 3-16: Viscosity vs. shear rate for blood analog (40% Media, 42% DMBA, 18% DMSO)
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Figure 3-17: Elasticity vs. shear rate for blood analog (40% Media, 42% DMBA, 18% DMSO)

Once a fluid with the desired viscosity and refractive index was found, it had to be tested
for toxicity. To do this, porcine aortic valve interstitial cells were isolated from pig hearts
obtained from the Penn State Meat Lab. Pictures of the cells were taken initially, after 4 hours,
after 8 hours, and after 24 hours to assess the amount of living cells in normal cell media versus
cells in the analog fluid. The cells were viewed using an Olympus CKX41 inverted microscope
(Olympus Corporation, Tokyo, Japan).
The toxicity testing of the 40% cell media, 42% DMBA, and 18% DMSO blood analog
fluid showed that most of the cells survived in the fluid. To determine the health of the cells,
morphology and number of cells were taken into account. The results of the test show that
relatively the same amount of cells were living and dead after sitting in cell media or fluid for 24
hours.35 A Trypan blue staining test also validated that the fluid was safe for the cells.35
A solution of glycerin water (40% glycerin, 60% distilled water) was also used in the
larger loop. This solution has been used in literature many times as a blood analog and can be

safely used with the porcine tissue.36 The index of refraction is low, at a value of 1.4. The
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viscoelastic properties are shown in Figure 3- 18.
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Figure 3-18: Viscosity and elasticity vs. shear rate for 40% glycerin/60% water solution.

3.5 High-Speed Imaging
High-speed imaging was completed using a KODAK Motion Corder Analyzer Model
PS-110 (Redlake MASD, San Diego, CA). This was done to analyze the leaflets to make sure
they were opening and closing correctly and that all extra parts of the valve had been removed
prior to suturing. Images and videos of the opening and closing of the native porcine valve were
taken. In the future, images from a porcine valve and a tissue-engineered valve can be compared
to assess the movement of the tissue-engineered valve.
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3.6 Particle Image Velocimetry (PIV)
A Gemini PIV system (New Wave Research, Inc., Fremont, CA) is used to obtain PIV
data. To take PIV measurements, the blood analog fluid is seeded with ten micron-diameter glass
spheres that can be tracked. The velocity of the fluid can be calculated by measuring the
movement of these particles during a set time difference. Dual Nd:YAG lasers produce a light
beam that is shaped into a 300 µm sheet, which illuminates the suspended glass particles. At each
laser pulse, a two megapixel CCD camera (TSI, INc., Shoreview, MN) with a Nikon 50 mm lens
(Nikon Corporation, Tokyo, Japan) captures an image. The laser sheet passes through the fluid
twice with a set time delay and an image is captured at the two time points. The Δt needs to be
adjusted depending on the part of the flow field or time of cycle being analyzed. A trigger box
allows for images to be taken at the same point in each cycle. Two hundred images are acquired
at each time step. The images are saved in Insight™ 3D software (TSI, Inc., Shoreview, MN),
and velocity fields can be calculated with particle displacement during the time delay.
The camera takes a picture from above the valve testing chamber as the laser emits a
horizontal sheet at the centerline of the chamber. Figure 3-19 shows the camera orientation and
Figure 3-20 shows the side view where the laser emits a sheet. Figures 3-21 and 3-22 show the
area where data is collected directly downstream of the valve starting from the tips of the sinuses.
The flow field at the centerline of the model is captured. For this plane, the Δt was 100 µs for
systolic time points and 100 or 200 µs for diastolic time points.
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Camera

Laser
arm

Valve
Figure 3-19: Camera is suspended above aortic valve and the laser emits a horizontal sheet.

Figure 3-20: Drawing of side view of the model. The third sinus lies opposite the bottom sinus
seen in the drawing. The red line shows the plane where the laser makes a horizontal sheet in the
middle of the model.

Figure 3-21:Drawing of the top view of the model as seen from the camera. Data is taken directly
downstream of the valve opening, shown in the red box.
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1”

Figure 3-22: Picture of the model from the view of the camera. Data is collected directly
downstream of the aortic valve, as shown with the red box.

The loop is run at three different beat rates: 50, 75, and 90 bpm with 33%, 38%, and 42%
systolic durations, respectively. For each beat rate, flow fields were acquired at percentages of
systole and diastole. Time points where data was collected are shown on the waveforms in
Figures 3-8, 3-9, and 3-10. The vertical lines show the points in the cycle where data was
collected and the percentages of systole and diastole are shown above the lines. The number of
milliseconds into the cycle for each time point is listed in Table 3-2.
Table 3-2. Time points in cycle where data is taken. The beginning of systole is t=0 ms.
50 bpm

75 bpm

100 bpm

Systolic Duration

33%

38%

43%

12.5% Systole

49.5 ms

38 ms

32.25 ms

25% Systole

99 ms

76 ms

64.5 ms

37.5% Systole

148.5 ms

114 ms

96.75 ms

50% Systole

198 ms

152 ms

129 ms

62.5% Systole

247.5 ms

190 ms

161.25 ms

25% Diastole

597 ms

428 ms

343.5 ms

37.5% Diastole

697.5 ms

490 ms

386.25 ms

50% Diastole

798 ms

552 ms

429 ms

62.5% Diastole

898.5 ms

614 ms

471.75 ms

75% Diastole

999 ms

676 ms

514.5 ms
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3.7 Processing
The 200 images for each time step are first masked in a Matlab® program (The
MathWorks, Inc, Natick, MA) developed in the lab. Masking locates boundaries of the desired
flow field and removes excess noise. The masked images are moved back into Insight™ 3D so
that a velocity vector can be calculated for each pair of images. This program calculates the flow
velocities by dividing particle displacements by the short time difference between laser pulses.
The interrogation region of 32 x 32 pixels and a Hart Correlation algorithm with a bilinear peak
finding algorithm is used during processing. Vectors from each of the 200 images are averaged in
a Matlab® program. The average vector file from each time step is used in Tecplot software
(TecPlot, Inc., Belleview, WA) to create a single flow map for that step.
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Chapter 4
Results and Discussion

4.1 High-Speed Imaging Results
High-speed imaging showed that the valve was opening and closing as expected. It
helped to show when pieces of muscle or other tissue needed to be trimmed from the initial
dissection so as to not interfere with the flow. The three separate leaflets are connected using the
same suture with the same number of stitches for each leaflet. Because the leaflets are dissected
and sutured individually, and may even come from different pigs, the shape of the leaflets
differed as the valve opened. This will affect the flow. Figures 4-1 and 4-2 below show pictures
of the porcine valve at 50 bpm and 75 bpm. Arrows point to the opening of the valve.

A.

B.

C.

Figure 4-1: Images of porcine valve at 50 bpm (A) closed, (B) open, (C) closing.

A.

B.

C.

Figure 4-2: Images of porcine valve at 75 bpm (A) closed, (B) open, (C) closing.
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4.2 PIV 50 bpm Results
PIV data was taken directly downstream of the leaflets. The valve is at the left end of the
image and the flow moves left to right. Figures 4-3 to 4-12 show the results when the loop was
run at 50 bpm. The three spots in the middle of the flow fields are due to camera pixels that were
previously burnt out due to overexposure from the laser, and therefore no data can be collected
from the pixels. The results reveal a peak systole velocity of 2.8 m/s. The systolic time points
show a thin systolic jet that gets larger throughout systole. Some backflow outside the jet is seen,
with vortices appearing at the end of systole. At the beginning of diastole there is slight
backwards flow as the valve closes, but the rest of the diastolic time points show almost no flow,
which is expected because the valve is closed.

Figure 4-3: 12.5% into systole for 50 bpm. The leaflets have begun to let flow through the valve.
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Figure 4-4: 25% into systole for 50 bpm. A thin systolic jet is beginning to form at the opening of
the valve, outlined in black.

Figure 4-5: 37.5% into systole for 50 bpm. The systolic jet moves further downstream of the
valve and starts to slightly favor the bottom of the field. There is slight reverse flow above the jet.
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Figure 4-6: 50% into systole for 50 bpm. The systolic jet continues to move downstream and
reaches peak velocity right at the valve opening. The reverse flow on the upper half of the model
can still be seen.

Figure 4-7: 62.5% into systole for 50 bpm. Two vortices, circled in black, are seen outside the
systolic jet. The bottom vortex is much larger.
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Figure 4-8: 25% into diastole for 50 bpm. The arrows show a very slight backward flow.

Figure 4-9: 37.5% into diastole for 50 bpm. Almost no flow as the valve is closed.
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Figure 4-10: 50% into diastole for 50 bpm.

Figure 4-11: 62.5% into diastole for 50 bpm. There is no flow due to complete valve closure.
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Figure 4-12: 75% into diastole for 50 bpm. Again the valve is completely closed, so there is no
flow.

4.3 PIV 75 bpm Results
Figures 4-13 to 4-22 are the flow fields directly downstream of the valve with the loop
running at 75 bpm. The valve is at the left end of the image and the flow is to the right. The
systolic velocity reaches a maximum of 2.57 m/s in the middle of systole. At this beat rate, a
wider systolic jet forms throughout systole. Recirculation and reverse flow is seen at the end of
systole. A slight reverse flow continues at the beginning of diastole. During the rest of diastole
there is no flow because the valve is closed.
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Figure 4-13: 12.5% into systole for 75 bpm. A systolic jet begins, outlined in black, and curves
toward the lower half of the model.

Figure 4-14: 25% into systole for 75 bpm. The systolic jet widens and starts to split as it travels
downstream. Stagnation is seen above the jet, circled in black.
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Figure 4-15: 37.5% into systole for 75 bpm. The systolic jet continues downstream. An area of
stagnation is seen above the jet.

Figure 4-16: 50% into systole for 75 bpm. The flow reaches its maximum velocity as the jet
widens and continues downstream.
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Figure 4-17: 62.5% into systole for 75 bpm. A large area of recirculation occurs below the
systolic jet.

Figure 4-18: 25% into diastole for 75 bpm. There is slight reverse flow as the valve shuts.
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Figure 4-19: 37.5% into diastole for 75 bpm. Very little flow for the rest of diastole, showing that
the valve is closed.

Figure 4-20: 50% into diastole for 75 bpm.
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Figure 4-21: 62.5% into diastole for 75 bpm.

Figure 4-22: 75% into diastole for 75 bpm.

4.4 PIV 100 bpm Results
Figures 4-23 to 4-32 are the flow fields directly downstream of the valve at 100 bpm. The
valve is at the left end of image and the flow is to the right. At this beat rate, the systolic peak
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velocity is 2 m/s. It reaches this maximum towards the middle of systole. This beat rate also
shows a wide systolic jet forming at the beginning of systole and moving downstream. Reverse
flow and recirculation are seen at the end of systole. Throughout diastole, there is no flow.

Figure 4-23: 12.5% into systole for 100 bpm. The valve is open and letting forward flow through.

Figure 4-24: 25% into systole for 100 bpm. The systolic jet moves downstream. A vortex is seen
above the jet.
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Figure 4-25: 37.5% into systole for 100 bpm. The systolic flow continues downstream and favors
the top half of the model.

Figure 4-26: 50% into systole for 100 bpm. As the forward flow continues to favor the top half, a
slight recirculation area is seen beneath the systolic jet.

48

Figure 4-27: 62.5% into systole for 100 bpm. As the systolic jet reaches peak velocity, there is
reverse flow seen at the bottom of the flow.

Figure 4-28: 25% into diastole for 100 bpm. There is no flow as the valve is closed. The rest of
the diastolic images also show no flow.
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Figure 4-29: 37.5% into diastole for 100 bpm.

Figure 4-30: 50% into diastole for 100 bpm.
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Figure 4-31: 62.5% into diastole for 100 bpm.

Figure 4-32: 75% into diastole for 100 bpm.

4.5 Comparison of Three Beat Rates with Normalized PIV Data
In order to compare these three beat rates that have different flow rates, their flow
velocities were normalized by peak velocity at their respective beat rate. Therefore, the following
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flow fields are dimensionless and comparisons are made on characteristics and shapes of flow,
not the magnitude of the flow velocity. The data for each beat rate was taken using the same three
porcine leaflets.
At 12.5% into the systolic cycle, all three beat rates (Figure 4-33) show forward flow
throughout most of the field. The 75 and 100 bpm flow fields show a much more prominent
systolic jet, which is outlined in black and seen in the velocity profiles (Figure 4-34). In each of
the beat rates, the flow above and below the jet at the opening of the valve is very low, and flow
seems to favor the bottom of the model. The skewness of the systolic jet is not something that
would happen in a natural valve. This skewness may be due to one of the leaflets opening more or
less than the others, or due to the different shapes of the leaflets. A large skewness could be
harmful, as it would create higher stress on the wall that the flow favors, while creating regions of
stagnation at the opposite wall. The higher stress could damage cells or cause erosion of cells,
while stagnation leads to thrombus formation.

A)

B)
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C)

Figure 4-33: Normalized 12.5% systole for (A) 50 bpm, (B) 75 bpm, and (C) 100 bpm. Velocity
profiles at the black lines are plotted.
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Figure 4-34: Velocity profiles of 12.5% systole (A) near the opening, (B) in the middle of the
field, and (C) near the end of the field. 0 mm corresponds to the top of the flow field and 25 mm
the bottom, so the profile matches the orientation of the flow field. The plots show that the 50
bpm systolic jet has not developed as much as the jet in the other two beat rates.

At 25% through systole all three beat rates show a prominent systolic jet at the opening of
the valve (Figure 4-35). The jet is the longest at 100 bpm and shortest at 50 bpm. The 75 and 100
bpm flow fields start to favor the top of the model as they move downstream, while the 50 bpm
jet has not progressed as far downstream as the other two. Above and below these jets, the flow is
much lower and sometimes has a slight recirculation. The velocity profiles (Figure 4-36) show
that the 50 bpm jet has a triangular shape, while the 75 bpm jet has a flatter profile. The 100 bpm
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jet has a dip near the opening of the valve. The profiles also show that near the end of the field the
flow favors the top of the model.
The splitting of the 75 bpm jet is not desired, as a stagnation region is formed in the
middle of the velocity profile as the flow favors the top of the model. In a natural valve, a more
uniform systolic jet occurs. While this stagnation region in the middle of the profile is gone by the
next time point, regions of stagnation are always a concern for thrombus formation.

A)

B)

C)

Figure 4-35: Normalized 25% systole for (A) 50 bpm, (B) 75 bpm, and (C) 100 bpm.
Recirculation and stagnation is circled. Velocity profiles at the black line are plotted.

A)

0

Distance (mm)

55

5
10

50 bpm

15

75 bpm

20

100 bpm

25
‐0.20 0.00 0.20 0.40 0.60 0.80 1.00
Normalized Velocity

Distance (mm)

B)

0
5
10

50 bpm

15

75 bpm

20

100 bpm

25
‐0.2

0

0.2

0.4

0.6

0.8

1

Normalized Velocity

Distance (mm)

C)

0
5
10

50 bpm

15

75 bpm

20

100 bpm

25
‐0.2

0

0.2

0.4

0.6

0.8

1

Normalized Velocity

Figure 4-36: Velocity profiles of 25% systole (A) near the opening, (B) in the middle of the field,
and (C) near the end of the field. 0 mm corresponds to the top of the flow field and 25 mm the
bottom, so the profile matches the orientation of the flow field.
As systole continues, all three jets continue to spread downstream (Figure 4-37). The 50
bpm still has the shortest and thinnest jet. The jet’s width is only one-third of the diameter of the
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tube, whereas the jets in 75 and 100 bpm fields are more than half the diameter of the tube. This
thinner jet has a higher velocity gradient and a more triangular shape, as seen in the velocity
profiles (Figure 4-38). In a natural valve, a more uniform and flat shape occurs. A higher velocity
gradient increases the shearing effects and blood damage within the flow. While shear stress was
not measured in this study, some researchers believe that the threshold for hemolysis is 400
N/m2,41 while others believe the threshold is 800 N/m2.42 The damaging stress level also depends
on the time that the cells are exposed to the flow.
The 50 bpm flow field also shows reverse flow not seen in the other two beat rates. This
reverse flow will however be helpful in feeding the sinuses. The other two beat rates still favor
the upper half of the model as the flow moves downstream, which will continue to have unnatural
effects on the upper wall.

A)

B)

C)

Figure 4-37: Normalized 37.5% systole for (A) 50 bpm, (B) 75 bpm, and (C) 100 bpm. Velocity
profiles at the black line are plotted.
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Figure 4-38: Velocity profiles of 37.5% systole (A) near the opening, (B) in the middle of the
field, and (C) near the end of the field. 0 mm corresponds to the top of the flow field and 25 mm
the bottom, so the profile matches the orientation of the flow field. The 50 bpm shows the
sharpest gradient near the opening of the valve, while the 75 bpm has a dip in the jet.
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In the middle of systole, all three beat rates have a systolic jet that decreases as it moves
downstream (Figure 4-39). The 50 bpm and 75 bpm jets show the triangular profile (Figure 4-40)
that causes a steep velocity gradient that may have shearing effects. The 50 bpm field also still
has some reverse flow that is not seen with the other two beat rates. The 100 bpm has a region of
stagnation that was also seen in the previous time point due to the skewed jet.

A)

B)

C)

Figure 4-39: Normalized 50% systole for (A) 50 bpm, (B) 75 bpm, and (C) 100 bpm. Velocity
profiles at the black line are plotted.
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Figure 4-40: Velocity profiles of 50% systole (A) near the opening, (B) in the middle of the field,
and (C) near the end of the field. 0 mm corresponds to the top of the flow field and 25 mm the
bottom, so the profile matches the orientation of the flow field. Steep jet velocity gradients are
seen and the flow downstream is still favoring the top of the model.
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Towards the end of systole, the systolic jet diminishes while reverse flow and
recirculation become apparent in each beat rate (Figure 4-41). This reverse flow is expected as it
helps to close the valve.5 A large vortex is seen in the 50 bpm flow field, while the 75 bpm and
100 bpm fields show backflow and some recirculation. Velocity profiles (Figure 4-42) show this
reverse flow.

A)

B)

C)

Figure 4-41: Normalized 62.5% systole for (A) 50 bpm, (B) 75 bpm, and (C) 100 bpm. Velocity
profiles at the black line are plotted.
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Figure 4-42: Velocity profiles of 62.5% systole (A) near the opening, (B) in the middle of the
field, and (C) near the end of the field. 0 mm corresponds to the top of the flow field and 25 mm
the bottom, so the profile matches the orientation of the flow field.
Throughout diastole, all three beat rates show almost no flow. Figure 4-43 shows the first
diastole time point, where there is very little flow. All of the other diastolic time points looked the
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same. A slight amount of backflow can be seen in the beginning of diastole (Figure 4-44), which
is a common characteristic of natural valves to help close the valve.5 The lack of flow through all
of the stages of diastole shows that the three leaflets coapt together and the valve stays closed for
each beat rate. When testing the tissue-engineered valve, it will be important to make sure the
leaflets do not allow regurgitation or leakage during diastole.

B)

A)

C)

Figure 4-43: Normalized 25% diastole for (A) 50 bpm, (B) 75 bpm, and (C) 100 bpm. Velocity
profiles at the black line are plotted.
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Figure 4-44: Velocity profiles of 25% diastole (A) near the opening, (B) in the middle of the
field, and (C) near the end of the field. 0 mm corresponds to the top of the flow field and 25 mm
the bottom, so the profile matches the orientation of the flow field.
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4.6 Summary of Beat Rate Comparison
Throughout systole, the valve creates a strong central jet that moves downstream while
maintaining the highest velocity at the opening of the valve. Overall, the 100 bpm cycle creates a
jet that stretches the furthest downstream. This beat rate also has the widest jet, whereas 50 bpm
has the thinnest. A wider systolic jet is desired to decrease velocity and damaging high velocity
gradients. Because the model is straight, the velocity profile should be more uniform and not
show the skewness and separation that is seen in these flow fields, especially in the 75 bpm and
the 100 bpm fields. The skewness towards the top and bottom of the model may be caused by the
differing shapes of leaflets or by one leaflet opening differently. The skewness would cause
adverse effects on the aorta, by creating more force on the favored wall and leaving a region of
stagnation on the other wall that will be prone to thrombus formation. A region of stagnation
almost constantly seen above the valve opening in all beat rates should be watched for thrombus
formation. Since this area is closest to the valve suturing ring, it is important that there is no tissue
growth on the sewing ring that would obstruct the flow.
Another cause of concern for these flow fields is why the 50 bpm systolic jet is much
thinner and has a higher velocity gradient. A thin systolic jet increases the velocity of the flow,
which can make the flow more turbulent. If the valve does not open completely or is obstructed,
the smaller effective orifice area creates a thinner jet with a higher velocity. The velocity profiles
in this valve show a very uneven velocity profile for all beat rates, with sharp peaks and
irregularities such as dips and skewness that would not be seen in a natural valve.
When testing the tissue-engineered aortic valve, it will be very important to test that the
valve leaflets fully open and close together, have the same size, and coapt correctly to make sure
none of these factors are affecting the flow field. The valve should have a uniform, flat systolic
jet profile with no skews and separations.
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Chapter 5
Limitations and Future Studies
In the future, this system can be used to assess a living and growing tissue-engineered
heart valve. It is very important that a protocol for suturing the leaflets of a tissue-engineered
valve into their testing ring be created. In this study, the flow through the porcine valve could be
disrupted by messy sutures, extra tissue on the leaflets, or old leaflets. Because of variability in
sizes and shapes of leaflets, another study could examine the differences in flow characteristics
between multiple porcine valves as well as the differences between the porcine valve and tissueengineered valve. The 50 bpm plane may want to be studied further because it is unusual for this
beat rate to have a much higher velocity than the other two beat rates.
A flaw in this study that can be improved is the spots of flow field that show no flow due
to pixels on the camera that were burned out. Future studies should avoid these burnt pixel areas
when capturing the flow field.
There are a few limitations with this system that could be overcome to improve future in
vitro studies. One limitation was that when taking PIV data, the valve leaflets and plastic suture
ring created oversaturation of the camera, when can cause pixels to burn out and become useless.
Because of this, no conclusive data could be taken on the zoomed in sinus plane. The flow fields
within the sinuses are important to the intrinsic opening and closing of the valve, and thus need to
be studied. These sinuses develop in the beginning of systole and may move downstream during
flow. The valve will not be as efficient without the sinus vortices.4 It may be useful to make a
smaller ring that does not obstruct this view or one that does not oversaturate the camera.
This study provides a starting point for researchers to test the properties and analyze the
fluid dynamics of tissue-engineered valves. This will provide a way to know if design changes,
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such as size of suturing ring or shape of leaflet, are necessary or if the valve is ready for in vivo
studies.
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