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ABSTRACT

Significant advances have been made in the field of heart valve replacement,
especially in terms of anticoagulation therapy and valve design. However, heart valve
patients remain susceptible to complications such as hemolysis and thrombosis. For this
thesis work, the closing dynamics of mechanical heart valves have been evaluated to
better understand the roles of valve design and environmental conditions on the local
fluid mechanics. Optical flow diagnostic tools, such as laser Doppler velocimetry, were
applied to investigate near valve fluid structures suspected of causing blood damage.
Modifications were made to the valve housing to enable visual access to previously
inaccessible regions of flow. Specifically, the near-valve flow fields generated by the
Bjork-Shiley Monostrut, St. Jude Medical, and On-X mechanical heart valves were
studied. The three-dimensional flow patterns presented here reveal regions of turbulence,
flow stagnation, vorticity, and flow separation near the leaflet tip. These flow conditions,
in combination with cavitation, are the primary factors contributing to blood trauma
induced during valve closure.
Mechanisms for blood damage were further investigated by analyzing high
frequency pressure fluctuations, which represent cavitation intensity. Mitral valve closing
sounds contain characteristics that, when appropriately isolated, can help to diagnose
cavitation, asynchronous leaflet closure, and valve impact forces. The effect of
ventricular pressure, valve size, valve composition, leaflet geometry, and fluid properties
on cavitation were evaluated through this work. The risk of blood damage in patients
iii

with mechanical heart valves was minimized when valve impact and rebound were
dampened. Potential improvements to implantation techniques and valve design may
evolve from these results.
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Chapter 1
INTRODUCTION AND BACKGROUND

Valvular heart disease affects millions of people and results in roughly 250,000
valve repairs or replacements each year (Yoganathan, 2004). In addition, prosthetic heart
valves are required in ventricular assist devices (VADs) and total artificial hearts (TAHs).
While prosthetic cardiac valve designs have improved over the last 50 years and most
work effectively for extended periods of time, these devices still remain susceptible to
hemolysis, thrombus formation, tissue overgrowth, and material erosion (Hammond,
1987). Approximately 60% of those receiving valve replacements will develop a serious
prosthesis-related complication within 10 years, postoperatively (Hammermeister, 2000).
Thromboembolic complications account for the majority of problems associated with
mechanical heart valves (MHVs).
In this chapter, a summary is provided on the evolution of prosthetic heart valves
and their hemodynamics. Mechanisms for flow and cavitation-induced blood trauma are
also described.

1.1 Cardiac Valve Prostheses
Over 180,000 prosthetic heart valves are implanted worldwide every year to
correct stenosis or incompetence in malfunctioning valves (Yoganathan, 2004). To
successfully replace native heart valves, complications such as hemolysis, thrombosis,
1

infection, structural failure, and tissue overgrowth must be resolved (Schoen, 2005).
Since the first heart valve replacement was performed in 1952, more than 50 different
cardiac valve prostheses have been developed (Jamieson, 2002). The majority of these
artificial valves can be classified as either bioprosthetic or mechanical heart valves.
Prosthetic heart valves are designed to regulate blood flow into and out of the
chambers of the heart. However, the hemodynamics associated with prosthetic valves are
radically different than those found in a normal cardiovascular environment. The closing
characteristics of replacement valves tend to produce regions within the flow of high
velocity and shear stress, which can be harmful to blood components (Kini, 2000),
(Lamson, 1993). Ideally, prosthetic valves should be structurally and mechanically
resistant to fatigue. They should also generate a small or insignificant transvalvular
pressure drop and minimize damage blood elements and surrounding cardiac tissue.
Furthermore, they should prevent adverse blood-material interactions such as thrombus
formation. To date, the two valve types which best meet these criteria and are most
commonly used as replacements for dysfunctional native valves are bioprosthetic and
mechanical heart valves.

1.1.1 Bioprosthetic Heart Valves
Bioprosthetic valves, or tissue valves, commonly replace diseased or deteriorated
heart valves. They are similar in shape to native human heart valves. Bioprostheses
primarily consist of glutaraldehyde-fixed porcine aortic valve leaflets or bovine
pericardia. These valves can be stented or stentless; they have three cusps that allow
central flow through the valve lumen. Stented valves include a frame onto which the
2

valve is mounted to provide support for the leaflets. In contrast, stentless heart valves
incorporate the natural leaflets found in an intact heart valve obtained from either a
human or porcine donor. Bioprosthetic heart valves do not cause thromboembolic
complications, so patients with these valves are not subjected to long-term blood
anticoagulation therapy. Bioprosthetic valves, however, are prone to structural failure,
and only have an average lifespan of 10-12 years before reoperation is required.
Furthermore, the effectiveness of bioprostheses can be limited by calcification and
premature tissue degeneration. Despite these adverse effects, bioprosthetic valves remain
the primary valve replacement options for women of child-bearing age and elderly
patients (Rahimtoola, 2003). Due to high calcification rates associated with bioprosthetic
valves, children requiring valve replacements tend to receive cryopreserved homograft
valves. Homografts are only available in limited numbers. The remainder of patients in
need of replacement valves will receive mechanical heart valves.

1.1.2 Mechanical Heart Valves
Mechanical heart valves are used in about 55% of all valve replacement surgeries
(Yoganathan, 2005). Mechanical valves are implanted for most double valve procedures,
because the thromboembolic risk is not additive for two valves. Structural deterioration is
more likely to occur with multiple tissue valves (Phillips, 2004). The evolution of
mechanical valve prostheses has led to improved hemodynamics, larger effective orifice
areas, minimal flow stasis, and reduced transvalvular pressure drops. Unfortunately,
mechanical heart valve patients must undergo lifetime anti-coagulation therapy to
counteract valve-generated thrombosis.
3

The hemodynamics around valve prostheses are directly dependent upon complex
valve geometries and closing behaviors. Characterization of the unsteady, threedimensional, and, at times, turbulent flow is quite difficult using computational fluid
dynamics, so experimental evaluation is critical for predicting the success of replacement
valves.
There are three types of mechanical heart valves: ball-and-cage valves, tilting disk
valves and bileaflet valves. Figure 1.1 displays these three designs. The ball-and-cage
valve is structurally reliable but may produce insufficient flow due to a large induced
pressure drop. An annular jet forms around the ball in the open position. The wake region
extending from the ball contains low velocity vortices that promote thrombosis. The
wake causes a large pressure drop across the valve. Leakage flow is minimized for this
valve type. Despite some desirable characteristics, Starr-Edwards manufactures the only
caged-ball valve that is currently available for clinical use. This valve features a Stellite
cage and a Silastic rubber occluder, which contains barium for radiological detection
(Harrison, 1988).

4

Figure 1.1

Mechanical heart valves have progressed from (A) the ball-and-cage to (B) the tilting
disk valve and (C) the bileaflet valve (Pick, 2006).

Tilting disk valves were the next developments in cardiac valve prostheses. This
valve type consists of a freely rotating disk or occluder that is held in place by structural
supports and a ring-shaped housing. A small gap exists between the occluder and the
housing to allow blood cells and debris to be washed out by backflow. Free rotation of
the valve in the plane of the disk helps to distribute the impact stresses around the
perimeter of the occluder. The three tilting disk valves investigated here are the Alliance
Medical Technologies Bjork-Shiley Monostrut (BSM) valve (Irvine, CA), the Medtronic
Hall (MH) valve (Medtronic, Inc., Minneapolis, MN), and the TTK Chitra valve (TTK
Healthcare, Trivandrum, India). Valve images are displayed in Fig. 1.2. Each of these
tilting disk valves has an angle of aperture of approximately 70°. All three designs have a
major and minor orifice in the open position. High velocity jets project from these
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orifices during systole. The wide angle of aperture allows for a more centralized flow
through the valve than is possible with a ball-and-cage valve.

Figure 1.2

These mechanical heart valves were chosen because of their unique material or design
characteristics. Displayed on the top row are the BSM, TTK Chitra, and MH tilting disk
valves. The SJM and On-X bi-leaflet valves are shown on the bottom.

The third, and most commonly implanted, type of mechanical heart valve is the
bileaflet valve. Bileaflet valves consist of two semicircular leaflets attached to the
housing at pivot points, creating two peripheral openings and a central orifice. Bileaflet
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valves effectively minimize obstruction to flow with their large effective orifice areas
(EOA). The two bileaflet valves evaluated in this study are the St. Jude Medical (SJM)
valve and On-X valve. Leaflets pivot in hinge grooves to provide central flow. The St.
Jude valve opens to 85°, whereas the On-X valve opens to 90°. These valves are
impregnated with an alloy such as tungsten to ensure radiopacity. Vongpatanasin et al.
provide an excellent overview and history of the development of these and other
prosthetic heart valves (Vongpatanasin, 1996),(McClung, 1983).
For all mechanical heart valve types, the valve size is chosen based on the implant
location and size of the patient. A Dacron fabric sewing ring is attached to both
mechanical and bioprosthetic valves. Sutures are placed in the sewing ring to anchor the
device into the annulus.
In addition to device design, valve material can greatly affect hemodynamics. In
most cases, the valve housings and struts are composed entirely of a titanium alloy. For
the St. Jude Medical valve, however, the housing is constructed from pyrolytic carbon
(PC). Pyrolytic carbon is also used as the leaflet material in most contemporary valves,
because of its resistance to fatigue and smooth surface. Pyrolytic carbon is considered a
thrombogenic material, but it is prepared by a vapor-deposition process to create a
smooth surface that does not allow blood elements to attach (Sharp, 1978). Reported
fractures of the valve components are rare (Schoen, 2005). Delrin (DR), a thermoplastic
polymer produced from formaldehyde, had previously been used as an occluder material
in some Bjork-Shiley models due to its superior durability and its ability to damp the
occluder closing impact (Zapanta, 1998). Ultra-high molecular weight polyethylene
(UHMWPE) has also become a popular valve material and is used as the occluder
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material for the TTK Chitra valve. Various composites of these materials have been
tested in an effort to determine ideal occluder properties. Design adjustments, such as
reshaping the leaflet or repositioning the restrictive struts, are continually tested in an
attempt to improve valve closing dynamics (Yoganathan, 2004).
Sneckenberger et al. studied cavitation formation on BSM valves with DR and PC
occluder materials (Sneckenberger, 1996). Significantly less cavitation was produced by
the DR occluder. However, this material was used in clinical practice for only a brief
time due to its susceptibility to swelling. The relationship between closing dynamics and
occluder material properties was studied by Zapanta et al. (Zapanta, 1998). Cavitation
intensity could be correlated with the closing velocity (V), elastic modulus (Eo), and
density (ρo) using equation 1.1.

Prms

V 0
E0
E0

(1.1)

Here ΔPrms is the root mean square of the pressure fluctuations at closure and a measure
of cavitation intensity. This relationship shows that valve closing speed, and to a lesser
extent valve composition, influences cavitation.
Pressure drops across mechanical heart valves relate to the potential energy lost
within the fluid. Thus, a negligible transvalvular pressure gradient is indicative of an
efficient heart valve with little impedance to blood flow. Effective orifice area is an index
derived from the pressure drop to show how well a valve design uses its open area. EOA
characterizes the degree by which a mechanical valve obstructs blood flow and is defined
by equation 1.2.
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(1.2)

51.6 p

where Qrms is the root mean square of the overall flow rate (cm3/s) and Δp is the mean
pressure drop across the valve (mm Hg). Effective orifice area is a function of valve size;
larger EOA corresponds to a smaller energy loss across the device. Prosthetic valves
become increasingly stenotic with decreasing size. In general, an effective prosthetic
heart valve will have an EOA on the order of one-third to one-half of the total valve
mounting area (Harrison, 1988). Pressure drop, effective orifice area, and regurgitation
are influenced by cardiac output, heart rate and valve design.

1.2 Fluid Mechanics
The overall function of a heart valve is to facilitate uni-directional flow of blood
and minimize resistance to the flow (Sacks, 2007). An ideal prosthetic valve generates a
relatively small regurgitation volume, little turbulence, tolerable shear stresses, and no
regions of stagnation or flow separation. In reality, the near-valve fluid mechanics
generated by mechanical heart valves are characterized by high velocity and high shear
stress. In addition, large transvalvular pressure drops and recirculation zones may exist
near the prosthesis. Thus, hemolysis and thrombus initiation are both potential drawbacks
to implanted valve prostheses. Peak blood velocity through the native aortic heart valve is
about 1.35 ± 0.35 m/s (Otto, 2001), while ventricular filling through the mitral valve
produces a peak velocity of 0.5 m/s to 0.8 m/s. These forward velocities can be as high as
2.1 m/s for prosthetic valves (Weyman, 1994),(Bronzino, 1995). Flow diagnostic
techniques such as laser Doppler velocimetry (LDV) and particle image velocimetry
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(PIV) are used to evaluate the hemodynamics around a valve in terms of overall flow
profile, flow unsteadiness, vortex formation, vortex strength, transvalvular pressure
gradient, regurgitation, flow separation from the leaflets, and turbulence. Vortex shedding
has been observed off the leaflet tip of most MHVs (Gross, 1988), but the impact of
vortices on blood cell damage is unknown.

1.2.1 Fluid Stresses
Prosthetic heart valves open and close 35 to 40 million times a year, placing longterm stresses on the leaflet and blood elements. Flow-induced stresses have been
implicated in platelet activation, hemolysis, and thrombus formation (Sallam, 1984).
Brown et al. discovered that platelets release more agonist ADP and aggregate at an
accelerated rate when exposed to shear stresses above 50 dynes/cm2 (Brown, 1975).
Elevated shear leads to sublethal or lethal blood element damage in the form of hemolysis
or platelet activation.
For a Newtonian fluid, the laminar shear stress, τij, is calculated by:

 u

u 

 ij    i  j 
 x j xi 

(1.3)

In this case, τij represents the viscous shear stress on plane i in the j direction, ui and uj are
the velocities in those respective directions, and μ is the dynamic viscosity of the fluid.
The constant viscosity assumption for a Newtonian fluid is considered valid in regions
very near the valve during closure, where shear rates are above 500 s-1. In turbulent flow,
viscous effects are secondary to the energy within the fluid itself (inertial forces). A large
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Reynolds number (Re) is indicative of transitional or turbulent flow. For many
mechanical heart valves, the onset of turbulent flow through the gap occurs at a Reynolds
number around 1,200 (Ge, 2003).

Re =

VD


(1.4)

where Re is a function of fluid density (ρ), viscosity (μ) and velocity (u), and the
diameter (D) of the channel through which the fluid passes. The Reynolds number is a
ratio of inertial forces to viscous forces.

1.2.2 Turbulent Flow
At least some of the near valve regions in the flow may be considered turbulent
around impact. Based on the presented flow diagnostics, we cannot say with any certainty
that velocity fluctuations are a result of turbulence and not simply cycle to cycle
variations in valve closure. In turbulent flows, Reynolds stresses are more relevant than
laminar shear stresses for predicting the forces exerted on blood elements. Reynolds
stresses measure turbulent momentum transport in a fluid. The Reynolds stress tensor

 ui ' u j ' is found by ensemble averaging the mean velocities and fluctuations in the
Navier-Stokes equations. Clinical failures can oftentimes be traced back to long-term
exposure of blood, or cardiovascular tissue, to high Reynolds shear stresses near the
mechanical valve. Sallam et al. found that turbulent stresses as low as 400 dynes/cm2 are
responsible for elevated hemolysis levels (Sallam, 1984). The exposure time of blood
elements to the applied stress also affects the hemolysis threshold. Furthermore, turbulent
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flow has also been linked to endocardial thickening distal to the prosthesis (Kaltman,
1971). The extent of damage caused by turbulence is reduced in prosthetic valves with
superior semi-central or central flow and minimal lateral flow.
The Kolmogorov microscale, η, represents the smallest turbulent length scale.
This scale may be estimated from:

 3 
   
 

1

4

(1.5)

where ν is the kinematic viscosity and ε is a dissipation rate per unit mass. Justification of
particle size and measurement volume relative to η is provided in Section 2.1.4.

1.2.3 Vortex Formation
Pressure-driven reverse flow initiated during valve closure stimulates vortex
formation on the upstream side of a valve. Mechanical heart valves have been designed to
produce a controlled level of regurgitation, or retrograde flow, following closure. This
leakage flow helps to clean the leaflet edges and hinges of debris. The low pressure
environment on the upstream side of a valve can be prolonged by vortices shed from the
tip of the leaflet. Cavitation may be initiated and sustained by the low pressure core of the
vortex, which has been observed in the atrium using flow visualization techniques
(Manning, 2008).

1.2.4 Closing Behavior of Prosthetic Valves
The mitral valve opens at the onset of diastole and closes directly before the heart
begins its isovolumetric contraction. Axial pressure differences and vortices push the
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leaflets toward the closed position, creating a rapid valve closure. The local pressure drop
on the atrial side of the mitral valve can be large enough to induce cavitation under
certain circumstances (Plocal < Pvapor).
Regurgitation or blood leakage occurs after complete closure of the mitral valve.
Retrograde flow consists of the closing volume and leakage volume. While regurgitation
accounts for only a small percentage of the total flow through the prosthetic valve, the
fluid stresses associated with this phase are significant to the overall blood damage.
Regurgitation volumes tend to be slightly smaller (~ 9 mL/beat) for tilting disk valves
than for bileaflet valves due to backflow around the hinges and through the central orifice
(Yoganathan, 2000). Retrograde flow can be on the order of 3% to 30% of the stroke
volume (Dellsperger, 1983). Valve design, valve size, and gap width all affect
regurgitation volume and strength.

1.2.5 Previous Fluid Mechanical Investigations of Prosthetic Heart Valves
The fluid mechanics of MHVs have been studied since the realization some fifty
years ago that prosthetic valves were viable replacements for diseased native valves.
Initially, the focus was on the overall flow field that developed downstream of the
prosthetic valves. These studies helped to drive the design process to develop valves with
sufficient flow at a minimal pressure drop while maintaining structural integrity and, on
some level, mimicking the natural valve. Fluid mechanics studies have played a major
role in the evolution of MHVs—from the ball-and-cage valve to the tilting disk valve and
the bileaflet valve. Recently, the focus of in vitro fluid mechanic studies has shifted to the
local flow occurring near the valve housings and around the hinges of bileaflet valves,
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which are areas commonly associated with hemolysis and thrombosis. Through these
investigations, we have identified characteristic regurgitant jets, vortices, squeeze flows,
hinge jets, and other flow phenomena that may negatively impact blood components.

1.2.6 Fluid Stresses Due to Prosthetic Heart Valves
A variety of experimental techniques have been employed to study flow in and
around mechanical heart valves, in vitro. Yoganathan et al. were the first to measure the
forward flow fields through the St. Jude Medical, Medtronic Hall and Bjork-Shiley
mechanical

valves

using

two-dimensional

laser

Doppler

velocimetry

(LDV)

(Yoganathan, 1986). They reported maximum Reynolds shear stresses of 1,200
dynes/cm2 in the SJM bileaflet valve and 2,000 dynes/cm2 in the tilting disk valves. A
study by Fontaine et al. revealed differences of 10 to 20 percent between principal
stresses calculated from 2D and 3D velocity measurements (Fontaine, 1996).
Leaflet edge and hinge geometry have proven to be the key contributors affecting
leakage flow properties of prosthetic valves. Near the mitral valve, Reynolds shear
stresses in retrograde leakage flow have been measured between 3,000 and 10,000
dynes/cm2 for the BSM valve (Meyer, 1997). Peak turbulent shear stresses approached
20,000 dynes/cm2 for the Medtronic Hall valve at impact (Meyer, 1997). Reynolds shear
stresses were comparable near the CarboMedics bileaflet valve (3,600 dynes/cm2), but
somewhat lower in the vicinity of a SJM mitral valve with maximum values around 1,800
dynes/cm2.
In summary, previous research has shown that regurgitant flows generate
significant turbulent stresses, which may contribute to blood cell damage and platelet
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activation. Due to limitations with optical access, it is unclear how dangerous the flow
near the occluder is, but it is reasonable to assume that the highest fluid stresses exist
here, albeit for a short period of time. Thus, it is important to understand the local flow
within the housing to efficiently drive computational efforts on device design and to
understand blood damage associated with cardiovascular prostheses.

1.3 Cavitation
Cavitation is a potentially harmful phenomenon that has been observed during
mechanical heart valve closure. MHV induced cavitation has been implicated in blood
(Lamson, 1993) and valve damage through material erosion (Kafesjian, 1994).

1.3.1 Definition
Cavitation is the formation of vaporous cavities in a liquid due to a rapid pressure
drop, below the vapor pressure of the liquid, at a constant temperature. Cavitation
develops at nucleation sites or small voids within a fluid, at a solid-liquid interface, or on
solid particles with entrapped gas (Young, 1989). Thus, cavitation is largely based on the
nuclei content of the fluid and fluid-surface interactions. Cavitation generally lasts for a
few hundred microseconds to a millisecond and features bubble inception, growth and
collapse. In MHVs, the primary region of visible cavitation is located on the proximal
side of the major orifice of the mitral valve. Pressure recovery after closure triggers the
implosion of most cavities. The explosive collapse of these bubbles produces local shear
forces capable of damaging blood elements and the valve occluder. The stages of
cavitation bubble collapse are shown in Fig. 1.3 (Young, 1989).
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Figure 1.3.

A schematic of bubble collapse near a surface (Young, 1989).

The collapsed vaporous cavitation bubbles can form microbubbles, which may
then expand into stable bubbles when exposed to sustained low pressures. In the case
where these cavities do not fully collapse, stable bubbles can form and get swept up into
the systemic circulation. They may eventually become lodged at vessel bifurcations in
and around the brain (Milo, 2003). This cascade, along with thrombus formation, greatly
increases the risk of ischemic stroke in MHV patients.
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1.3.2 Cavitation Dynamics
Cavitation is dependent upon the local fluid mechanics of the system.
cavitation number (σ) estimates the likelihood of cavitation inception.

The
While the

cavitation number (Eq. 1.7) does not account for nuclei present in the fluid, the smaller
the cavitation number, especially for σ < 1, the more likely it is that cavitation will occur.



P  Pv
1 u 2
2

(1.7)

Certain flow phenomena have been implicated in mechanical valve cavitation; the
―water hammer effect‖ (Guo, 1990), squeeze flow (Lee, 1996), regurgitation (Kini,
2001), and vortices (Manning, 2005). Bubble cavitation is attributed to the ―water
hammer effect‖, which is caused by the sudden deceleration of the occluder with a
velocity, u(t). This leads to a rapid pressure drop that can be estimated for irrotational
flow using an integrated form of the Navier-Stokes equations:

P  Po  x

du
dt

(1.8)

where P is the pressure at the surface of the occluder, Po is the ambient fluid pressure
measured at a distance x from the occluder and the velocity derivative is the rate change
of velocity of the occluder during closure. In the case of mechanical heart valves, the
fluid is initially in motion before it comes to a sudden stop. The dynamic pressure
produces a tension wave that propagates into the fluid. If the pressure calculated in eq.
1.8 drops below the vapor pressure of a nucleated liquid, the fluid can vaporize in an
explosive manner.
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The second mechanism for cavitation is called squeeze flow. Immediately before
impact, the fluid trapped between the valve housing and the closing occluder is squeezed
into motion, creating a large pressure drop. Squeeze flow jets with a peak velocity of 13
m/s and duration up to 1 ms have been observed near Bjork-Shiley Monostrut valves at
the instant of closure (Meyer, 2001). Another type of cavitation, vortex cavitation, occurs
in the center of a vortex that is shed from the tip of the occluder. The pressure at the
center of an inviscid vortex is estimated by (Kundu, 2004):

P  Po 

 2
8 2 r 2

(1.9)

where Po is the pressure outside of the vortex, r is the radial distance from the center of
the vortex, and the circulation, Γ, is a function of the tangential velocity (V) at the radius
of the vortex core, R (Γ = 2πRV). Thus, a large pressure drop will occur as r approaches
zero or as the tangential velocity at R increases. This type of cavitation only exists near
the center of a strong vortex. In an inviscid vortex, fluid near the core circulates faster
than fluid farther away from the center.
Mechanisms for cavitation may act together to produce an environment conducive
to cavitation. The development of cavitation is dependent upon the shape and structure of
the valve, valve material, the physiological conditions driving valve closure, and the
physical environment in which the valve is placed (Zapanta, 1998),(Sohn,
2005),(Biancucci, 1999).
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1.3.3 Mechanical Heart Valve Induced Cavitation
Mechanical heart valve closure can create a temporary, local low pressure
environment for cavitation. Within the blood flow, pressure transients, rapid accelerations
and decelerations, squeeze flow, and vortices shed from the leaflet edge may all
contribute to cavitation inception. Squeeze flow, in which the blood trapped between the
closing occluder and the valve housing is squeezed out as a high velocity jet, is a major
contributing factor to cavitation production the MH valve (He, 2001). The shear layer
between these squeeze flow jets and nearby stagnant fluid tends to produce vortices with
low pressure cores. The low pressure core of a vortex will help to sustain cavitation near
the tip of the occluder.
Cavitation bubbles are observed on the inflow side of the mitral valve at the
instant of occluder impact with the housing. Vaporous cavitation bubbles collapse within
roughly one millisecond of valve closure, once pressure recovers on the upstream side of
the valve. The violent collapse of these bubbles produces high-speed microjets, as well
as intense pressure and thermal shock waves, which can be damaging to nearby materials
(Young, 1989). The bubble collapse generates high frequency pressure oscillations,
which can be used to detect and quantify cavitation.
The mechanisms of cavitation are design dependent. For example, in the
Medtronic Hall valve, cavitation is primarily found near the central strut, which is
designed to stop the occluder during closure. The leaflet of the MH valve is flat;
therefore, a lift force causes the occluder to flutter during closure. In this case, fluid
squeezed between the occluder and the protruding strut creates the local high-velocity,
low pressure environment necessary for cavitation. For the more streamlined BSM valve,
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cavitation forms around the edge of the major orifice (Lee, 2004). The Bjork-Shiley
MHV does not have a protruding valve stop to disrupt the flow, indicating that vortices
likely contribute to cavitation. Vortex cavitation generally results from shear layers near
regurgitant jets and flow separation off the leaflet tip (Manning, 2005).

1.3.4 Quantifying Cavitation
Initially, cavitation bubble formation and collapse was analyzed by visualizing
MHV closure in a transparent media (Graf, 1991). Since then, cavitation has been
observed in vitro using high-speed flow visualization and quantified both in vitro and in
vivo through high frequency pressure fluctuations (HFPFs) (Garrison, 1994). A
hydrophone is used to detect the acoustic signals, which may then be filtered, denoised
and analyzed to determine the mechanisms of cavitation formation. In order to quantify
HFPFs, the root mean square (RMS) of the pressure signal has been used. (The
MATLABTM program used to filter the pressure traces and compute the RMS and power
spectra is found in the Appendix.)

1.3.5 Past Cavitation Experiments
Interest in the closing behavior of mechanical heart valves began when clinical
failures were reported in several implanted valves (Klepetko, 1989). Cavitation damage,
in the form of valve pitting and erosion, has been observed on explanted mechanical
valves in the mitral position (Kafesjian, 1989). Additional studies revealed that cavitation
bubble collapse produces high-frequency pressure transients, which are detectable with a
hydrophone (Zapanta, 1996),(Paulsen, 1999),(Andersen, 2003). These acoustic signals
20

have been correlated with visible cavitation events (Garrison, 1994),(Chandran,
1998),(Sohn, 2005). Hemolysis, quantified as plasma free hemoglobin, increases with
cavitation intensity (Garrison, 1994). Lamson et al. showed that when cavitation tends to
be the dominant mechanism of hemolysis in MHVs (Lamson, 1993). These findings
suggest that cavitation can damage heart tissue, blood elements, and even the implanted
device under physiologic conditions.
There are numerous factors thought to affect cavitation intensity in mechanical
heart valves. For one, cavitation is dependent on ventricular load (dp/dt). This has
traditionally been calculated as the rate change of pressure placed on the valve during the
20 ms before closure (Graf, 1991), (Carey, 1995). Valve closing velocity, which is
dependent on the leaflet and housing design as well as the patient‘s cardiac condition,
will also affect cavitation levels (Lee, 1996). Compliance and orientation of the valve
mounting can make a valve more or less susceptible to cavitation (Wu, 1995). Rigid and
flexible mounts produce similar rapid valve closures, but lower decelerations and
rebound velocities are observed for flexibly mounted valves. Lastly, the occluder
material, which affects the valve closing impact forces, will determine if cavitation is
produced (Zapanta, 1998). A soft material with a small elastic modulus will be less likely
to generate cavitation when compared to a stiffer material under the same closing
conditions. The modulus of elasticity (E) for a material is defined as:

E



(1.10)

e

where α is the tensile stress applied to material, and e is the strain exhibited due to the
applied force.
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The average closing velocities for a variety of mechanical heart valves were
determined to be between 1.3 and 3.0 m/s (Graf, 1994). Maximum valve decelerations
before impact were found to be 7,200 m/s2 in that study. The closing velocities at the
cavitation threshold were 1.4 m/s for the Medtronic Hall valve and 2.0 m/s for the BjorkShiley Monostrut valve (Graf, 1994).
Low-pressure regions can be attributed to at least one of the following
occurrences: the ―water hammer effect‖ generated from the valve occluder creating
tension waves (Guo, 1990), squeezed flow of liquid between the approaching occluder
and the valve housing (Lee, 1996),(Bluestein, 1994), high-velocity regurgitant jets that
flow into the atrial chamber through gaps between the valve and its housing (Kini, 2001),
and high-velocities in the eye of vortical structures formed by MHV closure and rebound
(Sneckenberger, 1996),(Kini, 2000),(Manning, 2005). Cavitation intensity is dependent
upon the closing velocity and deceleration of the MHV during closure, fluid properties,
and valve material properties.
Taking the root mean square of the HFPFs is the most commonly used method by
which to quantify cavitation (Sneckenberger, 1996). After band-pass filtering the
waveform from 35 – 300 kHz, the RMS is taken to represent the magnitude of cavitation
intensity (Garrison, 1994). Schondube et al. showed that a Bjork-Shiley Monostrut valve
closing in air, absent of cavitation, produced mechanical closure frequencies below 14
kHz (Schondube, 1983). However, complete isolation of the cavitation signal from
mechanical closure noises cannot be achieved by simply applying a cutoff frequency, as
the two signals will overlap in frequency (Johansen, 2003). While the RMS value is
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reliable for observing general trends in cavitation intensity, temporal variations and
frequency information are lost through this method.

1.3.6 Stable Gas Bubbles
Gaseous bubbles take longer to collapse (on the order of seconds) than do vapor
bubbles, making mechanical heart valve patients susceptible to stroke if the stable
bubbles enter the systemic circulation (Georgiadis, 1994). Stable bubbles are gaseous
emboli that circulate in the bloodstream until they become lodged in small vessels,
blocking blood flow. Transcranial Doppler (TCD) studies have shown a higher incidence
of microemboli in the cerebral circulation of mechanical heart valve recipients than in
others with high risks of stroke (Dauzat, 1994). The presence of these microemboli
increases the risk of neurologic dysfunction and brain infarcts (Deklunder, 1998),
(Georgiadis, 1998).
Early work has shown that when carbon dioxide is introduced into saline, gas
bubbles lasting several seconds are generated upstream of a Medtronic Hall mitral valve
(Biancucci, 1999). Due to its high solubility in blood gas, CO2 comes out of the liquid
phase into the vapor phase more readily than O2 or N2 in a low pressure environment. The
BSM valve generates more stable bubbles than the Medtronic Hall valve, because its
primary mechanism for generating cavitation—vortex cavitation—lasts longer than the
squeeze flow phenomenon.

The St. Jude Medical valve produced very few stable

bubbles under even the most severe cardiac conditions.
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1.4 Blood Trauma
Blood damage should be a major consideration when examining the efficacy of
cardiac devices. Erythrocytes can rupture or sustain damage when exposed to high
stresses. Blood damage has been observed in regions of laminar flow with high wall
shear, in turbulent flow, in areas of sudden and substantial pressure drops, and at
locations where blood impacts a foreign surface. Generally, the human body compensates
for hemolysis by increasing bone marrow function, but this further stresses the system.
Chronic blood trauma and red blood cell lysis may also play a large role in
platelet activation and reduced platelet half-life. Evidence suggests that shear-induced
platelet damage is cumulative over many passes through the prosthetic valve (Bluestein,
2000). Areas of flow stasis or flow separation are prone to damaged blood element
deposition, increasing the likelihood of thrombus formation on the implanted valve. A
small degree of stenosis caused by thrombus deposition is frequently found on explanted
mechanical valves. Thromboembolic complications tend to diminish over time due to a
gradual coating of connective tissue that develops over the sewing ring (Edmonds, 1982).
Anticoagulation therapy is still required for all types of mechanical heart valves to
reduce the risk of thrombosis. Anticoagulants promote the risk of hemorrhage. Despite
heparin

or

sodium

warfarin

anticoagulation

treatments,

the

incidence

of

thromboembolism in valve replacement patients is 0.6 – 3.5% each year (Starr, 2002),
(Phillips, 2004). The surface reaction between blood and the foreign surface must be
better understood in order to reduce the need for anticoagulation.
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1.4.1 Role of Shear Stress in Blood Damage
Leverett et al. showed that a relationship exists between exposure time and the
shear stresses required for causinge hemolysis (Leverett, 1972). This complex
relationship is system and device dependent; it cannot be explained with a simple shear
stress plot or hemolysis threshold. Shear-induced hemolysis occurs when red blood cells
deform and rupture, spilling their intracellular contents into the plasma (Blackshear,
1987). It is important to consider exposure time when studying shear-induced hemolysis.
Because erythrocytes have viscoelastic membranes, they can withstand high shear
stresses for short exposure times. For example, a blood cell can withstand a shear stress
of 100,000 dynes/cm2 for 1 μs, but under the same hemodynamic conditions it will
rupture when exposed to 1,500 dynes/cm2 for 100 s (NHLBI, 1985).
For exposure times typical of blood passing through heart valves (about 1 ms),
Sallam and Hwang showed that a submerged jet with Reynolds shear stresses above
4,000 dynes/cm2 would cause cell lysis (Sallam, 1984).

Sub-lethal damage to

erythrocytes can occur at turbulent stress levels on the order of 500 dynes/cm2 (Sutera,
1975). In the presence of a foreign surface, red blood cells can be lysed by shear stresses
on the order of 100 dynes/cm2 (Blackshear, 1971),(Mohandas, 1974). Platelets and
leukocytes appear to be even more sensitive to fluid stresses than erythrocytes for
exposure times on the order of seconds, but those relationships are even more speculative
than that of shear-induced hemolysis (Giddens, 1993),(NHLBI, 1985). Initial work on
the subject has shown that platelet thrombi can be observed when blood is exposed to
shear rates around 1,500 s-1 (Tsuji, 1999).
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1.4.2 Causes of Hemolysis in Mechanical Heart Valves
Thromboembolic complications are considered the major drawback of MHVs.
Elevated fluid stresses and cavitation have been linked to ruptured blood cells, activation
of platelets, and the intrinsic clotting cascade. Thrombus formation results from these
MHV-induced stresses (Guyton, 1991). Even if these fluid stresses do not immediately
result in cell lysis, sub-lethal damage can occur. Sub-lethal damage hinders cellular
processes, particularly on the membrane, and generally decreases the lifespan of the
blood cell (Sutera, 1975).
Shearing stresses are thought to be the principal cause of blood damage. In the
past, it was hypothesized that blood damage occurred predominantly in the outflow tract
of the valve during peak systole. Lamson et al., however, showed that regurgitant
leakage flow through a closed BSM valve is as responsible for hemolysis as the forward
flow phase through the open valve (Lamson, 1993). This was the case despite the fact
that a much lower volume of blood is exposed to regurgitant leakage flow than forward
flow. When the valve was closed at higher velocities, Lamson et al. observed that
hemolysis levels increased dramatically, indicating that the closure event itself makes a
substantial contribution to hemolysis (Lamson, 1993).

1.5 Significance of Research
The overall goal of mechanical heart valve research is to minimize
thromboembolic and hemolytic complications by improving valve design. In this study,
we characterize regions of the flow that have been inaccessible up until now using
common flow measurement techniques. Flows containing high shear have been
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quantified here. These flows, located near the leaflets (on the order of millimeters) at the
instant of valve closure, expose blood elements to harsh conditions. Specifically, the
closure induced flows that are primarily responsible for cavitation in MHVs are
identified.
Cavitation was diagnosed for a wide variety of mechanical heart valves. A novel
analytical technique was developed to isolate the cavitation signal from the mechanical
closure, vibrational and electrical noise signals detected with a hydrophone. The wavelet
technique allowed us to quantify cavitation for different valve designs and materials, in
vitro. Relationships between closing dynamics, valve characteristics and environmental
factors were revealed. Unique thresholds and acoustic signatures were established here
for each studied valve.
After characterizing the local fluid mechanics and cavitation for various MHV
designs, the valves were modified to improve valve-related hemodynamics, reduce
cavitation, and minimize the stresses imposed on passing blood cells. The results from
this research provide insight about how blood damage and thromboemboli formation can
be reduced in patients with implanted mechanical valves, thus reducing the need for
anticoagulant therapy. Lastly, it is anticipated that improvement of MHVs will aid in the
development of pulsatile cardiac assist devices.
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Chapter 2
MATERIALS AND METHODS

This chapter describes the experimental designs, procedures, and analytical
techniques that have been developed to study the closing behavior of mechanical heart
valves. Detailed methodologies of the fluid mechanics and cavitation studies are
provided, along with additional background material.

2.1 Near-Valve Flow Studies
For the fluid mechanics studies, the objective was to design an in vitro experiment
to allow for the examination of near-leaflet flows during valve closure and rebound. In
most cases, this required remodeling the valve housing to make the entire valve closing
event optically accessible. Laser Doppler velocimetry was the primary measurement tool
for studying mitral valve replacements in the ―single shot‖ chamber. Velocity maps, as
well as shear and Reynolds stress maps, were created in order to identify and characterize
the potentially damaging flows.

2.1.1 Valve Closure Simulation Chamber
A pneumatically driven test chamber was used to simulate flow through the mitral
valve during the closure and rebound phases of the mechanical valve. The test chamber
was manufactured entirely from acrylic to allow for optical access to the tip of the
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occluder from multiple vantage points. The local wall dimensions were representative of
an adult MHV patient. Expansion regions into the atrium and ventricle were included
proximal and distal to the valve. The walls of the chamber were smoothed and polished
to reduce optical distortion near the valve. The valve was rigidly mounted to a valve
holder, ensuring that velocity measurements could be consistently made at precise
positions relative to the valve. In all cases, the mitral replacement valve was studied,
because the harshest retrograde flow and cavitation conditions occur in the mitral
position. A pneumatic drive pump was attached by reinforced tubing to the sealed
ventricular chamber as shown in the Fig. 2.1 schematic.
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Figure 2.1

A schematic of the flow visualization experiments illustrates the position of chamber
components relative to the valve.

Pressure pulses into the ventricle initiated valve closure, while systole was
stimulated by a vacuum. By evaluating many beat cycles, variability in the valve closing
dynamics could be taken into account. The atrial chamber was open to the atmosphere,
creating a constant hydrostatic pressure head of 10 mm Hg on the centerline of the valve.
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The pneumatically driven valve produced no net flow when averaged over an entire
cardiac cycle. Because this system was not a flow loop but rather a valve closure
simulation chamber, only the flows generated during and directly following valve closure
(~ 80 ms window) were representative of physiologic blood flow. Figure 2.2 shows the
valve closure simulation chamber.

A

B

Figure 2.2

(A) The mitral valve closure simulation chamber enabled multi-directional optical access.
(B) The MHV was rigidly mounted in the test chamber.
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The ventricular pressure applied to the mitral valve was monitored using a
pressure catheter (Millar Instruments, Houston, TX), which was positioned 3 cm
downstream from the valve. A ventricular load of 1,800 ± 100 mm Hg/s was applied to
the MHV during closure. This dp/dt is on the low end of the physiologic range for mitral
valve closure, ensuring that few, if any, cavitation bubbles would be generated during the
experiments (Guyton, 1991). The presence of cavitation would have compromised the
laser Doppler measurements in the vicinity of the valve. All experiments were conducted
at 75 beats per minute, and the peak ventricular pressure was set to 125 mm Hg. The
systolic duration of the mitral valve was 300 ms, equating to 38% of the cardiac cycle.
Experimental operating conditions are displayed in Table 2.1.

Table 2.1. Operating parameters of the valve simulation chamber.

Test Parameter

Setting

Peak Ventricular Pressure

125 mm Hg

Hydrostatic Pressure

10 ± 1 mm Hg

Heart Rate

75 beats per minute

Systole dp/dt

1,800 ± 100 mm Hg/s

The onset of LDV data acquisition for each beat cycle was triggered optically. A
helium-neon laser (λ ~ 630 nm), which clipped the leaflet as it closed, acted as the
trigger. The beam was focused on a silicon photovoltaic detector (Edmund Optics,
Barrington, NJ) with the valve in its open state. The optical detector converted the light
signal to a voltage output. Once the beam was clipped by the closing leaflet, the absence
of red light on the detector resulted in a voltage drop which was displayed on an
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oscilloscope. An in-house trigger box with delay capabilities was constructed to produce
a voltage spike once triggered by the optical detection system. The voltage spike was
relayed to the LDV processors to trigger data collection over a specified time window.
An accelerometer (PCB Piezotronics, Depew, NY, U.S.A.) was secured on the acrylic
chamber, less than 20 mm away from the leaflet under investigation. The accelerometer
measured the instant of valve impact, to the nearest 20 µs (60 kHz), to monitor the
temporal position of the data acquisition window relative to the actual valve closing
event. In most cases, the system was calibrated to acquire data 900 ± 100 µs prior to
valve impact. A representative ventricular pressure trace, trigger spike, and accelerometer
signal for the St. Jude Medical MHV closure are displayed in Fig. 2.3. The ventricular
pressure trace is enlarged to show the dp/dt prior to valve impact. The pressure
oscillations in Fig. 2.3(C) after the initial impact can be attributed to mechanical noise,
rebound, and sudden directional changes in the flow.
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Figure 2.3

(A) The trigger spike, (B) accelerometer reading, and (C) ventricular pressure trace were
indicative of the start of data acquisition, the temporal position of impact, and the valve
closure forces, respectively.

For two valve types—the Bjork-Shiley Monostrut and the St. Jude Medical
valves—the valve housing was modified to expose the leaflet tip at valve impact. Figure
2.4 highlights the modified valve housings. The removed portion of the Stellite or
pyrolytic carbon housing was replaced with a mechanically polished acrylic housing of
matching dimensions. The dimensions of the valve housings were obtained from design
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drawings of the respective valves. These modifications to the housing allowed for
observation of the near-valve flow without disrupting the hemodynamics or jeopardizing
the structural integrity of the valve (Manning, 2005). As shown in Fig. 2.4, a section of
the BSM housing was removed from one pivot strut to the other along the major orifice.
The size of the window was 20.50 mm x 3.00 mm. To study the flow shed off a leaflet of
a 29 mm SJM valve, a 14 mm long window was cut into its housing. Mean velocity maps
of the valves with modified housings were compared with those of their intact
counterparts to ensure that the overall flow structures were not altered. For the modified
valves, mean velocities measured at 15 positions each located 2 mm upstream of the
valve housing were within ± 1.5% of the values measured for the intact valves. For all the
in vitro experiments, the sewing cuff was removed and replaced with rubber gaskets to
prevent leaking (Kini, 2001).

Figure 2.4

The modified housings for the (A) BSM and (B) SJM mechanical heart valves.

Fluid velocity, shear stress, and turbulence analyses were performed for the BSM,
SJM, and On-X mechanical valves. The acrylic valve holders were individually designed
for each valve to accurately replace the removed portion of the housing. The holders were
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designed to maintain an upright valve orientation and damp system vibrations. The
holders contained optically clear windows that allowed access the flow from multiple
angles and accurately reflected local heart chamber dimensions. They also provided a
minimally invasive interface between the blood analog and the chamber walls. The
refractive index of acrylic is generally considered to be 1.49, but machining may impact
its optical properties. Thus, the combined refractive index through the acrylic, solidliquid interface, and blood analog was checked for each cross-sectional measurement
plane. If one or more beams passed through a solid-liquid interface greater than 70º to the
horizontal, the probe measurement volume was displaced from its intended location.
Optical distortion prevented data acquisition when the probe measurement volumes for
multiple velocity components were considered non-coincident (> 200% gate scale
window). Each of the valve holders had smooth, rigid walls to produce reliable and
repeatable velocity measurements. These chambers did not account for the in vivo
compliance due to the inherent flexibility and softness of the heart tissue. Rigidity was
necessary to ensure a constant frame of reference for studying a valve. After preparing
the valve chamber, a test fluid was added and its motion observed through high speed
videography in order to identify regions of interest in the flow field.

2.1.2 Test Fluids and Flow Conditions
Blood acts as a Newtonian fluid in our experiments, because flow close to the
valve consists of shear rates above 500 s-1. Under these conditions, the attractive forces
between blood cells only play a small role in the behavior of blood. Thus, the working
fluid for the majority of fluid mechanics studies was a Newtonian blood analog
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composed of 50% sodium iodide (ACS, LabChem Inc., PA), 30% de-ionized, distilled
water, and 20% glycerin by mass. The analog possessed a refractive index of 1.487 to
match that of the acrylic chamber walls and minimize optical distortion at the interface of
the fluid and wall. Despite having a high density of 1.71 g/mL, this fluid matched the
kinematic viscosity of normal adult blood at high shear rates with ν = 3.95 ± 0.06 cSt at
25 ºC. The loop volume was 2.50 L. To prevent oxidation of the sodium iodide, the
atrium was covered with ParafilmTM during the experiments and the fluid was stored in
an amber glass jug when not in use. Fluid properties were tested every two weeks using
an optical refractometer, a Vilastic-3 biofluid rheometer (Vilastic Scientific Inc., Austin,
TX), and a mass balance. The fluid was seeded with 10 μm hollow glass beads.
In the initial flow visualization studies, white mineral oil was used as the blood
analog. Its density (~ 0.80 g/cm3) more closely represents the density of whole blood
(1.06 g/cm3) than does the sodium iodide solution (~ 1.71 g/cm3). However, the refractive
index of mineral oil at 20°C (n = 1.474) is lower than that of acrylic, resulting in optical
distortions in the LDV measurements.

2.1.3 Flow Visualization
Flow visualization relies on the illumination of small particles within the flow.
Suspended particles are carefully chosen to mimic fluid flow, allowing for qualitative and
quantitative flow analyses. Through high speed videography, the size, location, and
duration of retrograde jets and vortices shed off the leaflets can be qualitatively
determined before applying LDV and PIV techniques. For these studies a KODAK SRUltra Motion Corder recorded gray-scale digital images of the valve and particle
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―streaklines‖ at a rate of 3,000 frames per second. From the recorded images, the vortices
shed off the edge of the leaflet tip, flow along the atrial face of the leaflet after closure,
rebound induced flow, and regurgitation along the edge of the leaflet were identified as
regions of potential high shear or substantial recirculation (Fig. 2.5). Rotational flow
patterns were difficult to identify without constructing slow motion movies to highlight
particle movements. Particle ―streaklines‖ in Fig. 2.5 show the general flow near a SJM
MHV, including a high-velocity jet and rotational flow off the leaflet tip. The flow
direction is independent of the ventricular load (dp/dt), despite the significant effects of
load on overall vorticity and regurgitant jet strength. Once turbulent flows, shear layers
and regions of flow separation are identified using flow visualization, laser Doppler
velocimetry is used to quantify the flow field.

Closing Volume

Figure 2.5

Rotational Flow

High-speed images of characteristic flows from right to left through the SJM valve. The
third and fourth frames show rotational flow developing from shear layers off the
regurgitant jets.

2.1.4 Laser Doppler Velocimetry
Laser Doppler velocimetry is a non-invasive technique for acquiring point
velocity measurements in a fluid. The Doppler effect is the underlying principle of LDV;
this occurs when light is scattered off a moving particle within the fluid. In LDV, sets of
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coherent laser beams are focused to a small measurement volume. The scattered light is
collected with a receiving probe and processed.
Laser Doppler velocimetry has proven to be the ―gold standard‖ by which to
quantify flows in and around mechanical heart valves. LDV does not compromise the
flow structures, because measurements are not invasive. Other advantages of LDV
include its ability to provide direct velocity measurements without a priori knowledge of
the environment or sensitivity to temperature and its ability to eliminate directional
ambiguity of measurements and isolate single velocity components with respect to a
principle axis. The data filter can be adjusted to account for a large range of velocity
measurements. Lastly, LDV produces a small ellipsoid measurement volume (on the
order of tens to hundreds of microns in diameter) within the flow, which allows for
excellent spatial resolution and ideal sampling in regions of high velocity gradients and
turbulence.
LDV requires optical access to the flow field. Thus, these studies must be
performed in an optically clear fluid with the laser beams passing through a transparent
window. These studies are conducted with a sodium iodide solution in an acrylic chamber
to exploit the refractive index match (N = 1.487). High-intensity lasers can produce
reflections off the valve, effectively reducing the available measurement region in the
fluid. Issues pertaining to signal-to-noise ratio must be addressed as well, so that the
signal bursts can be distinguished from the baseline noise. The last major limitation of
LDV involves particle size. Only a particle that can accurately track the surrounding flow
should be used. Acceptable specific gravities and particle radii can be determined using
Stokes law (Kundu, 2004):
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where τp is the time scale of the particle, mp is the particle mass, µ is the dynamic fluid
viscosity, and r is the radius of the particle. An accepted time scale of the near valve flow
should be on the order of the smallest scale eddies of the turbulent flow, which is defined
by the Kolmogorov scale (Tennekes, 1972):
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where ν is the kinematic viscosity, and ε is an energy dissipation rate approximated by

 ~ u 3 l . In this case, u is velocity and l is an integral length scale of the eddies. To
choose an adequate particle for tracking the flow paths, τp < τf must hold true. The BjorkShiley Monostrut valve may have a peak closing velocity of 15 m/s and a gap width of l
= 0.5 mm. For these conditions, we compared the particle diameter to the turbulent time
scale. Using a turbulence intensity equal to 10% of the mean flow, the time scale of the
fluid was τf = 0.24 ms. Meyer et al. showed that a turbulence intensity of 10% is a good
approximation for regurgitant jets in tilting disk valves (Meyer, 1997A). For the 10 µm
hollow glass spheres (Composition Materials Co., Fairfield, CT) used in these
experiments, τp = 0.14 ms. Since τp < τf for even the most extreme case, the particles
should adequately track flow through mechanical heart valves. The specific gravity of the
glass spheres (1.1 g/mL) was less than that of the blood analog (1.71 g/mL). In regions of
near zero flow, the variation in specific gravity between the glass beads and the fluid
would sometimes cause particle accumulation along the walls. Velocity measurements in
low flow may actually be slightly less than what is reported here due to the LDV capture
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of particle settling. Regions of low flow were stirred regularly to reintroduce the particles
into the flow and maintain optical access to the valve.
The LDV system was used to capture two or three coincident velocity
components, depending on the position of the measurement volume relative to the valve.
Measurements for each velocity component required a pair of parallel beams to converge
on a single measurement point within the flow. For three-component measurements, laser
beams of 476.5 nm (violet), 488 nm (blue), and 514.5 nm (green) were used. Objective
lenses with focal lengths of 250 mm and 120 mm were used to focus the beams to a
single point within the flow. The beam width, or beam waist, was minimized at this focal
length.
A Bragg cell was used to remove directional ambiguity with regard to the particle
movement. One beam in each beam pair is acoustically shifted 40 MHz to allow for
measurements near zero velocity and to identify particle directionality relative to the
fringes. If the incident beams are linearly polarized, coherent, and monochromatic, the
acoustically shifted beam creates moving fringes in the measurement volume. The
constant speed fringes enabled zero velocity measurements. Positive and negative
velocities were determined based on whether the particle moved in the same or opposite
direction of the fringe motion. These fringes are a result of constructive and destructive
interference patterns where the beam waists overlap. Light and dark fringes are observed
across the width of the ellipsoid. Fringe spacing, df, is calculated as:

df 


2 sin  2

(2.3)
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where λ is the wavelength of light, and (κ/2) is the half-angle between the beam pair. As
the seed particles cross the fringes, light is scattered at the Doppler frequency. The
Doppler frequency directly corresponds to the particle or fluid velocity at that instant.
The fluid velocity, u, is given by Eq. 2.4, with the fringe motion going from the shifted to
unshifted beam. Positive flow is measured against the motion of the fringes, from the
unshifted to shifted beam.
u  fDd f

(2.4)

where fD is the Doppler frequency. The half-angle in the blood analog is smaller than that
in air by the ratio of their refractive indices, nair/nanalog. Since the half-angle and the
wavelength of incident light vary in the same manner with respect to the refractive index,
df is independent of the medium in which the measurements are acquired.
In general, the laser beam intensity is strongest at the center of the beam, with a
Gaussian distribution of light intensity across a cross-section of the beam. The effective
beam waist, measured at the focal point, starts and ends where the light intensity is 1/e2 of
the maximum centerline intensity. At the focal point, the two or three beam pairs form an
ellipsoid with diameters of dx1, dx2, and dx3. These minor and major diameters are
determined using

d x1

de 2

sin  2

(2.5)

de 2
cos 2

(2.6)

d x2 

The number of fringes is calculated based on the diameter of the measurement region in
the direction of the moving fringes and the spacing between each light and dark fringe.
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Figure 2.6 depicts the beam crossover and measurement volume for one pair of single
wavelength beams. Figure 2.7 shows the fringe alignment and spacing in the
measurement volume relative to the beam bisector. The measurement volume is located
at the convergence point of the laser beams.

Figure 2.6

Two beams of the same wavelength converge to form a measurement volume.
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Figure 2.7

The LDV measurement volume with its fringes.

The size of the measurement volume is critical for determining the spatial
resolution and limitations for velocity measurements. The minimum spacing between
measurements depends on the size and shape of the measurement volume. It is important
not to overlap the measurement volumes of neighboring points. The spatial resolution of
LDV experiments is widely considered to be one-half of the length of the measurement
volume. In our case, that means the spatial resolution should be no smaller than 170 µm
and 50 µm for two- and three-dimensional data acquisition, respectively. Data quality and
acquisition rates will suffer if a portion of the measurement volume is buried in the
chamber wall. Each set of beams measures particle velocity with respect to a single
Cartesian axis. When acquiring coincident 3D velocity data, the measurement volume
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exists only in the overlapping region between the three ellipsoids. Individual velocity
components are combined to make a 3D velocity vector during post-processing. Excellent
temporal and spatial resolution is achieved compared to most other commonly used flow
measurement techniques by studying the movement of individual particles at specific
locations in the flow.
A three-component LDV system (TSI Inc., Shoreview, MN) was used to acquire
fluid velocities during the closing and rebound phases of the aforementioned mechanical
heart valves. The system was comprised of a 5-Watt argon-ion laser (Coherent Innova,
Model 70C, Santa Clara, CA) and a FiberlightTM (TSI Inc., Shoreview, MN). A laser
power of 1.80 Watts was used. The collimated light from the laser entered directly into
the Fiberlight, which acted as a beam separator. Here, the beam was divided into a 488
nm blue beam, a 514.5 nm green beam, and a 476.5 nm violet beam. Internal Fiberlight
optics split each single wavelength beam into two. Each wavelength was responsible for
measuring uni-directional particle speeds on an independent axis. A Bragg cell applied a
frequency shift to one beam of each wavelength to eliminate directional ambiguity of the
velocity measurements. The beams then passed through couplers to position and focus
them on the center of the fiber-optic cables. The cables transmitted the light to an 83 mm
two-component blue-green fiber-optic transceiver probe (TSI, Inc., TR260) and a remote
violet fiber-optic probe. A schematic of the LDV components is shown in Fig. 2.8.
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Figure 2.8

Setup for LDV data acquisition.

Exiting the fiber-optic probes, the beams were spaced 50 mm apart for the blue
and violet wavelengths. To allow for near wall measurements with the 514.5 nm beams, a
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beam displacer reduced the distance between the green beams to 25 mm. The displaced
beam resulted in a 5.5º shift in the fringe alignment. To produce orthogonal velocity
measurements, this angle was compensated for by applying a matrix transformation. A
lens with a focal length of 135 mm converged the blue and violet beams to an ellipsoidal
measurement volume with dimensions of 47 μm x 50 μm x 340 μm in the blood analog.
Table 2.2 provides the experimental parameters for each of the components. For this
setup, particles with diameters ranging from 0.5 – 169.1 µm could be detected (TSI,
2006).

Table 2.2

LDV parameters for each wavelength beam in the blood analog.
Green

Blue

Violet

Wavelength in Air (λ, nm)

514.5

488.0

476.5

Beam Half-Angle (κ/2)

2.7°

10.5°

10.5°

Focal Length in Air (f, mm)

261

135

135

Beam Diameter (mm)

2.65

2.65

2.65

Beam Waist (µm)

129.0

31.6

30.9

Fringe Spacing (µm)

5.38

1.34

1.31

Number of Fringes

24

24
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The majority of scattered light was detected in back-scatter mode (180°). A
typical scattering intensity pattern for a seeding particle is shown in Fig. 2.10, with the
dominant lobe located directly in front of the transmitted light (0°) (TSI Inc., 2006). For
the three-component setup, the scattered green light was captured in side-scatter (90°).
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Due to the close proximity of velocity measurements to the valve—within the valve
housing, forward-scatter detection was not an option. Thus, the highest signal-to-noise
ratio of the signals was achieved using the back- and side-scatter arrangements. In this
orientation, the blue/violet transmitting fiber-optic probe also acted as a receiving probe.

Figure 2.9

Light intensity is a function of the angle of detection (TSI, Inc., 2006). The majority of
light bursts were captured in back-scatter mode (180°).

The movement and position of the transceiving probes were controlled with an
automated traverse system, which was accurate to 10 µm. An additional manual traverse
was required for three-component coincident measurements to compensate for the
changes in refractive index. For three-component measurements, a 250 mm focal length
lens with 50 mm beam separation was coupled to the transmitting probe to produce an
almost spherical measurement volume with axes of 47 μm, 47 μm, and 50 μm. This near48

spherical measurement volume is the effective measurement volume produced by the
three sets of overlapping beam pairs. For the two-component velocity measurements, a
more elongated ellipsoid volume was produced with a measurement volume length of
approximately 340 µm. Each wavelength beam had a diameter of 2.65 mm before
entering the focal lens. The size of the measurement volume and detail of the near field
flow structures were taken into consideration when determining the spatial resolution of
500 µm between measurement locations.
The Doppler-shifted bursts were detected in side- and back-scatter modes with the
blue/violet transceiver probe and sent to the processor for real-time flow analysis (Fig.
2.10). An FSA 4000 photo detector module (PDM) and multi-bit digital processor
converted the light bursts to electrical signals. The characteristic burst shown below
reflects a particle passing through about 28 fringes in the measurement volume. The
width of the light burst indicates the time it takes for an individual particle to completely
pass through the measurement volume. In post processing, the frequency of these bursts
is used to calculate the particle, and thus the fluid velocity.
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Figure 2.10

A single light burst is produced when a particle passes through the measurement
volume. The PDM and FSA processor convert the scattered light into an electrical signal.

Acquisition settings such as burst thresholds and band-pass filtering were
controlled using TSI FlowsizerTM 2.0 software. Typical software filter settings for threecomponent data acquisition are shown in Table 2.3.
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Table 2.3

Software filter settings with TSI, Inc., Flowsizer 2.0 for 3D velocity measurements near
the SJM valve.
Processor Controls
Channel 1
Channel 2
Channel 3
(Green)
(Blue)
(Violet)
PMT Voltage
650
575
550
(V)
Burst Threshold
85
100
120
(mV)
Band Pass Filter
0.3 – 3
0.3 – 3
1 – 10
(MHz)
Downmix Frequency
38
38
37
(MHz)
Gate Scale Coincidence
200
200
200
(%)
Minimum Velocity
-4.6
-4.4
-5.0
Measurement (m/s)
Maximum Velocity
2.7
2.6
17.5
Measurement (m/s)

Only coincident data (200% gate scale) was accepted for post-processing as the
tightest possible coincidence window that would provide acceptable data rates. A gate
scale of 200% indicates that coinciding burst gates must overlap on all three channels
within a gate-time less than 200% of the measured burst widths. Simply put, all three
channels must simultaneously capture bursts for the measurement to be considered valid.
The gate scale begins at the center of the burst on the respective channel. Unreasonably
long gate scales do not compensate for misaligned measurement volumes, so a
microscope objective was required to verify beam overlap before data acquisition. Table
2.4 displays a gate scale analysis that was performed on 10 randomly chosen locations
near the BSM valve at impact. This table indicates the effectiveness by which a
coincidence window filters data. For instance, reducing the gate scale from 200% to
100% resulted in a 25% reduction in valid velocity measurements. The coincidence filter
effectiveness was evaluated using u and w velocity cross-correlations (u‘w‘) and w
turbulence intensities for the same 10 locations. Acceptable levels of error were
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calculated for gate scales ranging from 50% to 300%. A gate scale of 10% did not
consistently and effectively represent the larger data sets. For three-component velocity
measurements, the violet wavelength (CH 3) had the largest velocity range to capture the
axial flow. Based on the optical settings displayed in Tables 2.2 and 2.3, the effective
velocity ranges were -4.6 to 2.7 m/s, -4.4 to 2.6 m/s, and -5.0 to 17.5 m/s for the green,
blue and violet beams, respectively.

Table 2.4

Gate scale analysis on LDV data taken 700 μm upstream from the BSM occluder.

Size of Gate
Scale
(%)

Number of Valid
Velocity
Measurements

% Change in data
points relative to
the 200% gate
scale (%)

% Change in
CrossCorrelation
(u’w’)

% Change in
Axial
Turbulence
Intensity (TI)

300%

1,791 ± 221

+ 20%

+ 0.7%

+ 1.6%

200%

1,496 ± 193

-------

-------

-------

100%

1,116 ± 161

- 25%

- 2.4%

- 1.7%

50%

808 ± 123

- 46%

- 0.6%

- 3.2%

10%

237 ± 68

- 84%

- 8.0%

- 3.8%

The photomultiplier tube (PMT) voltage and burst threshold settings were
adjusted to produce the best possible burst signal relative to the baseline signal. Particles
scatter light in proportion to their diameter squared. The PMT voltage was chosen so that
the largest particles passing through the measurement volume approached but did not
exceed the saturation intensity of 1000 mV. The band-pass filter was used to eliminate
noise produced outside the range of known fluid velocities. These band-pass filter
settings were determined through trial-and-error before collecting data. The filter settings
were set as tight as possible without excluding the extreme velocity measurements. The
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filter settings were opened in certain instances, such as in regions of high cross-flow or
for squeeze jets, to capture higher inherent velocity ranges. The downmix frequency was
then adjusted to determine the frequency at which zero velocity measurements were
made. For instance, if the measurement volume was in a region dominated by forward
flow, the downmix frequency was adjusted to skew the effective velocity range toward
positive velocities. The band-pass filter and downmix frequency settings, along with the
optical setup, determined the minimum and maximum velocities that were capable of
being detected by the system. An additional TSI hardware noise filter was used to only
capture the bursts with a medium or high signal-to-noise ratio relative to the baseline
noise. Adjusting the signal-to-noise ratio from the medium to high setting did not
noticeably reduce data collection rates. Even-time sampling was not used to remove
velocity bias. The time bins were small enough (0.25 – 1 ms) so that major velocity
fluctuations did not occur within a time window. Deconstructing the data into time bins
was thought to alleviate issues involving velocity bias. The statistics from a time bin with
high velocities and many data points were weighed the same as those from another time
bin containing fewer velocity measurements. The experiment was designed to acquire as
much velocity data around closure as possible. No velocity analysis or data reduction was
conducted before post-processing.
The transceiving fiber optic probe and the beam displaced fiber optic probe were
calibrated each time the lenses were changed. Minor adjustments to the fiber optic cables
entering the LDV probes produced beam overlap at the focal length of the lens. The
estimated fringe spacing for each wavelength was calibrated in a simple flow loop run at
a steady flow rate of 5 L/min. The velocity was calculated based on readings from an
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ultrasonic flow meter (model T110R, Transonic System Inc., Ithaca, NY). The actual
fringe spacing was within 1% of the values calculated using the FlowsizerTM software.

2.1.5 Experimental Methodologies
For the Bjork-Shiley Monostrut MHV, velocity measurements were acquired near
the tip of the occluder in a region with dimensions of 6.00 mm x 2.00 mm x 1.50 mm.
Measurement locations were spaced 500 μm apart for this study. Figure 2.11 shows
where measurements were acquired relative to the closing leaflet. Due to the close
proximity of the measurements to the occluder, we obtained only pseudo-3D velocity
measurements for the BSM valve. To create velocity vectors with three directional
components, two velocity components were captured with the transceiver located to the
side of the valve and two velocity components were collected with the transceiver located
directly above the valve, which was positioned in the upright position. Hence, the axial
velocity was captured twice, from vantage points 90° apart from one another. Thus,
different velocity components were captured at the same location in the flow from two
unique perspectives. The position of the measurement volume from the chamber wall was
approximated to be 80 – 200 μm. For three-component data collection, the position of the
wall was determined to the nearest 25 µm, or half of the measurement length, with 95%
confidence. Preliminary data acquisition, in which the measurement volume was partially
buried in the acrylic, was required to find the exact location of the chamber wall. The
boundary between the fluid and wall was defined as the location at which fluid velocity
measurements could be obtained at a minimum rate of 2 data points per minute.
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For the BSM valve, mean axial velocities were calculated through measurements
taken from the two transceiver locations. The other two velocity components were
combined to produce a set of three-dimensional velocity vectors. Three-dimensional
turbulence statistics were not obtained using this method of data collection, because the
three velocity components were not collected simultaneously. With the ellipsoid shape of
the measurement volume, the probe volumes could be as much as 170 μm apart in the
cross-sectional plane. This is the primary source of error for shear rate calculations.

Figure 2.11

The volume (highlighted in red) near the BSM valve where fluid velocities were
measured.

At each physical location in the flow, 25,000 two-component velocity
measurements were acquired. For an 800 ms cardiac cycle, data was collected over a 30
ms period beginning 5 ms before valve closure. Valve rebound was observed 10.0 ± 0.3
ms after the valve‘s initial impact. The entire data set was then divided into 30 onemillisecond time bins.

In the 10 ms encompassing initial impact and rebound, the

average 1 ms time bin contained 1,400 ± 250 velocity measurements. Velocity biasing
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produced higher data counts during these 10 ms compared to time bins studied well
before or after valve impact. The remaining bins, which generally contained near zero
velocities, held only 575 ± 170 ensembles. The flow was assumed to be stationary within
each time bin. This assumption was acceptable because impact was always captured in
the same time bin. Larger time bins would damp the closure effects, and smaller time
bins would not contain enough valid velocity measurements per beat cycle. The optical
trigger produced a temporal error of approximately 200 μs relative to impact, which was
acceptable for the 1 ms tolerance of the time bins. Better temporal resolution (> 0.25 ms)
could be achieved by sacrificing the number of velocity measurements per time bin;
however, comparisons of bin duration suggest that the assumption of steady flow for the
1 ms time bin is not unreasonable. For the BSM mechanical heart valve, there were four
measurement planes, each containing 63 measurement locations (Fig. 2.11). All
measurements were detected in backscatter mode for this valve.
For the SJM valve studies, approximately 40,000 measurements were acquired at
each spatial location in the flow over a 55 ms window encompassing the valve closure
event. The additional measurements were required to account for a larger data acquisition
window. The measurement region, depicted in Fig. 2.12, begins at the tip of the leaflet on
the inflow side and extends outward into the atrium. The dimensions of the triangular
region of interest were 6.3 mm x 5.4 mm x 3.0 mm, with supplemental velocity
information amassed along the centerline of the valve. Velocities were measured as close
as 200 μm from the tip of the inflow edge of the leaflet. Bileaflet rebound impact was
generally observed 11.0 ± 1.6 ms after the initial impact.
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B-Datum Line

Figure 2.12

A schematic of the measurement locations relative to the St. Jude Medical MHV.

From these captured velocity measurements, the mean flow was first examined.
Gate time weighting was not implemented for these analyses. Mean velocity for the xdirectional component was calculated as:

 n
  ui
U   i 1
 n








 filter

(2.7)

where ui is a discrete velocity measurement in the same direction as U, and n is the total
number of measurements acquired during the 1 ms time bin. Mean velocity components
V and W were calculated in a similar manner. Wall shear calculations were based on the
rate change of velocity over the distance between the measurement volume and the
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nearest chamber wall. Reynolds normal and shear stresses were determined using eqs. 2.8
to 2.10:
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where ρ is the fluid density. The flow exhibited turbulent characteristics in the shear
layers produced by regurgitant jets through the gap and very close to the valve where a
sudden deceleration at impact and subtle valve wobbling resulted in unstable flows. The
accelerating flow and structures shed off the leaflet may be laminar, and thus were not
subjected to this turbulent analysis. Furthermore, it is possible that beat-to-beat spatial
and temporal variability created fluctuations in the velocity measurements. Because the
LDV data was ensemble averaged over many beat cycles, the turbulence effects could not
be easily differentiated between the effects of beat-to-beat variability.
The dominant turbulent stress tensor components determined the energy being
transferred through the fluid. The angle of the dominant Reynolds stress relative to the
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wall may sometimes provide information about the damage potential of the flow. The
rotational angle of the principal stress axis was calculated by:



1
 2uv 
 tan 1  2
2 
2
u v 

(2.11)

While LDV was needed to study the near valve flows within the valve housing,
we used particle image velocimetry to supplement these data and measure the growth and
expansion of the flow structures into the atrium. Using dual-pulsed 120 mJ Nd:YAG
(yttrium-aluminum-garnet) New Wave Research lasers (TSI Inc., Shoreview, MN) to
illuminate the free-floating particles, five planar flow fields normal to the B-datum line
were obtained. As shown in Fig. 2.12, the B-datum line is an imaginary line along the
center of a bileaflet valve, where the two leaflets contact one another in the closed
position. For each image, the laser could potentially emit an energy pulse of 120 mJ. In
order to prevent damage to the model and the valve, the energy output was controlled
with a variable attenuator that was adjusted to increase or decrease beam intensity. In
general, the beam attenuator was set to 5% of the maximum energy for these
measurements. The green beams (λ = 532 nm) were coupled through a series of
cylindrical lenses and mirrors to generate overlaying light sheets with an average
thickness of 200 to 300 µm at the focal length of the lens. The light sheet thickness was
estimated by measuring the thickness of low intensity light pulses on burn paper. Laser
synchronization, shutter delay and laser triggering were controlled via a synchronizer
(TSI Model 610032) and Insight 3G software. The images were calibrated at the focal
length of the camera based on the known inner diameter of the chamber (1.00‖).
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The images were captured using a PIVCAM 10-30 charge-coupled device (CCD)
camera (TSI Model 630046) with a shutter speed of 30 frames per second and a
resolution of 1024 x 1018 pixels. A 60 mm Nikon focal length lens was used to reduce
the field of view. Image processing was performed in Insight 3G. Two hundred image
pairs capturing the instantaneous flow fields were averaged to produce mean vector maps
at each time step. Digital cross-correlation was performed with a fast Fourier transform.
A multi-grid method was applied to determine the target interrogation area. All velocity
vectors presented here were based on a final interrogation window of 16 x 16 pixels. The
second window was offset to the location of anticipated displacement. The interrogation
window size was small enough such that the difference between the particle path and the
linear particle displacement was insignificant. The displacement bias, referred to as ―peak
locking,‖ was reduced by ensuring that the average particle diameter spanned more than
two pixels on the image. Imaging preconditioning further helped to optimize the image
particle diameter. Optical distortion was minimized by making measurements near the
centerline of the valve chamber, away from the model curvature. The centerline location
of planar measurements also reduced the likelihood of out-of-plane motion.
Velocity data were collected in 2 ms increments over a 22 ms acquisition period
encompassing closure.

The pulse delay (dT) between the two light sheets ranged

between 175 μs and 225 μs, depending on the fluid velocities in the region of interest.
PIV images were captured in straddle mode with an exposure time of 255 µs. The image
size was 63.50 mm x 63.50 mm with a spatial resolution of 28.4 pixels/mm. An average
intensity image processor filtered noise by conditioning and subtracting a background
image from the original image. A recursive Nyquist grid engine, Hart correlation of 16
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pixel displacements, and bilinear peak method were used to process the vector fields of
image pairs for multiple passes. The multi-pass analysis reduced the interrogation
window size from 64 x 64 to 16 x 16 pixels. The corresponding vector was then
superimposed. No spot mask was required to generate the vector maps. Kini et al. derived
a 0.5% uncertainty in the velocity scales for instantaneous flow maps upstream of
mechanical heart valves (Kini, 2000). An uncertainty of 4.0% is attributed to the optical
setup and particle displacement. When propagated out with the uncertainty in velocity
measurements, an overall uncertainty of 5.8% is associated with the mean PIV velocities.

2.2 Cavitation Studies
The cavitation studies were conducted with a different experimental setup than
the fluid mechanics work. Cavitation was captured acoustically in the form of high
intensity transient signals. Novel methodologies were developed to better isolate the
cavitation signal from mechanical noises. Cavitation intensity was evaluated as a function
of valve size, design, material and closing velocity.

2.2.1 In Vitro Test Chamber
Only the valve closing phase has to be simulated to study mechanical heart valve
induced cavitation. To study only the valve closure portion of the cardiac cycle, a
simplified single-shot chamber, which was designed to act as either an open or closed
system, was constructed (Fig. 2.13). The valve under investigation was secured upright
on the wall between the atrial and ventricular chambers. A 1 MHz hydrophone (RESON
Inc., Goleta, CA, TC4038) with a receiving sensitivity of -228 ± 3 dB at 100 kHz was
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placed 5 mm proximal to the major orifice of the valve to detect the high frequency
pressure fluctuations. An optimal detection angle of 35° relative to the vertical axis was
determined through trial-and-error by varying the orientation to achieve peak energy
detection. The hydrophone was positioned as close as possible to the primary cavitation
regions without disrupting transvalvular flows or contacting the chamber walls.

Figure 2.13

A valve closure simulation chamber was used to study cavitation.

The sealed, aluminum chamber had Plexi-glassTM windows to enable optical
access to the proximal side of the valve. The ventricular chamber was sealed and
connected to an airline and solenoid valve. When simulating a cavitating condition, the
atrial chamber was left open to the atmosphere. To obtain a non-cavitating signal, the
overall system pressure was elevated to 15 psig, which overcompensated for the local
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pressure drop measured during the closing event. The valve closing event was repeated
thirty times for each experimental condition (Sohn, 2005). The chamber allowed for
accurate and repeatable simulation of mitral valve closure dynamics without the need for
a flow-through loop (Chandran, 1994). The loading condition (dp/dt) was found using the
real-time ventricular pressure readings relayed from a Millar Mikrotip pressure catheter
to an oscilloscope. An accelerometer was mounted on the septal plate to clearly establish
the time of impact.

2.2.2 Test Fluid
In cavitation studies, the most important fluid characteristic is the nuclei content
(Young, 1989). Up until now, nuclei content has been ignored in most mechanical heart
valve cavitation research. Nuclei can form on fluid-solid interfaces, such as the one
between blood elements and plasma, or within the fluid. To eliminate the variability in
nuclei content, the valve behavior was studied in 25 ºC filtered, degassed water. Under
normal atmospheric conditions, a relative pressure drop of 733 mm Hg is required for
cavitation to occur in water. To remove gas from the fluid, an in-house degasser was
designed to promote interaction between the liquid and air, circulate and filter the fluid,
and pull a vacuum after it was filled with tap water (> 18 parts per million). The
degassing process lasted for at least four hours and produced a gas content, measured
with a Van Slyke apparatus, on the order of 6.5 ± 1.8 ppm for all experiments. Fresh
degassed water was used in the chamber every 15 runs to eliminate bias associated with
the nuclei content. To study the effects of carbon dioxide (CO2) on cavitation, CO2 was
bubbled into the degassed water. This process produced dissolved pCO2 levels of 0, 43 ±
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3, and 105 ± 4 mm Hg. Carbon dioxide levels were measured using a mini carbon dioxide
electrode (Diamond General Development Corp., Ann Arbor, MI). The cavitation
intensity is thought to be slightly more pronounced in blood than in water. A weaker
liquid compressibility in blood should produce a longer collapse time and more violent
bubble collapse in that environment (Brujan, 2000).

2.2.3 Valve Closing Conditions
Ventricular load correlates to the closing velocity of the MHV. The ventricular
load was controlled by altering the strength of the pressure and vacuum pulses, or their
durations. The pressure and vacuum levels were controlled with a solenoid valve, which
was connected directly to the ventricle through an air line. A sudden increase in
ventricular pressure would force the valve to close. The pressure differential between the
air line and the valve simulation chamber (ranging from 1.9 psi for 2,500 mm Hg/s to as
high as 7.4 psi for 4,500 mm Hg/s) was monitored with pressure gauges. This setup
allowed for reproducible dp/dt values for multiple single-shot closures. Most studies were
conducted with physiologic and elevated ventricular loads on the order of 2,500 mm Hg/s
and 4,500 mm Hg/s, respectively. The ventricular pressure waveform was measured with
a Millar Mikrotip pressure catheter (Millar Instruments, Houston, TX) positioned three
centimeters distal to the valve and monitored with a LeCroy oscilloscope (LT262). The
pressure waveform in Fig. 2.14 corresponds to a dp/dt of 2,000 mm Hg/s. Impact is
characterized by high frequency pressure fluctuations. The slope of the pressure curve in
the 20 ms before impact was computed and recorded as the dp/dt for each closure (Carey,
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1995). The 550 mm Hg spike shown in Fig. 2.14 signifies the occluder impacting the
valve housing.

Figure 2.14

A characteristic ventricular pressure waveform depicting valve closure with a physiologic
dp/dt of 2,000 mm Hg/s.

2.2.4 Observing Cavitation
Cavitation bubble dynamics and valve motion were observed at 3,000 to 10,000
frames per second with a KODAK SR-Ultra Motion Corder (Red Lake MASD, San
Diego, CA). One hundred digital images were captured, beginning when the valve was
completely open and ending after the valve had finished rebounding. A fiber-optic light
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source illuminated the proximal side of the valve at the tip of the occluder, where
cavitation was most likely to occur.
The primary region of cavitation formation is dependent upon valve geometry. In
general, this region is located on the atrial side of the major orifice, where the peak
closing velocity and occluder deceleration are found. Flow visualization revealed that
valve design plays a major role in the location and type of cavitation generated. For
instance, a BSM valve promotes vortex cavitation due to large rotational flow structures
shed off the leaflet tip (Manning, 2008). Whereas the strut located on the upstream side
of the MH valve encourages squeeze flow. Visible cavitation sites for different valve
designs are highlighted in Fig. 2.15. The inception, development and collapse of MHV
cavitation is displayed in Fig. 2.16.
2500 mmHg/s

4500 mmHg/s

A

B

Figure 2.15

The location, type and intensity of cavitation is dependent on the closing conditions and
mechanisms by which a low-pressure environment is produced. These images are
captured in degassed water with 100 mm Hg pCO2. (A) The BSM valve produces bubble
and cloud cavitation around the circumference of the occluder, and (B) the MH valve
shows cavitation cascading from the central strut due to squeeze flow.
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Figure 2.16

The inception, growth and collapse of cavitation bubbles are shown upstream of a (A)
BSM mechanical heart valve for an exaggerated dp/dt and (B) a SJM valve over 1 ms.

2.2.5 Measuring and Isolating Cavitation
The hydrophone was placed in the atrial chamber to detect high-frequency
pressure fluctuations (HFPFs). The detector was positioned to record bubble collapse
without disrupting flow through the MHV. The HFPF signal was collected
simultaneously with the ventricular pressure trace to observe the effects of valve
dynamics on cavitation for each beat. These waveforms were displayed on a LeCroy
LT262 oscilloscope. A sampling rate of at least 500 kHz was used to satisfy the Nyquist
criteria. The signal was denoised and amplified 7.0 dB (5X) with a Stanford Research
Systems low-noise preamplifier (SR560). A Krohn-Hite multi-channel filter (3905B)
acted as a band-pass filter to obtain the relevant portion of the signal between 100 Hz and
250 kHz (Sneckenberger, 1996). This frequency range spans the resonant frequencies
associated with the collapse of all detectable bubble sizes generated by MHVs, but still
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includes some mechanical closing sounds. The ventricular pressure waveforms and
accelerometer readings were collected for a 10 s window at 500 kHz using a 512A
Wavebook DAQ unit (Iotech Inc., Cleveland, OH) and its corresponding Waveview
software.
Thirty pressure traces, each lasting 30 ms over closure and rebound, were digitally
compiled to account for beat-to-beat closing variations. According to Sneckenberger et
al., a statistically significant RMS can be performed with 30 data sets (Sneckenberger,
1996). After filtering the acoustic signal to reduce the energy associated with mechanical
closure, electrical interference and other noise, root mean square (RMS) values were
calculated. An example of a raw acoustic signal is shown in Fig. 2.17.

Impact

Figure 2.17

Rebound

The high frequency pressure fluctuations corresponding to cavitation bubble collapse
are embedded in the mechanical closure signal of the BSM valve. The y-axis is in terms
of pressure (mm Hg).

The low frequency oscillations directly following impact are mechanical noise.
They can be removed during the denoising procedure. The high frequency fluctuations on
this trace are caused by cavities forming and collapsing. Power spectra illustrate how
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much of the acoustic energy is potentially linked with cavity collapse. Cavitation bubble
collapse is thought to generate pressure fluctuations between 35 and 300 kHz (Garrison,
1994).
After analyzing cavitation by traditional RMS methods, a wavelet decomposition
procedure was developed in an attempt to provide additional information about cavitation
events embedded within the mechanical closure signal. Rather than collapsing the HFPFs
into a single magnitude, we used this method to evaluate cavity collapse relative to the
closing event. Individual cavitation events could be distinguished based on the manner
through which they were formed. As previously described, these mechanisms include the
―water hammer effect‖, squeeze flow, high-velocity regurgitant jets, and vortex flow.
Wavelet theory is discussed in detail by Aboufadel and Schlicker and Jensen and la CourHarbo (Aboufadel, 1999),(Jensen, 2001).
A wavelet-based denoising procedure was applied to evaluate cavitation as a
function of time, frequency and intensity on a single three-dimensional graph. In this
case, the transforms generated energy levels that were functions of scale and time. The
relationship between scale and frequency can be seen in eq. 2.12.
Fa 

Fc
a

(2.12)

where Fa is the frequency corresponding to the displayed scale a, Fc is the center
frequency of the wavelet chosen (in Hz), and Δ is the sampling period. For the daubechies
order 4 wavelet, the center frequency is 0.71. The scale that is used to decompose the
waveform determines the resolution of the result; the smaller the scale, the greater the
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resolution or frequency component. The general form for a continuous wavelet transform
can be expressed as follows:
W s,  
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t b
 dt
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 f t     
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(2.13)

Here, f(t) refers to the function to be deconstructed. In our case this function refers to the
high-frequency pressure signal captured by the hydrophone. The mother wavelet in both
the time domain and frequency domain is denoted by Ψ*s,τ. The scale of the mother
wavelet and its translational value are represented by a and b, respectively. In essence, a
wavelet transform is comparable to a Fourier transform in that the analysis results in a
decomposed signal. However, Fourier transforms reduce the signal with periodic sine
waves, and wavelet transforms decompose the signal with detailed mother wavelets. The
mother wavelets evaluated for this study are coiflets, symlets, and daubechies (Fig. 2.18).
These mother wavelets were chosen based on their similarity in structure to the detected
acoustic waveforms.

A

Figure 2.18

B

C

The three order 4 wavelets used to analyze the pressure traces are the (A) symlet, (B)
coiflet and (C) daubechies wavelets. Their structures are similar to the pressure traces
corresponding to cavity collapse.
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Since cavitation pressure traces are transient as opposed to statistically stationary,
a wavelet based signal processing technique can theoretically be more effective for
isolating the cavitation component from the mechanical closure signal. The randomness
of the HFPFs located throughout the acoustic signal and the asymmetric structure of the
cavitation signal limit the effectiveness of transforms based on periodic functions. The
result of a wavelet transformation is a collection of time-frequency coefficients of the
signal at different scales or levels.
The analytical process involves three steps: (1) decomposition of the pressure
trace, (2) application of thresholds, and (3) reconstruction of the denoised waveform. The
signals were decomposed into various coefficients using the mother wavelets. The
threshold values were determined by evaluating valve closure in a pressurized
environment. In a pressurized environment, cavitation can be controlled or eliminated.
When closure is studied at higher system pressures, the local pressure drop caused by
valve closure will not necessarily fall below the vapor pressure of the fluid. Thus, valve
closure in a pressurized chamber can effectively generate a non-cavitating waveform.
Portions above the set thresholds are likely to consist primarily of cavitation energy.
During the thresholding procedure, any value below the threshold is set to zero. The
thresholds were set to eliminate 99% of the mechanical closure noise from the cavitating
waveform. After thresholds were applied to each decomposition level, or wavelet
coefficient, the signal was reconstructed from the denoised detail and approximation
coefficients. The reconstructed signal was distinct for each valve design, depending on
the mechanism that causes cavitation formation. The idea of applying wavelets to not
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only denoise, but also to isolate cavitation energies from the energy associated with
mechanical valve closure, originated from work performed by Welz et al., and Peng et al.
(Welz, 2004),(Peng, 2004).

2.2.6 Valve Closing Velocity
A laser sweeping technique was adapted from previous studies to measure the
closing behavior of mechanical heart valves immediately before and after closure, in vitro
(Guo, 1990), (Guo, 1994),(Zapanta, 1998). Laser sweeping equipment was used in
conjunction with the valve closure simulation chamber, as indicated by the schematic in
Fig. 2.19. For these experiments, a 4 mW He-Ne laser (λ = 628 nm) projected a red beam
onto the pivot point of the atrial side of the occluder. The moving occluder acted as a
rotating mirror, reflecting the incident beam onto a 50 mm bi-convex lens located one
focal length (F = 154.5 mm) from the valve. The lens focused the reflected beam onto a
10.0 mm single axis position sensitive photodetector (PSM1-10, On-Trak Photonics, Inc.,
Irvine, CA). The photodetector was coupled to a DC – 15 kHz versatile position sensing
amplifier (OT-301, On-Trak Photonics, Inc., Irvine, CA). The amplified signal was
recorded, along with the ventricular pressure, using a Wavebook DAQ Unit (Iotech
512A). The position on the 10.0 mm photodetector directly correlated with a voltage
output between +10 and -10 volts. The beam was either centered on the detector or was
not on the sensor at all when the sensor output read zero. The valve closing velocity
could be computed using the outputted voltage signal and simple trigonometric
calculations. The photodetector captured the final 3º of valve closure before impact. To
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study valve rebound and deceleration, the beam was repositioned on the photodetector
allowing for the capture of only 1.8º of aperture.

Figure 2.19

The valve closure simulation chamber was adapted to allow for optical access to the
pivot point of the valve. The position-sensitive photodetector captured the light signal
for conversion into an electrical signal.

The laser sweeping system was calibrated to determine its frequency response and
effectiveness at measuring beam velocity. An optical chopper was used to verify the
sampling frequency of the detector at different gains. To calibrate velocities and study the
edge effects of the photodetector, a laser was attached to the rotational axis of a motor.
The rotational speed of the motor was adjusted to calibrate the system at a velocity of 4.1
m/s, a value of comparable magnitude to previous closing velocity data (Guo, 1994).
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Based on the rotating laser calibration, we found a significant 10.3% error associated
with laser sweeping closing velocity measurements. To further validate the velocity
measurements, a stepping motor translated the laser beam across the detector surface at a
constant rate of 1.25 mm/s. Voltage was plotted over time to find the linear range of the
detector. A 2.1% error in velocity was measured with the step motor. Based on these
results, we are confident that the system can measure small velocities (below 1 m/s) more
accurately than larger ones, which are affected by the sampling frequency of the
photodetector and amplifier. The laser was directed within 1 mm of the pivot point and
remained fixed throughout the experiments. In our theoretical calculations, we
compensated for the free floating nature of the occluder within the housing as well. For a
valve with minimal leaflet concavity (equal or less than that of the BSM valve), the error
in velocity due to uncertainty in pivot point location was negligible for the setup shown
in Fig. 2.19.

2.2.7 Valve, Design, Size and Material
Material properties of the occluder will directly affect the cavitation produced by
a valve. For instance, a more compliant material such as ultra-heavy molecular weight
polyethylene (UHMWPE) deforms during occluder impact, making it capable of
absorbing more of the energy generated at closure than does the rigid pyrolytic carbon
material. Thus, the UHMWPE valve imparts less energy to the neighboring fluid. This
causes a reduction in the ensuing tension wave, resulting in an attenuated pressure drop.
More energy may be available in the fluid for cavitation for a pyrolytic carbon occluder.
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Occluder density and elastic modulus will determine how much energy is transmitted to
the fluid. Important properties of commonly used valve materials are listed in Table 2.5.

Table 2.5.

Material properties of occluders.
Material
UHMWPE
Delrin

Pyrolytic Carbon

Elastic Modulus
(GPa)
0.62

Density
3
(kg/m )
930

3.10

1430

27.6

2480

Despite the fact that polymer occluders are rarely used in a clinical setting, the
Delrin occluder proved to be ideal for testing how closing velocity and impact forces
relate to cavitation production. The DR polymer creates a dampening effect compared to
pyrolytic carbon occluders, acting as a low-pass filter at impact. We hoped to improve
upon this material, which is still known to cause significant levels of thrombosis and
hemolysis. Moreover, the DR occluder proved to be easier to modify than the brittle
pyrolytic carbon occluders.
Prototype valve modifications are often designed to solve problems of blood
damage, thrombus formation and noise (Reul, 1995). A tilting disk mechanical heart
valve was modified to affect its closing dynamics by producing a soft closure. One way
to reduce the valve acceleration was to introduce a partial liquid core. The moment of
inertia of the valve (I), which is dependent on mass (m) and distance from the axis of
rotation (r), is continually changing as fluid moves within the core of the occluder.
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I  mr2

(2.14)

In an upright position, the initial occluder acceleration will be lower in the modified
valve due to a reduced density near the major orifice. A schematic of the modified DR
occluder is shown in the chamber in Fig. 2.20. The free-flowing fluid in the channel of
the modified occluder is highlighted for the valve in the closed position.

Figure 2.20

The modified Delrin occluder with free flowing glycerin in its core.

To create a core region to hold the free-flowing fluid, the occluder was sliced in
two separate disks. A ring-shaped 3.5 mm groove of < 1 mm depth was then machined
into the valve. The 200 µL hollow region was filled with glycerin (~ 60% of the channel
volume) before reattaching the two disk pieces with a strong adhesive. The disk thickness
was adjusted to within 3% of its initial value by carefully regulating the amount of
adhesive and compression applied during the reattachment procedure. The edges were
smoothed until the modified disk matched the dimensions of a standard disk, and the
occluder was secured back inside its titanium housing. The end product was a valve with
a partial liquid core. By not completely filling the hollow groove with fluid, glycerin was
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allowed to flow in the core ring of the valve. When in the fully open or fully closed
position, the glycerin would settle to the bottom of the machined channel. In a normal
valve, the centroid of the occluder is located at the center of the disk. In the modified
valve, the center of gravity moves as the intravalvular liquid moves and the centroid is
slightly below the center of the valve. Because the point of rotation is constantly
changing in the modified valve, the moment of inertia is also affected. Lastly, the mass of
the modified leaflet was 0.8862 g, which was 5% lighter than its normal Delrin
counterpart. Visual images of the valve verified the dynamic dampening effect of the
glycerin flowing within the valve. For consistency, the modified valve was tested in the
upright position. Disk orientation is expected to play a significant role in the closing
behavior of a liquid core valve.

77

Chapter 3
RESULTS – NEAR VALVE FLOW STUDIES

In this chapter, the flows generated by valve impact, rebound and regurgitation
are presented for the Bjork-Shiley Monostrut and St. Jude Medical mechanical heart
valves. Some preliminary data is also provided for the On-X valve. These measurements
were acquired within the valve housing on the upstream side of the mitral valve to
evaluate the fluid mechanics associated with cavitation and flow-induced blood trauma.
Discussions of the mean velocity and Reynolds shear stress are included. Laser Doppler
velocimetry and, to a lesser extent, particle image velocimetry were used to measure the
detailed velocity and turbulent stress fields associated with these prosthetic devices.
A 200% gate scale was applied to collect coincident velocity measurements.
Pseudo-steady flows were achieved over 1 ms time bins, as bimodal and extremely
skewed (|S| > 3.0) velocity distributions were minimized. Skewed histograms were
primarily observed near the housing for cross-flow velocities. Distinguishable bimodality
existed in very few of the velocity histograms for the BSM valve in the 10 ms
surrounding valve closure. Mean and fluctuating velocities were calculated by ensemble
averaging discrete velocity measurements in each time bin and location. Outliers of the
LDV data set (> 5σ) were removed by an elliptical filtering technique developed by
Baldwin et al. (Baldwin, 1993). An in-house Matlab ladder program was developed to
divide the velocity measurements into time bins, calculate mean and fluctuating velocity
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statistics, and determine the viscous and turbulent stresses generated by the leaflet during
closure.

3.1 Bjork-Shiley Monostrut Valve
The Bjork-Shiley Monostrut valve induces strong closing velocities at the valve
tip, where cavitation is known to form. By removing a portion of the valve housing and
replacing it with an acrylic section of identical dimensions, near-valve flow
measurements could be acquired. A mean velocity analysis was performed 2 mm
upstream of the housing to verify that the modification to the valve produced flows that
were statistically insignificant compared with the original intact valve. Two-component
coincident laser Doppler velocimetry measurements were conducted from two vantage
points to study three velocity components in a region of the flow that was made
accessible for optical flow techniques. Velocity maps depicting the development of the
potentially damaging flow structures are presented in this section.

3.1.1 Closing Dynamics
The Bjork-Shiley Monostrut valve was studied at a ventricular load of 1,800 mm
Hg/s so as not to induce optical distortion from cavitation. The heart rate was set at 75
beats per minute. On average, the valve was operated for 3,000 cardiac cycles in order to
capture 25,000 coincident velocity measurements over a 30 ms window at each spatial
location in the flow. Data acquisition was optically triggered for each beat cycle. The
refractive index, density, and viscosity of the blood analog were tested on a weekly basis.
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3.1.2 Velocity Profiles
Velocity measurements were captured before, at the instant of, and after valve
closure. In each case, vortex flow structures were present. The U and V components
represented the cross-flow directions and W was the axial velocity. The images
previously shown in Fig. 2.16(A) revealed that a single large vortex develops during
valve closure, strengthens at impact, moves away from the occluder into the left atrium
during rebound, and finally dissipates. The kinetic energy associated with mechanical
heart valves at closure is dissipated, in part, by occluder rebound. The figures presented
in this section highlight the flow features that are most likely to result in blood element
damage. The impact and rebound dynamics are shown to have a significant effect on the
fluid structures measured near the tilting disk.
The three-dimensional vectors in the mean velocity maps were created using the
mean values of U, V, and W at each of the measurement locations previously shown in
Fig. 2.11. Four planes of data, each consisting of 63 measurement locations, were
acquired by laser Doppler velocimetry. The closest measurement plane was located 200
µm from the tip of the occluder, with each successive plane positioned 500 µm further
upstream. The total volume of the measured region was approximately 1.50 mm x 2.00
mm x 6.00 mm.
A MatlabTM code, developed at the Pennsylvania State University‘s Garfield
Thomas Water Tunnel and based on the thesis work performed by Baldwin et al., was
adapted to analyze three-component velocity measurements through mechanical heart
valves (Baldwin, 1994). This analysis involved first synchronous-averaging of velocity
measurements within their individual time bins. For the Bjork-Shiley study, each time bin
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represents 1 ms. Each time bin within 10 ms of impact contained 1,400 ± 250 ensembles.
An elliptical filter was applied to remove outlying velocity measurements. The major axis
of the filtering ellipsoid had a length of 5σ. The elliptical filter validates data coincidence,
while simultaneously removing erroneous single-component velocities. The filter never
eliminated more than 2% of the original data. Once the filter was applied, mean and peak
velocities, turbulence intensities and Reynolds stresses were computed for each time bin
and location.
The time stamp was reset at the commencement of each beat cycle by the optical
trigger. The measured onset of the beat cycle was synched with an accelerometer. The
mean and standard deviation of velocity measurements were used to show that the flow
could be considered steady over the 1 ms time bin. While this is not an entirely accurate
representation due to the transient nature of the flow, this binning method proved to be
effective for studying mean flow, velocity fluctuations and predicting cycle-to-cycle
variability. An automated traverse was programmed to move to a new location in the
flow once 25,000 coincident velocity measurements were acquired. Optical reflections
and the size of the measurement volume were the two limiting factors for determining the
smallest distance at which measurements could be made from the wall.
Figure 3.1 is a three-dimensional depiction of the flow during the closure and
rebound of the BSM mitral valve. This illustration is a composite of the high speed
images of the flow and the velocity vector maps presented later.
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Figure 3.1

Side and proximal views of vortex development over a 3 ms window encompassing
valve impact.
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During the closing phase of the valve, a vortex develops at the tip of the occluder
and increases in strength until two milliseconds after impact, at which time rebound
begins. The occluder draws back and goes through another forward closure motion before
striking the housing approximately 10 ms later. Additional rebounds can sometimes be
detected through flow visualization and pressure fluctuations, but they do not play a
significant role for fluid flow in the single shot chamber. Two sets of two-dimensional
LDV measurements, taken from different vantage points orthogonal to the chamber, were
combined to create the three-dimensional velocity plots presented in Figs. 3.2 – 3.5. For
perspective in Figs. 3.2 – 3.5, the valve occluder closes from right to left with the face of
the major orifice in the XY plane. Each of these plots contains a 1 m/s reference vector.
The mean axial velocities are indicated by vector color, and directionality is depicted by
the arrows. Positive axial (Z) velocities, directed away from the valve, are found near the
tip of the occluder with negative axial velocities measured nearer the strut attachment
point located toward the center of the disk.
Figure 3.2 shows a three-dimensional velocity reconstruction taken one
millisecond before impact. Here, the closing volume of fluid and the fluid moving across
and over the occluder generates the vortex that was visualized with high-speed
videography. Impact velocities are displayed in Fig. 3.3. At impact, there is an increase in
the intensity, and a complete roll-up, of the vortex about its core. The vortex is first
detected 0.2 – 0.7 mm away from the valve occluder. The initiation of this vortex had not
previously been measured for the Bjork-Shiley Monostrut valve. One millisecond after
impact, Fig. 3.4 shows more vortex roll up and negative flow back toward the face of the
occluder. Two milliseconds after complete closure the flow becomes disrupted by the
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occluder rebound. For Figs. 3.4 and 3.5, the velocity magnitude of the regurgitant jet
decreases. Simultaneously, the radius of the vortex expands, while its intensity weakens.
During valve rebound, the vortex is shed off the occluder. The rebound impact was
visually observed about 10 ms after the initial valve impact.
W

Figure 3.2

A 3D plot of the velocity vectors measured 1 ms before impact of the BSM valve.
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Figure 3.3

Vortex development upstream of the BSM valve at impact.
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W

Figure 3.4

Vortex roll up is quantified towards the center of the occluder 1 ms after impact.
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W

Figure 3.5

The vortex is fully developed as rebound begins 2 ms after valve closure.
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Figures 3.6 and 3.7 present mean velocity maps in the 200 and 1,200 µm planes
aligned parallel with the valve face (XY planes). In Figs. 3.6 and 3.7, the flow structure is
shown (A) 1 ms prior to impact, (B) at valve impact, (C) 1 ms after impact, and (D) 2 ms
after impact. The vectors indicate velocities in a plane parallel to the valve, while the
contour illustrates the magnitude and direction of the axial flow component. In these
images, the occluder closes toward the reader and the tip of the occluder is highlighted.
Figure 3.6 illustrates the flow behavior in the plane closest to the occluder (200 µm
away), while Fig. 3.7 represents measurements taken 1.20 mm away from the occluder. A
reference vector of 1 m/s is provided for each velocity map. Each of these planes was
within the housing, so that they could not be determined experimentally without
modifying the valve housing. Regions of high acceleration and deceleration,
regurgitation, and vorticity were identified through this set of velocity maps. The bulk
flow accelerated until impact, and regurgitant jets form thereafter. The flow closer to the
center of the disk began to decelerate during the rebound phase. Due to the spatial
resolution of 0.5 mm between each measurement location, the vorticity could only be
roughly approximated. The measured velocities suggest significant local pressure drops
and high shear.
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Figure 3.6

Velocity maps acquired 200 µm away from the occluder (A) 1 ms before impact, (B) at
impact, (C) 1 ms after impact, and (D) 2 ms after impact.

Just prior to impact in Fig. 3.6(A), the closing leaflet forces flow back into the left
atrium at a velocity of 2 – 3 m/s. At the center of the flow map, fluid is pushed upward
along the occluder. Towards either edge of the plot, the flow is directed downward. The
change in flow direction signifies high shear and what appears to be the onset of counterrotating vortices. The planes further upstream, such as the 0.7 mm plane presented in Fig.
3.7, indicate that unsteady, unstructured flow along the face of the occluder quickly
develops into a single vortex shed off the leaflet. Here, flow is directed towards the valve
housing due to the upward (Y-directional) leaflet motion. Also, since the 200 µm plane is
the only plane in which fluid moves upward toward the valve tip before impact, it is
believed that these measurements indicate the initial stages of rotational flow shed off the
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tip of the disk. Shear strain rates (du/dy) approaching 7,000 s-1 were found in the flow
where directional changes were occurring (x = 1.25 mm, y = 1.50 mm in Fig. 3.6(A)).
At impact in Fig. 3.6(B), the highest velocities are recorded at the top of the
measurement plane due to pressure driven flow being forced through the gap between the
occluder and the housing. The jet has a width of approximately 0.5 mm and is more than
1.5 mm in length, as it is observed in each of the four measurement planes. The mean
velocities associated with this jet approach 8.0 m/s. Meyer et al. measured a jet velocity
of 4.0 m/s within 4 mm of the valve housing (Meyer, 1997). This suggests that the
regurgitant jet dissipates quickly away from the valve.
In Fig. 3.6(B), all of the flow is directed upward at impact. Upward flow directed
at the housing is dissipated within 10 ms of closure. There is a significant change in
direction of the planar flow in the outer regions that were moving downward, albeit with
low momentum, merely one millisecond before. Thus, the vortex spans the entire edge of
the disk in the major orifice at impact. Also at impact, flow directed towards the occluder
(-Z direction) first appears on the bottom of the measurement plane. This suggests vortex
formation as close as 200 μm to the occluder. The flow directed towards the occluder
becomes more organized and intense in the next two milliseconds, as shown in Figs.
3.6(C) and (D). Because the chamber was designed only to simulate valve closure and not
to act as a flow-through loop, the flow dissipates within 20 ms of impact. Furthermore,
minimal compliance is produced by the valve holder relative to physiological conditions.
Thus, the effect of the valve rebound is exaggerated in these studies. For these reasons,
the focus of this study was on the flow directly related to the closing event and initial
rebound period, with no data presented beyond that time.
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Farther into the atrium, the flow features change dramatically for the Bjork-Shiley
Monostrut mechanical heart valve. The closing occluder initially pushes fluid into the
atrium at 1 to 2 m/s, as can be seen in the 700 μm planes (Fig. 3.7). The gradual change
in direction of the axial flow from positive to negative is indicative of a shear layer—
most likely a vortex. As previously shown in eq. 1.9, the pressure at the center of this
inviscid vortex is inversely proportional to the square of the vortex radius. The planar
flow moves outward at this distance from the occluder, indicating growth and
strengthening of the vortex. Figure 3.8(A) represents the flow 1 ms prior to impact in a
plane that is 1.20 mm from the valve occluder. Similar to the flow measured 700 µm
away from the valve, the flow in Fig. 3.8 is initially directed downward as the
measurement plane includes a portion of the vortex.

Figure 3.7

Velocity maps acquired 700 µm away from the occluder (A) 1 ms before impact, (B) at
impact, (C) 1 ms after impact, and (D) 2 ms after impact.
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Figure 3.8

Velocity maps acquired 1.20 mm away from the occluder (A) 1 ms before impact, (B) at
impact, (C) 1 ms after impact, and (D) 2 ms after impact.

In Fig. 3.8, the mean velocities generated by the closing volume were 2 to 4 m/s.
The high velocity measured prior to impact suggests a strong accelerating flow, which, if
large enough, will dampen turbulence. Figure 3.8(B) depicts a more balanced rotational
flow at impact in the axial direction than was noted in the planes closer to the valve. At
the instant of complete closure, the axial flow is uniformly gradated in the radial direction
with the strongest velocity magnitudes recorded at the edge of the tilting disk. At this
time, the vortex diameter is estimated to be more than 1.5 mm; the rotational velocities
are negligible beyond the core region. The in-plane velocities are significant and directed
downward, setting up an intense rotational flow pattern. At 1 and 2 ms after impact in
Figs. 3.8(C) and (D), the core of the vortex is still observed. A strong outward turning of
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the planar flow was observed after impact and could be attributed to vortex expansion
and flow dissipation. Peak velocity magnitudes were detected in the 1.20 mm plane; a
significant reduction in peak velocities was observed further upstream of this plane.
Overall, the velocity plots illustrate how the retrograde flow separates from the tip of the
occluder as a shear layer that rolls up into a vortex. The maximum velocities, and
consequently the maximum vortex intensity, are measured at the instant of valve impact.

3.1.3 Wall Shear Rates
Wall shear rates were computed based on the mean and maximum axial velocities
measured nearest the housing along the edge of the major orifice (as close as 80 µm from
the housing). The no slip and rigid wall assumptions were applied, and a geometric
analysis of the chamber walls was required, to make this calculation. Because of the
Cartesian measurement system and the curvature of the walls, the presented shear rates
located farther away from the centerline (x = 0) are actually closer to the housing than
those closer to the centerline. Thus, for similar mean velocities, the measurements made
further away from the centerline produced the highest shear rates. The shear rates were
calculated using the actual radial position of the measurement relative to the wall. Figure
3.9 shows the peak and mean shear rate ranges for the 1.20 mm plane at three different
time steps. The shaded region accounts for the error associated with each shear rate value.
The error analysis compensated for the error associated with the location of the
measurement relative to the wall, dimensions of the measurement volume, the range of
peak velocities captured at that point, and perturbations in optical uncertainties. Peak
shear rates of 80,000 – 100,000 s-1 were computed from the measured peak velocities
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near the housing. These values, which were calculated based on the maximum velocity at
locations along the tip of the occluder and closest to the valve housing, may actually
underestimate the shear rates computed by computational fluid dynamic models.
Computational models can provide better near wall resolution of fluid velocities than can
be measured experimentally. The reduced shear rates computed for rebound suggest that
blood trauma is more likely to occur at valve impact than during the rebound.

A

B

Figure 3.9

C

Shear rate plots across the top of the 1.20 mm measurement plane (A) 1 ms before
impact, (B) at impact, and (C) 1 ms after impact.
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The highest recorded shear rates were found in the 200 µm measurement plane,
which was closest to the occluder. Here, maximum shear rates of 5,000 – 13,000 s-1 with
mean shear rates in the range of 2,000 – 5,000 s-1 are observed before impact. Because of
the complex nature of the flow this close to the valve—with fluid rushing over the valve
tip and high speed regurgitant jets present—substantial fluctuations in shear rate are
observed. Peak shear rates of 50,000 – 80,000 s-1 were estimated near the occluder tip at
closure, with sustained mean shear rates of 5,000 to 30,000 s-1. Although still quite high
and variant (23,000 to 50,000 s-1), the peak shear rates decreased dramatically after the
initial rush of fluid caused by the valve closing volume.
The shear rates diminished away from the valve, and the flow became more
structured and uniform. This explains the flattened shear rate profiles. In the 1.20 mm
measurement plane, maximum shear rates ranged from 40,000 – 60,000 s-1 at the tip of
the occluder at impact. One millisecond after closure, the peak shear rate at the apex of
the occluder dropped to 32,000 s-1. Shear rates rapidly reduce after the initial closing
volume passed into the atrium. The mean shear rates remained above 5,000 s-1 for 4 ms
after impact. The shear rates reported here are much higher than the thresholds for blood
damage. However, the exposure times, ranging from hundreds of microseconds to about
two milliseconds, may limit the number of blood cells damaged during valve closure.
Even for largest valves with EOA values above 2.5 cm2, less than 3.5 mL of fluid is
exposed to the shear stresses discussed here over each beat cycle. In one minute, up to
5% of the patient‘s blood can be exposed to these damaging fluid stresses.
To study vortex movement, development and size, as well as to validate bin size,
velocity histograms were created. The velocity distribution characteristic of a wandering
95

vortex is presented in Fig. 3.10(A). No instances of bimodality were found in the xdirection, and just 1.0% (13 out of 1260 histograms) of all z-directional (axial) velocity
histograms exhibited this behavior. Approximately 4.1% of all y-directional velocity
histograms contained characteristic bimodal representations. The majority of these
bimodal distributions were found 1 ms before impact in the 200 μm plane, roughly 1 mm
down from the tip of the occluder. Figure 3.10 depicts an axial velocity distribution near
the core of a moving vortex over a 1 ms data bin before valve impact. Beat-to-beat
variation may enhance these non-uniform distributions. The bimodal distribution could
also indicate that the bin size is too large; however, this bimodal distribution was
observed in less than 2% of the overall data examined. Smaller bin widths allow us to
study the fluid structures in a more stationary manner. Five milliseconds after impact, the
flow distribution is Gaussian. Additional information on fluid velocity and vortex
movement could be extracted from the bins containing bimodal distributions by reducing
the data into smaller time bins. An analysis of velocity distributions revealed that bins
contained large skewness values above 3.0 about 1.3% of the time. Skewness was
primarily observed in the x-direction along the top row of measurement locations 1 – 2
ms after impact. Skewed velocity profiles, such as the one pictured in Fig. 3.10(C), are
indicative of near wall flow or strong shear layers.
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Figure 3.10

The velocity distribution in a vortex at (A) impact and (B) in the same location 5 ms after
the vortex has moved farther into the atrium. (C) A skewed velocity profile for the xdirection is shown as well.

3.1.4 Turbulence
Turbulent flows near the MHV were characterized using two-dimensional
Reynolds shear stress values of (  u i ' u j ' )max and (θ)max

shear,

which were previously

discussed in Section 1.2.2. Reynolds decompositions were performed on the averages
from each time bin, and Reynolds shear stresses were calculated. The coincident capture
of two velocity components allowed for calculation of two-dimensional Reynolds stress
values at multiple locations. Reynolds stresses were used to characterize the level of
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turbulence during valve closure and to estimate the potential for hemolysis. All shear
stresses presented here are in the orientation of the maximum shear stress, which is 45º
from the principal orientation. Peak Reynolds shear stresses of 110,000 dynes/cm2 were
found in the measurement plane closest to the occluder 0.25 ms after impact. The fluid
was only exposed to these stress levels for 0.5 ms. However, sustained stress levels of
12,000 dynes/cm2 were observed over the entire data acquisition window. These values
were comparable to Meyer et al., whom recorded Reynolds shear stresses as high as
80,000 dynes/cm2 in regurgitant jets (Meyer, 1997A).
Turbulence intensity, a measure of velocity fluctuations relative to the mean flow,
was evaluated as a function of time and proximity to the valve. As expected, the highest
velocity fluctuations were observed in the plane located 200 µm away from the occluder.
At impact in the axial direction, peak velocity fluctuations were on the order of 18% of
the mean flow. These turbulence intensities were found 0.5 to 1.5 mm below the tip of
the occluder. Most of the turbulence intensities were below 5% for the entire closing and
rebound period.
In a previous study of Reynolds shear stresses generated by a BSM valve, Meyer
et al. found that the dominant two-dimensional maximum Reynolds shear stress was
within 5% in magnitude to the three-dimensional maximum Reynolds shear stress
(Meyer, 1997A).

3.1.5 Implications of Blood Trauma
To predict valve-induced blood trauma, a correlation must be established between
these measured stresses and those capable of lysing blood elements. Maymir et al.
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applied a model to LDV data which is based on a combination of shear stress and
exposure time (Maymir, 1998). Recall that these experiments were conducted at a
ventricular load (dp/dt) of 1,800 mm Hg/s. At higher loads, flow visualization showed
that the structure of the vortex will not change drastically, but the overall fluid velocities
will increase in magnitude. Thus, the shear rates and velocities presented here are less
than those expected in a more physiological environment, in order to avoid interference
caused by cavitation. The current experimental results produced maximum velocities of
20 m/s, whereas a computational assessment by Cheng et al. determined that this valve
type generates fluid velocities approaching 28 m/s (Cheng, 2004). This difference may be
explained by the location of the velocity measurements. The experimental data are
collected very close to the leaflet tip. However, the size of the measurement volume
prohibits the measurement of velocities in the gap between the valve housing and the
occluder. While the valve tip appears to be a major site for blood damage in MHVs, other
locations such as the hinge region in bileaflet valves will likely contribute to hemolysis.
These sites are not experimentally accessible without scaling up the region of interest.
For the mean and peak fluid velocities measured near the Bjork-Shiley Monostrut
MHV, the effect of the near valve vortex on cavitation was estimated. For a closing
velocity of 4 m/s, the equation for an inviscid vortex was used (ρ = 1.0 g/cm3, Po = 1 atm,
R = 4 mm, and r = 1 mm). These assumptions create an environment with a pressure of
-34.355 Pa. This resulting pressure, although only lasting on the order of 1 ms, creates a
local fluid environment well below the vapor pressure of blood that is conducive to
cavitation formation.
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The velocities and shear rates presented here are significant enough to cause
blood damage. Sallam and Hwang calculated that blood would lyse in a turbulent jet if
exposed to 100,000 s-1 for 1 ms (Sallam, 1984). We estimate that the shear rates approach
80,000 s-1 at the tip of this valve, and may be even larger than 100,000 s-1 for blood
elements passing closer than 80 μm to the surface of the MHV. Furthermore, the
acceleration was computed for the top row of the data measurement plane over a 1 ms
time span. Here, an acceleration of 600 g was computed based on a mean velocity of 5.8
m/s along the leaflet edge in Fig. 3.8(B). To reduce these substantial accelerations, the
occluder velocity should be decreased. The bileaflet valve was designed in an effort to
reduce occluder closing velocities and better mimic the centrally formed flow through
native heart valves.

3.2 St. Jude Medical Valve
After acquiring 40,000 velocity measurements at each location near the leaflet
with laser Doppler velocimetry, a flow analysis was conducted using TSI Flowsizer TM
software and MatlabTM. The data set for each spatial location was broken into 55 time
bins with temporal resolutions of 1 ms, and then 220 bins, each lasting 0.25 ms. The
phase window size of 0.25 ms was the smallest achievable value containing an adequate
number of measurements for mean and RMS flow statistics. These conditions produced
322 ± 68 measurements over the 10 ms window encompassing initial closure and
rebound. The data rates are not high enough to sustain time bins smaller than 0.25 ms for
this experimental setup. To ensure that the number of velocity realizations were sufficient
to make mean velocity and Reynolds stress calculations in a ventricular assist device and
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regurgitant flow, respectively, Baldwin and Meyer showed that 95% of their 250-point
data sets were within 20% of the values determined using 4096-point data sets (Baldwin,
1990), (Meyer, 1997A). To validate the level of uncertainty associated with the 0.25 ms
and 1 ms time bins, we conducted a similar study of 7 locations in the 1.2 mm plane at
impact. This study compared seven 2,500-point sets to their 1,400-point and 300-point
subsets. We found that the mean flow and Reynolds shear stresses for all of the 300-point
data sets were within 29% of the larger sets, and six of the seven 1,400-point data sets
were within 5% of the expanded data sets. Thus, it is expected that 1,400 velocity
measurements should be sufficient for the 1 ms time bins. The 29% error associated with
the 0.25 ms bins is similar to the error reported by Baldwin (Baldwin, 1990). Due to beatto-beat variability and a 200 µs uncertainty in the optical trigger, it is not recommended
to use time bins smaller than 0.25 ms with this experimental setup for near valve flows
around impact.
The maximum axial velocity magnitudes were found along the centerline of the
valve. Thus, the LDV and PIV measurements were made relative to this plane, and
additional three-component LDV data was captured along the center plane. For threecomponent coincident data, the effective measurement volume was reduced to a sphere
with a diameter of 47 µm.

3.2.1 Velocity Maps
For the SJM valve, three coincident velocity components were individually
plotted versus percentage of the cardiac cycle (Fig. 3.11). For comparison, 1º of the
cardiac cycle corresponds to 2.22 ms. For each of these plots, impact occurs 6º into the
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beat cycle. At this location, the mean axial velocity approached 2 m/s at impact, while the
peak U and V components ranged from 0.6 and -1.0 m/s. The rapid swings in velocity
caused by leaflet impact are particularly apparent for the U and W components. Here,
peak fluid decelerations of 1,500 m/s2 are measured. Fluid decelerations were determined
from rate changes in single cycle velocity data in the adjacent 0.25 ms time windows.
Beat-to-beat variations can be observed in the individual velocity profiles. The cycle to
cycle to variation can be attributed to optical triggering, inconsistencies in valve closing
velocity, impact position, and spatial and temporal variation in coherent flow structures.

A

B

C

Figure 3.11

The three velocity components, (A) U, (B) V, and (C) W, were first plotted on individual
axes to study velocity fluctuations at a single location in the fluid.
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Based on the LDV experiments, we determined that the maximum fluid velocities
are found within the gap between the leaflet and the housing of the bileaflet valve at
impact. The valve closing motion caused significant regurgitant flow. Figure 3.12 shows
a cross-sectional slice of the fluid 2.65 mm away from the leaflet tip, which is located at
(0,0,0). Axial flow (W) is represented by the contour, for which the valve is closing
towards the reader. In the gap between the leaflet and the housing, the direction of
rotation is reversed in the 2 ms between Figs. 3.12(A) and 3.12(B). This change in
direction from clockwise to counter-clockwise rotation is influenced by the leaflet
rebound motion and perhaps, asynchronous leaflet closure. The primary rebound impact
occurs roughly 11 ms after the initial impact. In the valve closure simulation chamber, the
peak velocities at the first rebound impact were 40 ± 5 % of those recorded during the
initial impact. While the highest velocity components are in the axial direction,
significant cross-flows are also present. The well-defined profiles indicate flow structures
characterized by rapidly swinging velocities. These fluid structures dissipate 9 ms after
impact, as shown in Fig. 3.12(D). Velocity statistics for the U, V and W components are
displayed in Table 3.1.
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Figure 3.12

Velocity profiles taken 2.65 mm upstream of the SJM leaflet tip (A) at impact, (B) 2 ms
after impact, (C) 4 ms after impact, and (D) 9 ms after impact.

Table 3.1.

Velocity statistics near the leaflet tip of the SJM valve at closure.
Mean Velocity

1.2 m/s

Peak Velocity

5.6 m/s

Vorticity

1,350 s

Rate of Strain

250 s

Turbulence Intensity

45%

-1

-1

Velocities above 2.0 m/s were sustained during the closing phase of the SJM
valve. The peak velocity through a SJM valve is nearly twice that through a native mitral
valve (Otto, 2001). The three-dimensional plots in Fig. 3.13 depict the flow field within
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the valve housing. Physically, these three-dimensional plots suggest that the vortex
begins to develop upon impact.

A

B

C

D

Figure 3.13

Three-dimensional velocity profiles (A) at impact, (B) 2 ms after impact, (C) 4 ms after
impact, and (B) 9 ms after impact.

As indicated in Fig. 3.13(A), the highest velocities and fluid stresses were
recorded at valve impact. Three-component LDV was used to study the flow field along
the centerline plane. Figure 3.14 shows that the flow field on the inflow side of the valve
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is characterized by closing jets through the central and side orifices. The vectors
correspond to the in-plane velocities, whereas the out-of-plane flow contour illustrates
significant three-dimensionality. Peak axial velocities of 2.8 m/s were recorded along the
edge of the leaflet. Figure 3.14(B) shows fluid rushing back into the ventricle during
rebound, and Figs. 3.14(C) and (D) display rotational flow within the valve housing. In
particular, a vortical structure is captured by the contour 10 ms after impact, indicating
that the flow is not symmetric about the centerline of a single leaflet. Here, a single
vortical structure exists. The unsteady, turbulent nature exhibited here makes it difficult
to predict blood damage. Initial computational efforts grossly underestimated closure
induced blood damage due to the omission of 3D effects (Lai, 2002).
Next, particle image velocimetry was applied to study the growth and diffusion of
these vortices and regurgitant jets in the atrium. Kini et al. showed that LDV and PIV
techniques are inherently complimentary to one another and should be used in unison for
studying prosthetic heart valves (Kini, 2001). Figure 3.15 represents the flow field along
the center plane at different times. The regurgitant jets through the central and peripheral
orifices are shown in each image. Any asynchronous leaflet closure was ensemble
averaged during LDV and PIV processing. Preliminary velocity measurements on both
sides of the B-datum line indicated nearly identical flow patterns generated by the two
leaflets. Any asymmetry across the B-datum line during leaflet closure was less than the
scope of the 0.25 ms bin window. Thus, only a single leaflet, along with the retrograde
flow through the central orifice, was evaluated here. Four milliseconds after closure, in
Fig. 3.15(C), the jets have dissipated and rotational flow begins to dominate. The fluid
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near the leaflet is drawn back toward the valve due to its sudden deceleration, causing
further rotational flow.

(c) 10 ms after impact

Figure 3.14

(d) 16 ms after impact

Velocity maps of the centerline plane (A) immediately before impact, (B) during
rebound, (C) 10 ms after impact, and (D) as the flow dissipates 16 ms after impact.
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Figure 3.15

PIV velocity maps of the atrial flow relative to the SJM valve are displayed for (A) impact,
(B) 2 ms after impact, and (C) 4 ms after impact. Velocity magnitudes are represented by
contour colors.

The fluid mechanical effects of the initial closure were compared to those of the
subsequent rebound phase. After the initial impact, kinetic energy causes the leaflet to
spring back in the outflow direction. As shown in Fig. 3.14(C), a weak vortex has
developed by this point in the cycle. The out-of-plane effects shown in Fig. 3.14(C)
become more pronounced due to the rebound motion of the leaflet. Ignoring the central
regurgitant jet, the velocities measured during rebound were below 0.5 m/s. The threedimensionality of flow around the leaflet during rebound makes it difficult to model the
leaflet dynamics during this phase (Govindarajan, 2009).
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3.2.2 Wall Shear Rates
Shear rates were measured in relation to the valve housing. Mean and peak shear
rates at impact are presented in Fig. 3.16. The peak shear rates associated with the SJM
valve were approximately 20% of those calculated for the BSM valve. Despite this
difference, the shear rates found near the bileaflet valve produce a significant shear layer
in close proximity to the wall. The shear rates encountered near the valve remained above
700 s-1 for the entire closing phase. Above shear rates of 500 s-1, blood generally acts like
a Newtonian fluid.

Figure 3.16

Peak and mean shear rates were computed for the SJM valve.
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3.2.3 Turbulence
The turbulent nature of the fluid near the bileaflet valve was evaluated. The
design of these studies made it difficult to determine how much of the measured velocity
fluctuations were a result of noise or spatial wandering. Previous work has demonstrated
that Reynolds stresses are one to two orders of magnitude higher than the measured
viscous stresses near a mechanical heart valve (Ge, 2008). Recorded turbulence statistics
are displayed in Table 3.1. Normal Reynolds stresses (ρũi‘ũi‘) approached 35,000
dynes/cm2 at impact, and peak Reynolds shear stresses (ρũi‘vi‘) were recorded as high as
17,500 dynes/cm2.

3.2.4 Vorticity
The vortex shed off the tip of the leaflet is captured in Fig. 3.17. Entrained flow
from the central jet also produces counter-rotating vortices near the central orifice. The
vorticity plots in Fig. 3.18(A) indicate the onset of rotational flow and small-scale eddies
at impact. The vortex shed from the edge of the leaflet does not become fully rotational
until 4 ms after impact. Vortex strength peaks about 8 ms after impact, as shown in Fig.
3.18(C).
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Figure 3.17

Identification of the vortex shed off the leaflet tip.

A

B

C

Figure 3.18

Vorticity plots shown (A) at impact, (B) 4 ms after impact, and (C) 8 ms after impact.
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3.2.5 Implications to Blood Damage
The flows generated during mechanical heart valve closure make valve
replacement recipients susceptible to thromboembolic events. The presence of a strong
vortex shed off the leaflet tip, turbulent regurgitant and closing flows, and interactions
between the implant and blood all contribute to a reduced lifespan of blood elements.
Leverett et al. were the first to study the relationship between hemolysis, shear stresses
and exposure times (Leverett, 1972). For the SJM valve, Reynolds shear stresses as high
as 17,500 dynes/cm2 were computed based on velocity measurements. This is well above
the generally accepted threshold for blood damage of 1,500 dynes/cm2. Reynolds shear
stresses were sustained above this threshold for much of the closure and rebound period
(> 40 ms), which accounts for more than 5% of the total cardiac cycle.
Peak wall shear stresses were found to be as high as 3,000 dynes/cm2 with
exposure times on the order of 5 ms. The potential for closure-induced stresses to cause
blood trauma became quite evident during this study. Assuming a relatively constant
ejection rate and a beat rate of 75 bpm, the blood volume exposed to closure induced
fluid stresses above the 1,500 dynes/cm2 threshold could be as high as 650 mL/min
(Meyer, 1997A). The volume of blood exposed to leakage flow is between 125 and 166
mL/min. The exposure time of blood to closing forces is an order of magnitude smaller
than for forward flow through the valve. Despite this, the level of suspected blood
damage suggests a need for valve design modifications.
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3.3 On-X valve
A preliminary investigation was performed on the atrial side of an On-X valve for
comparison with the St. Jude valve. The housing of the On-X valve has not yet been
modified for optical access to the tip of the leaflets. Future studies will be performed with
an On-X leaflets in an optically clear housing. For this work, two-component coincident
On-X data was captured in a manner similar to that described in Section 3.2.
Structurally, the On-X valve is quite similar to the St. Jude valve. The On-X valve
was first used clinically in 1996, and has been implanted over 30,000 times since that
time. Its large orifice diameter creates a higher effective orifice area and thus a lower
transvalvular pressure drop. In addition, the On-X uses a 90º leaflet opening angle, an
exaggerated length-to-diameter ratio of 0.6, stasis-free hinges, a flared inlet, and a low
peak forward velocity of 1.6 m/s (Ozyurda, 2005),(Hwang, 1998).
Velocity measurements were acquired in a plane parallel to the valve face
(perpendicular to the axial flow) two millimeters upstream from the valve housing, and in
a plane one diameter upstream from the valve housing. Through flow visualization, two
counter-rotating vortices were observed around the regurgitant jet through the central
orifice. Figure 3.19 shows the peak velocities measured at closure. The axial flow
component (W) is shown by contour colors with the valve closing towards the reader.
Peak velocities of 1.2 m/s were found through this analysis. The rotational flow is most
clearly exhibited one diameter upstream of the valve 10 ms after closure (Fig. 3.20)
(Haggerty, 2007). The arrows represent the actual measurement location; the course grid
was used to characterize the flow field up- and downstream of the valve before the
housing is modified to study flows generated by the leaflet tips.
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W

Figure 3.19.

The highest peak velocities were recorded through the central orifice of the On-X valve at
impact.

114

W

Figure 3.20.

Counter-rotating vorticies are observed from entrained flow off the central regurgitant jet.

Two-dimensional Reynolds shear stresses were calculated for the 2 mm plane
three milliseconds after leaflet impact. The peak stresses were measured in the shear
layers generated by jet flow through the central orifice. It is suspected that similar
Reynolds shear stresses are observed near the impact points of the leaflets, but this region
was not accessible by optical flow diagnostic techniques. In the regurgitant jet, values
approaching 5,000 dynes/cm2 were measured at closure. The Reynolds shear stress
increased 2mm upstream of the valve to a peak value of 19,000 dynes/cm2. A finer
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measurement grid near around the central orifice would help to show better velocity
contour and fluctuations through the jet flow.

3.4 Correlation with Cavitation
The local pressure transient on the inflow side of the mitral mechanical valve can
act in combination with flows such as regurgitant jets and vortices to produce cavitationinduced blood damage (Kini, 2001),(Manning, 2005). The ensemble averaged pressure
drop measured 1 cm away from the tip of the leaflet was 518 ± 79 mm Hg. This value is a
function of the overall load applied by the simulation chamber during valve closure. In
this case, the valve was closed at a dp/dt of 1,800 mm Hg/s, so as to limit the amount of
optical distortion caused by the presence of cavitation. At a slightly higher, yet still
physiologic dp/dt of 2,500 mm Hg/s, cavitation bubbles were observed in approximately
60% of SJM valve closures.
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Chapter 4
RESULTS AND DISCUSSION – CAVITATION STUDIES

The objective of this study was to develop a novel method for identifying and
isolating cavitation generated by mechanical heart valves and to establish trends between
valve design, the hemodynamic conditions discussed in Chapter 3, and cavitation. The
acoustic analysis is based on high frequency pressure fluctuations created by cavitation
bubble collapse, which was previously mentioned in Section 1.3.4. The results from these
experiments show a correlation between pressure fluctuations captured in the flow and
mechanical heart valve induced cavitation. The in vitro experiments were conducted in a
valve closure simulation chamber, where the fluid and environmental conditions were
carefully controlled and cavitation could be observed with a high-speed motion camera.
The results from these in vitro cavitation studies and the flow studies described in
Chapter 3 are used as a foundation for designing valve modifications. Root mean square
values, power spectra, pressure traces, visual images, and wavelet coefficients provide
evidence of cavitation intensity for different design parameters. The MatlabTM program
that was developed for quantifying mechanical heart valve cavitation is supplied in the
Appendix. This program was designed to filter and analyze the raw acoustic waveforms
containing the embedded MHV closure signal. In this chapter, variability in cavitation
data is expressed as one standard deviation unless otherwise noted.
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4.1 Ventricular Load
The slope of the ventricular pressure waveform before valve impact, dp/dt, is a
measure of the contractility of the heart and can be conveniently measured in vitro or in
vivo. Ventricular load is a means by which to quantify valve closing dynamics. Carey et
al. standardized the dp/dt of prosthetic heart valves based on the rate change of pressure
over the final 20 ms before valve closure (Carey, 1995).
T

dp

dt CL

 pt dt
0

(4.1)

T2

The FDA protocol required cavitation experiments to be performed with a mean
pressure on the valve of 7 mm Hg, a mean ventricular pressure of 100 mm Hg during the
open phase of the mitral valve, a heart rate of 70 beats per minute, and a transparent
blood analog fluid to observe cavitation. Figure 4.1 contains a 100 ms ventricular
pressure trace encompassing valve closure and rebound. This waveform represents a
physiologic load of 2,500 mm Hg/s. The high-frequency pressure fluctuations beginning
at t = 30 ms are indicative of valve closure. In addition to a physiological ventricular
load, elevated dp/dt values (4,500 mm Hg/s) were also studied. The dp/dt was carefully
controlled and monitored for all cavitation experiments in an effort to produce repeatable
results over multiple valve closures.
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Impact

Peak ventricular pressure

Rebound impact

Onset of valve closure

Figure 4.1

The slope of the ventricular pressure waveform prior to valve closure (dp/dt)
represented the applied load on the valve.

The valve simulation chamber generated a dp/dt that was repeatable to with a
standard deviation of 124 mm Hg/s relative to the respective target value. Due to the
variability in dp/dt between laboratories, the ventricular load is also compared to valve
closing velocity, as described in Section 4.6.
For all the valves tested, cavitation was studied at a physiologic dp/dt of 2,500
mm Hg/s and a higher load of 4,500 mm Hg/s. Cavitation increased with ventricular load.
Visual cavitation was never observed for an applied load below 500 mm Hg/s (Fig. 4.2).
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For the BSM valve, whose major orifice is shown in Fig. 4.2, the primary region of
cavitation resides near the edge of the occluder, during the peak deceleration phase,
which was within microseconds of closure. Regurgitant flow and ‗water hammer‘ are the
dominant mechanisms of cavitation observed here.

Figure 4.2

No visual cavitation is observed when the BSM valve closes at 500 mm Hg/s. The higher
applied loads produced cloud cavitation along the edge of the occluder.

4.2 Fluid Nuclei Content
Gaseous nucleation sites, which are anticipated to be present in the fluid on solid
particles, or on surface imperfections at the liquid/surface interface, act as initiation
points for cavitation. Fluid exposed to a tension wave can vaporize into cavitation
bubbles at the nucleation sites. Experiments were conducted to test how critical the gas
content of a fluid is for determining cavitation damage by a mechanical heart valve. To
study gas content, cavitation was evaluated in tap water and in degassed water with a
nuclei content of 6.5 ± 1.8 ppm. The effect of carbon dioxide on cavitation intensity was
studied by dissolving 0, 40 and 100 mm Hg of CO2 into the degassed water. Figure 4.3
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illustrates the difference in cavitation intensity for a BSM valve closing in degassed water
compared to in filtered tap water. In degassed water, only cloud cavitation was observed
at the top edge of the occluder. In tap water, cloud cavitation was still found along the
edge of the disk; however, the water hammer effect generated additional bubble
cavitation from gaseous voids located randomly throughout the fluid.

Figure 4.3

Degassed water was used to control the amount of nucleation sites present in the fluid.
Excessive bubble cavitation was observed for experiments conducted in tap water.

The CO2 experiments were conducted in an early single-shot valve simulation
chamber, which was made entirely of acrylic and operated by a pneumatic pump. Carbon
dioxide is the most significant of the blood gases involved in cavitation and bubble
growth, due to its high solubility in blood (Altmann, 1971). The amount of dissolved
carbon dioxide does not affect the number of nuclei present in the fluid, which is
controlled by the degassing process. However, carbon dioxide was thought to play a role
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in the expansion and collapse of cavitation bubbles. Experimental results were recorded
and analyzed with LabViewTM, unlike the data presented later which was acquired and
evaluated using Waveview and MatlabTM software. For these studies, the 5 ms pressure
traces were band-pass filtered from 35 to 300 kHz using a Butterworth hardware filter. In
Table 4.1, average RMS values and their respective standard deviations are shown for the
BSM valve at multiple pCO2 levels and ventricular loads. Table 4.2 contains the
cavitation intensities measured for the MH valve in degassed water with different pCO2
levels. Using a paired student t-test, there is no statistical difference in cavitation intensity
for degassed water at different carbon dioxide concentrations (Herbertson, 2005). Higher
ventricular loads consistently cause more cavitation.

Table 4.1

Cavitation intensities (mm Hg) of the Bjork-Shiley valve over a range of pCO2.
Ventricular Load

Degassed Water

500 mm Hg/s

2,500 mm Hg/s

4,500 mm Hg/s

0 mm Hg pCO2

16.7 ± 1.9

32.7 ± 3.5

56.7 ± 7.6

40 mm Hg pCO2

15.4 ± 1.2

34.5 ± 3.2

55.4 ± 3.1

100 mm Hg pCO2

17.6 ± 2.8

34.3 ± 6.1

54.8 ± 5.6

Table 4.2

Cavitation intensities (mm Hg) of the Medtronic-Hall valve at different pCO2 levels.
Ventricular Load

Degassed Water

500 mm Hg/s

2,500 mm Hg/s

4,500 mm Hg/s

0 mm Hg pCO2

10.0 ± 1.6

24.4 ± 1.9

52.6 ± 2.7

40 mm Hg pCO2

10.2 ± 0.6

26.8 ± 2.2

54.8 ± 1.4

100 mm Hg pCO2

9.8 ± 0.8

23.5 ± 4.2

50.7 ± 8.1
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Figure 4.4 shows a comparison between the Bjork-Shiley Monostrut and
Medtronic-Hall MHVs at the three pCO2 levels for three ventricular loads. The presence
of carbon dioxide has no effect on cavitation intensity. However, it is interesting to note
that there is a statistical difference (95% confidence) between the cavitation intensity of
the two valves at 500 and 2,500 mm Hg/s. No difference in cavitation intensity was
observed at 4,500 mm Hg/s. This suggests that at physiological loads of 2,500 mm Hg/s,
the BSM will cavitate more. At elevated loads, both valves generate the same degree of
cavitation. One disadvantage of the RMS technique applied here is that a priori
knowledge of the resonance pattern of specific valves is required to specify the band-pass
frequency (taken here as 35 – 300 kHz).

Figure 4.4

The average RMS values for the BSM and MH valves are shown over an exaggerated
range of pCO2 levels.
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This in vitro study showed that while carbon dioxide levels may affect stable
bubble growth and development (Biancucci, 1999), pCO2 does not have an effect on the
intensity of the cavitation occurring at occluder impact (Herbertson, 2005). The
underlying factor here is the time required for carbon dioxide to come out of solution.
While stable bubbles can have life spans on the order of seconds, cavitation bubbles form
and collapse within about 1 ms. Carbon dioxide cannot be released from solution over
such a short period of time (Girod, 2002).

4.3 Wavelet Analysis
The effect of CO2 on cavitation was analyzed by traditional RMS techniques. This
method simply correlates cavitation intensity with the RMS value of the band-pass
filtered pressure waveform. In order to gain additional information about the cavitation
created by mechanical heart valves, a novel analysis tool was developed. The new
technique involved wavelet decompositions and statistical thresholding (Herbertson,
2006). The general denoising procedure involves three steps: a decomposition of the
recorded signal, application of a threshold to remove unwanted portions of the signal at
each decomposition level, and reconstruction of the denoised signal. The decomposition
phase involves splitting a signal into a high-scale, low-frequency component called the
‗approximation‘ and low-scale, high-frequency components called the ‗details‘. In
essence, the closure signal is high-pass filtered with a chosen ―mother‖ wavelet to obtain
the detail and then low-pass filtered to acquire the approximation. The three ―mother‖
wavelets, previously introduced in Fig. 2.18, are coiflets, symlets, and daubechies. The
approximation from one level is delineated through successive iterations of
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decomposition, producing a cascade of signals comprised of detailed coefficients and a
single approximate coefficient. A six-level wavelet decomposition tree is depicted in Fig.
4.5. In this figure, the original acoustic signal, s, is the summation of detail coefficients
d1 – d6 and the final approximation, a6.
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Figure 4.5

The raw BSM signal is decomposed into six detail coefficients using a daubechies order 4
wavelet.

The second step for denoising the signal involved applying a threshold to each
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wavelet coefficient. For this study, the threshold values were derived from a
deconstructed non-cavitating waveform, which was captured as valve closure in a
pressurized environment. The thresholds were determined through a trial-and-error
process such that 99.0% of the mechanical closure in the signature waveform was
eliminated from the cavitating waveform. Table 4.3 contains the threshold levels and
standard deviations determined for each valve at 4,500 mm Hg/s using the daubechies
order 4 wavelet. In each case, the thresholds were chosen to replace 96.65% of the signal
with zeroes. The voltage signal was amplified five times with a Stanford preamplifier.
Level 6 represents the highest scale, or least detailed portion of the signal.
Table 4.3

Threshold levels for different mechanical heart valves using the db4 wavelet.

Valve

Level 6

Level 5

Level 4

Level 3

Level 2

Level 1

BSM

0.035 ± 0.007

0.376 ± 0.074

0.894 ± 0.115

0.837 ± 0.196

0.902 ± 0.142

0.790 ± 0.168

SJM

0.151 ± 0.030

0.238 ± 0.051

0.771 ± 0.115

1.541 ± 0.131

1.509 ± 0.244

1.502 ± 0.350

Chitra

0.023 ± 0.012

0.137 ± 0.045

0.157 ± 0.069

0.113 ± 0.039

0.078 ± 0.018

0.127 ± 0.050

The higher threshold levels for the SJM valve implies that this signal lasts for a
longer period of time; it does not mean that the SJM valve contains more cavitation.
Bileaflet valves are expected to contain longer closure signals as their two leaflets may
not close simultaneously.
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The signature waveform used for this study only contains the mechanical closure
signal along with background noise; it is identical to a normal closure signal except that
cavitation is not produced at an elevated pressure of 15 psig. By comparing the
‗signature‘ waveform captured in a pressurized system to the normal closure signal with
embedded cavitation events, the portion of the signal associated with bubble collapse was
captured. A normal acoustic closure signal includes cavitation, mechanical closing noise,
and other system-related noises, whereas the ‗signature‘ closure signal only contains the
noise. The likeness between closure signals at atmospheric pressure (0 psig) and 15 psig
is seen in Fig. 4.6. At (A) 500 mm Hg/s the acoustic signals in the normal and pressurized
environment are nearly identical, implying that very little cavitation was generated at this
load. The discrepancies between the acoustic signals in a normal and pressurized system
were more pronounced at a closing condition of (B) 4,500 mm Hg/s. Noted discrepancies
in signal strength and structure between the normal and ‗signature‘ waveforms are
attributed to cavitation.
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A

B

Figure 4.6

Acoustic signals were captured in a pressurized environment to create a non-cavitating
waveform. The non-cavitating signature waveform was compared to the cavitating
waveform at (A) 500 mm Hg/s and (B) 4,500 mm Hg/s, and used to isolate cavitation in
the cavitating waveform.
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The effect of the pressurized chamber could also be observed visually. Cavitation
intensity was reduced by increasing the system pressure at identical loading conditions.
Fig. 4.7 shows the trends for a BSM valve. No visual cavitation was observed when the
valve closure simulation chamber was pressurized to 25 psig. In most cases, cavitation
was eliminated or barely visible above 15 psi, making this an acceptable pressure at
which to obtain the non-cavitating signature waveforms.

Figure 4.7

Cavitation was effectively eliminated by increasing the overall pressure of the system.
Cavitation bubbles were prevalent at 0 and 5 psi. Minimal cavitation was observed when
the chamber was pressurized from 10 to 15 psi. All visual cavitation was eliminated at 25
psi.

Threshold levels for cascading wavelet coefficients are applied in Fig. 4.8. In the
thresholding procedure, all values of a particular wavelet coefficient below the coinciding
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threshold coefficient are set to zero. Comparable components of the pressurized and nonpressurized signals are eliminated after applying thresholds to each decomposition level.

Figure 4.8

The threshold levels were established based on the waveforms captured in the
pressurized environment, where cavitation was effectively eliminated.

The third step of this wavelet analysis involves reconstructing the signal from the
newly denoised coefficients. Figure 4.9 shows the similarities in the ability for the three
131

mother wavelets to decompose the mechanical heart valve closure signal. A low
percentage of retained energy is indicative of an effective signal decomposition. Overall,
the order 4 daubechies and symlet wavelets were equally successful at eliminating energy
associated with the closing signal. Despite retaining a larger portion of the signal the
coiflet only zeroed 95.64% of the signal, whereas the other two mother wavelets denoised
96.65% of the signal. However, all three wavelets were able to successfully decompose
these waveforms. In order to compare this work with wavelet analyses previously
conducted on cavity collapse, the daubechies order 4 wavelet was primarily studied here
(Welz, 2004). Figure 4.10 displays (A) the raw and (B) denoised acoustic waveforms for
a Bjork-Shiley Monostrut valve closing at 4,500 mm Hg/s. Note that the denoised
waveform is shown on a smaller y-axis. If properly aligned with its non-cavitating
counterpart, the denoised signal contains only the cavitation events along with a greatly
decreased mechanical closure signal. After denoising, individual events or valve-related
characteristics become more discernible. The cavitation events can now be organized
based on their position within the closing cycle, overall structure, duration and intensity
to better understand tendencies existing between different valves subjected to a range of
closing conditions.
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Figure 4.9

The daubechies (db4), symlet (sym4), and coiflet (coif4) wavelets were compared based
on their ability to retain energy, and thus their effectiveness at isolating cavitation from
the 4,500 mm Hg/s mechanical closure signals.
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A

B

Figure 4.10

A 5 ms segment of (A) the raw BSM acoustic waveform is compared with (B) its
denoised counterpart at 4,500 mm Hg/s.

Characteristic cavitation waveforms were established for each valve, which were
indicative of the mechanism for cavitation formation. Examples of these cavitation
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signals for the (A) BSM valve, (B) TTK Chitra valve, and (C) SJM valve are displayed in
Fig. 4.11. The Bjork-Shiley valve generates the most cavitation, and is therefore the most
developed signal. Although the TTK Chitra valve is similar in structure to the BSM
valve, the disk material dampens the kinetic energy transferred to the fluid, effectively
reducing cavitation. This valve sometimes produces cavitation at impact, but the
cavitation intensity is so small that it quickly disappears. The cavitation signal of the SJM
valve is extended due to dual leaflet closures, but the overall energy associated with this
valve is less than the BSM valve.

A

B

C

Figure 4.11

Characteristic cavitation signals for the (A) BSM, (B) TTK Chitra, and (C) SJM valves at
4,500 mm Hg/s.

135

The temporal aspect of valve closure sounds could be portrayed through
continuous wavelet transforms (Fig. 4.12). For these three-dimensional plots, energy
intensity is conveyed through color contrast. The continuous wavelet transform (CWT) of
the (A) raw waveform is compared to that of (B) the denoised signal. Although a nonlinear relationship exists between the scale factor a, and the frequency component Fa, as
previously shown in equation 2.12, the cutoff scale range over which cavitation should
exist can be estimated. For instance, in this case a scale factor of 51 corresponds to a
frequency of 35 kHz, while a scale of 6 contains more detailed information at 298 kHz. In
most cases, the energy associated with cavitation events is dwarfed by that of mechanical
closure and the primary energy component occurs at the initial valve impact. The
secondary energy component, occurring just about 6 ms into the cycle for a ventricular
load of 2,500 mm Hg/s, corresponds to valve rebound.

A

B

Figure 4.12

A continuous wavelet transform of the (A) raw acoustic signal is compared with its (B)
denoised counterpart. Only the color representing cavitation remains in the denoised
structure.

The time within the cycle at which particular closing characteristics are observed
is dependent on the applied load. For example, a waveform at 2,500 mm Hg/s cannot be
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directly compared with 4,500 mm Hg/s data, because the two plots will not correspond in
time unless one signal is stretched. Table 4.4 shows how the total energy of the cavitation
events varies with an increased ventricular load on the MH valve. Pressure recovery
occurs faster for a valve closing at 4,500 mm Hg/s than one closing at 500 mm Hg/s,
despite the fact that the integral of the 20 ms denoised cavitation signal increases with
increasing ventricular load. At 4,500 mm Hg/s, the elevated levels of cavitation
production and faster pressure recovery create more violent implosions than those
detected at the lower loads, indicating higher hemolysis levels.

Table 4.4

The overall cavitation energy is isolated for the MH valve and the average duration of
cavitation events is computed following the wavelet analysis.
dp/dt
500 mm Hg/s

2,500 mm Hg/s

3

Cavitation Energy (mV)

7.45 x 10

16.98 x 10

Average Duration of
Cavitation (ms)

2.2 ± 0.3

2.2 ± 0.2

3

4,500 mm Hg/s

24.42 x 10

3

2.0 ± 0.2

A means for quantifying cavitation was established after applying the wavelet
analysis. Figure 4.13 shows an enlarged denoised signal, which highlights the most
pronounced cavitation events from a MH valve. As displayed by the large Δt of 2.45 ms
and the high corresponding RMS value of 41.3 mV, a clear distinction exists between the
primary cavitation event induced at valve closure and lesser events caused by rebound,
squeeze flow, and vortices.
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Figure 4.13

The cavitation signal was evaluated based on individual cavitation events.

The described analytical method has been developed to better quantify cavitation
as it pertains to prosthetic heart valve dynamics. This technique involves the detection of
pressure traces near a valve and the reduction of these signals using a wavelet-based
procedure. This methodology allows for improved measurements of cavitation bubble
formation and collapse. The major advantage of this technique is that the temporal and
the detailed components of the closing event are not lost in the analysis. A marked
improvement was observed in the quantity and quality of information that can be
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extracted from acoustic cavitation signals using the wavelet technique compared to
conventional analytical techniques. Time and frequency data indicated the likelihood and
characteristics of cavitation formation under specified conditions. However, the wavelet
denoising process still requires a significant amount of trial-and-error in order to isolate
the desired portions of the cavitation waveform detected by the hydrophone.
The overall RMS values using the wavelet technique were compared to those
computed through the traditional analysis at 4,500 mm Hg/s. For the BSM valve, the
wavelet analysis produced an intensity level 10.3 ± 5.0% less than the value computed
through traditional methods. A more pronounced affect was observed for the TTK Chitra
and SJM valves, in which the RMS intensity was reduced by 38.8 ± 7.1% and 30.4 ±
6.2%, respectively. These findings suggest that a low cutoff frequency of 35 kHz will not
necessarily apply for all valve types.
Using the wavelet analysis, bileaflet valves could also be evaluated for
asynchronous leaflet closure. Substantial asynchronous leaflet closure can be a precursor
for mechanical valve failure (Sugiki, 2006). It will also affect the consistency with which
cavitation is produced, especially in terms of intensity, duration and location. In Fig. 4.14
one can observe how more cavitation is produced off the left leaflet as compared to the
right one for images captured 333 µs apart. It is apparent from studying the B-datum line
that the left leaflet trails the right leaflet in the closing phase. By adjusting the denoising
procedure to keep the mechanical closure signal and eliminate other noises, the exact
times of leaflet closure can be deduced. Figure 4.15 displays the two peaks, which
represent leaflet impact. On average, the split between leaflet impacts was 149.7 ± 37.5
µs at 4,500 mm Hg/s. These times were visually verified. While a short time split does
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not appear to be significant in causing valve failure, an asynchronous leaflet behavior on
the order of milliseconds will certainly alter the overall hemodynamics of the device.
Valve orientation was not examined here, as all tests were performed with the valve in an
upright position; however, valve orientation is expected to contribute to asynchronous
behavior and leaflet movement.

Figure 4.14

Asynchronous leaflet closure is observed in the SJM valve. This behavior affects the
location and intensity of cavitation generated by impact.

166 ms

Figure 4.15

The two labeled peaks represent each leaflet impact with the housing.
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4.4 Valve Design
Valve design is a major factor to consider when predicting the cavitation
associated with mechanical heart valve closure. Cavitation induced by the BSM, MH,
TTK Chitra, and SJM valves is discussed in this section. The mechanisms for cavitation
formation, and thus the type of cavitation, are directly dependent on the geometry of a
mechanical heart valve. A combination of wavelet and traditional RMS techniques are
used to investigate mechanical heart valves. If unspecified, a valve size of 29 mm was
tested.

4.4.1 Bjork-Shiley Monostrut Valve
Cavitation is induced hydrodynamically, meaning that it is influenced by the
behavior of the mechanical valve, and subsequently, the fluid. The recorded pressure
traces contain certain characteristics that are indicative of cavitation inception. Results
specific to the BSM valve are presented here. The BSM mitral heart valve was
investigated with both pyrolytic carbon and Delrin occluders. The acoustic waveforms for
the (A) 29 mm BSM valve with a PC occluder and (B) the BSM valve with a Delrin
occluder are shown in Fig. 4.16. The abscissa indicates time (in milliseconds)
encompassing valve closure and the left ordinate refers to the recorded pressure (in mV).
The hydrophone signal contains high frequency pressure fluctuations associated with
cavity bubble collapse. The Delrin valve produces a pressure trace similar to the one for
the BSM valve with the pyrolytic carbon occluder, but fewer pressure fluctuations are
visible here due to a reduced amount of cavitation. In both cases, as shown in Fig. 4.17,
the pressure rapidly drops by as much as 1,269 ± 386 mm Hg at impact before recovery.
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In order for cavitation to occur due to only a significant local pressure drop, the
magnitude of change should be at least 733 mm Hg, so as to fall below the vapor pressure
of the fluid. Thus, an environment susceptible to cavitation has been created during the
closing phase of the BSM valve.

A

B

C

Figure 4.16

A ventricular load of (A) 4,500 mm Hg/s generates unique acoustic signals for the BSM
valve with a (B) pyrolytic carbon and (C) Delrin occluder.
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Figure 4.17 shows an example of the traditional filtering process applied to the
hydrophone signal for the BSM valve with a pyrolytic carbon occluder. For this figure,
(A) is the unfiltered pressure trace, (B) is the pressure trace after being digitally filtered
from 35 – 250 kHz, (C) is the power spectrum of the unfiltered signal, and (D) is the
power spectrum of the filtered acoustic closure signal. For this closing condition, a root
mean square value of 79.6 ± 11.3 mm Hg/s was computed over a 5 ms time window.

A

B

C

D

Figure 4.17

The (A) raw and (B) filtered acoustic waveform is shown for a BSM valve. Their
corresponding frequency spectra are displayed in (C) and (D), respectively.
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A significant portion of the mechanical closure is removed by band-pass filtering
the signal from 35 – 300 kHz using a sixth-order Butterworth filter. The power spectrum
index shows the energy component of a signal based on its frequency (Sneckenberger,
1996A). Since cavitation is generally found at a higher frequency than most of the
mechanical closure signal, the power spectrum acts as a sufficient predictor for the total
energy associated with cavitation. Cavitation and mechanical closure noises will overlap
at lower frequencies (10 – 75 kHz), so the portion of the signal above the cutoff
frequency (35 kHz) will not always represent cavitation accurately (Johansen, 2002).
The effect of valve size on cavitation energy is presented in Fig. 4.18 for the BSM
valve with a PC occluder. A 30 ms window around closure was filtered between 1 kHz –
124 kHz, and the data were fit with linear regression lines. The reduced band-pass filter
range allowed for the capture of accelerometer and ventricular load data. The sampling
frequency was 250 kHz, which satisfied the Nyquist criteria. Figure 4.19 shows similar
RMS values for the BSM valve. A larger 35 – 300 kHz Butterworth band-pass filter was
applied to study the 29 mm PC occluder over a wider range of ventricular loads. The
discrepancy in magnitude between Figs. 4.18 and 4.19 can be explained by the time
window over which cavitation is studied. The results in Fig. 4.19 are computed over a
smaller window around valve closure, where the more intense acoustic energies are
measured.
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Figure 4.18

The RMS cavitation energy was studied as a function of valve size.

d

Figure 4.19

Cavitation intensity was studied as a function of ventricular load on the BSM valve.
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4.4.2 Medtronic-Hall Valve
The Medtronic-Hall valve was studied, in addition to more commonly used valves
like the BSM valve, because of its unique geometry. For this valve, a hole is located at
the center of the occluder, allowing a stop strut to pass directly through it. This unique
design creates a regurgitant jet through the center of the valve and squeeze flow at the tip
of the major orifice. Most of the cavitation bubbles were generated in the region close to
the inside edge of the valve stop. At the lower ventricular loads, squeeze flow is the
dominant mechanism of cavitation formation for the MH valve. Hence, the MH valve
produces less cavitation than does the BSM valve at 500 and 2,500 mm Hg/s. In general,
squeeze flow velocity is proportional to the valve closing velocity and area of the valve
stop. For the BSM valve, the valve stop is located on the inner side of the leaflet, so the
impact velocity with the valve stop is lower than the velocity at the tip of the occluder. At
elevated loads, water hammer is the principle mechanism for both valve types, thus
producing similar cavitation energies at 4,500 mm Hg/s. Figure 4.20 shows the
comparison between overall cavitation intensity of the MH and BSM valves using the
standard RMS method.
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Figure 4.20

This acoustic analysis suggests that the BSM MHV produces slightly more cavitation than
does the MH valve for ventricular loads below 2,500 mm Hg/s.

The major disadvantages of using the RMS technique here are that a priori
knowledge of the resonance pattern of specific valves is required to designate the bandpass frequency for the filtered signal and that the cavitation signal is not properly isolated
through this process.

4.4.3 TTK Chitra Valve
The TTK Chitra heart valve is the only Indian-manufactured heart valve. While it
is not used clinically in the United States, it is implanted elsewhere in the world due to its
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low cost relative to other valve replacement options. Cavitation results from the TTK
Chitra valve were compared with those from well-established MHVs to better understand
the effect of valve material on cavitation intensity. Figure 4.21 shows the (A) raw and (B)
filtered pressure traces for a 27 mm Chitra valve closing at 4,500 mm Hg/s, along with
the (C) normalized power spectrum for the filtered component.

A

B

C

Figure 4.21

The (A) raw and (B) filtered acoustic waveform is shown for a 27 mm TTK Chitra valve.
Their frequency spectrum for the unfiltered signal is shown in (C).
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Notice that the overall magnitude of the hydrophone signal is roughly four times
smaller than that observed for the BSM valve with the pyrolytic carbon occluder. As
expected, the flexible nature of the ultra-high molecular weight polyethylene occluder
effectively dampens the impact of the occluder. The amount of energy transferred to the
fluid was drastically reduced, creating a less pronounced local pressure drop. An increase
in RMS is observed in Table 4.5 as valve size increases. The larger RMS values for the
BSM valve suggest that leaflet flexibility and dampening plays a reduced role at higher
closing velocities, which are generally associated with the larger valve sizes.

Table 4.5

Cavitation intensity is dependent of the occluder material.

Valve Size
(mm)

RMS of Acoustic Signal
TTK Chitra (mm Hg)

Bjork-Shiley (mm Hg)

25

25.1

57.5

27

37.5

86.9

29

86.8

113.1

The size of the implanted valve is patient specific, with larger patients requiring
mitral valves up to 31 mm in diameter. The reported valve size includes the thickness of
the housing and suture ring. Increasing valve size creates a larger EOA, allowing for
higher flow at lower transvalvular pressure drops. However, a larger valve size also
produces a greater moment of inertia, as previously shown by eq. 2.1, which can result in
more cavitation produced by the valve. Figure 4.22 shows the cavitation intensity of the
TTK Chitra valve for increasing valve sizes. The TTK Chitra valve was used for this
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analysis, because it was the only design for which we possessed a complete set of valve
sizes. A linear regression line was fit through each set of data. The coefficient of
determination (R2 value) was computed to be 0.8778 for the experiments conducted at
2,500 mm Hg/s and 0.8756 for closure at 4,500 mm Hg/s when valve sizes below 23 mm
were ignored. The pediatric valve sizes proved to generate minimal cavitation; valve
sizes between 17 and 23 mm produced statistically insignificant amounts of cavitation.
Figure 4.22 shows that for the same dp/dt, more cavitation is produced by larger valves
than smaller ones. This difference is attributed to the increased transfer of energy to the
fluid by the larger valve. The average closing time for the 29 mm TTK Chitra valve at
4,500 mm Hg/s was 13.3 ± 0.4 ms. Each data point represents 30 averaged valve
closures. Similar trends were observed for all valve types, with the 27 and 29 mm mitral
valves generating significantly more cavitation energy than the pediatric sizes.
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Figure 4.22

The average RMS values for the TTK Chitra valve for increasing valve size.

4.4.4 St. Jude Medical Mechanical Heart Valve
Bileaflet valves are considered less susceptible to cavitation than tilting disk
valves due to their smaller relative closing velocities and moments of inertia. For
instance, the average pressure drop observed over impact of the SJM valve was 518 ± 79
mm Hg, which is less than half the potential local pressure drop observed in the BjorkShiley Monostrut valve.
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4.5 Valve Material
Valve material plays a major role in the transfer of energy to the local fluid. The
occluder materials examined in this study were pyrolytic carbon, DelrinTM polymer and
ultra-high molecular weight polyethylene. The properties of these occluder materials,
including elastic modulus, were previously shown in Table 2.4. The TTK Chitra valve,
until now, had not been evaluated for cavitation. Despite having a similar geometry to the
Bjork-Shiley, the TTK Chitra valve generated significantly less cavitation. Table 4.5 and
Fig. 4.22 showed that this trend was particularly evident at the smaller valve sizes and
ventricular loads.

4.5.1 Pyrolytic Carbon and Polymeric Disks
Unlike the rigid pyrolytic carbon disks, Delrin occluders swell after being
immersed in the test fluid. To compensate for this, all Delrin valves were pre-soaked in
the test fluid for a period of at least 24 hours before the cavitation experiments were
conducted. On average, a mass increase of 5 mg (~0.8 % of the total occluder weight)
was observed after soaking the valve. The swelling effect is more pronounced in smaller
sized valves, which may cause them to close less consistently than larger polymer
leaflets. The overall mass of the valves tested ranged from 3.5 g to 5.1 g, with 80 ± 4%
attributed to the valve housing and supportive struts. Overall trends in cavitation intensity
of the Delrin occluder relative to ventricular load are shown in Fig. 4.23. Increased load
did produce more cavitation. A significant amount of scatter was seen in cavitation
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intensity at lower ventricular loads. If the lower ventricular load is close to the cavitation
threshold, then the data spread will be wider for the low cavitating condition.

Figure 4.23

The Delrin occluder produced a large disparity in cavitation intensity for similar
ventricular loads.

4.5.2 Modified Discs
In an effort to improve transvalvular fluid dynamics, the structure and
composition of a typical occluder were changed by replacing the inner portion of the
polymer occluder with a free flowing fluid. The use of a tilting disk with glycerin (ρ =
1.26 g/mL, μ ~ 1420 cP) in its core to dampen the impact of valve closure is a novel
concept that was first introduced here (Herbertson, 2008). As previously shown in Fig.
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2.20, approximately 60% of the hollow volume in the prototype contained the fluid. The
occluder contained a variable and constantly changing density and inertia. The goal was
to dampen the valve impact and disrupt strong shear flows. By minimizing high velocity
fluctuations, the strength of vortices, rebound effects, and blood damage can be reduced
during closure. This prototype valve was made for ―proof-of-concept‖ and initial testing.
The acoustic waveforms, collected at a dp/dt of 4,500 mm Hg/s, are displayed in
Fig. 4.24. The acoustic energy is significantly greater for the tilting disk MHV with the
normal Delrin occluder than it is for the modified valve. For both signals, closure occurs
about 5 ms into the signal and the primary rebound period ends roughly 10 ms thereafter.
A closer analysis revealed that the average closing time of the modified valve was longer
than that of the standard valve (18.0 ± 0.4 ms compared to 16.8 ± 0.7, respectively). The
weaker signal associated with the modified valve suggests that closing forces have been
dampened and cavitation levels have been reduced. Table 4.6 contains the root mean
square values of the filtered acoustic waveforms for the normal and modified valves at
the two closing conditions taken over a 20 ms window and filtered from 1 kHz to 124
kHz. The pressure fluctuations recorded in the pressurized system are comprised
primarily of mechanical closure noise, whereas the HFPFs collected at atmospheric
conditions contain cavitation as well. The pressurized sub-chamber, discussed in Section
4.3, effectively eliminated cavitation during valve closure. The difference between an
RMS value at atmospheric and elevated pressures should be indicative of cavitation
production. At the higher pressure, cavitation was eliminated from the system, as the
local pressure on the atrial side of the valve never dropped below the vapor pressure of
the < 6 ppm degassed water.
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Figure 4.24.

The acoustic energy (including cavitation and mechanical closure) is significantly greater
for (A) a normal BSM MHV than for (C) the modified valve. Closure occurs roughly 5 ms
into the frame with the initial rebound occurring 10 ms later. The frequency spectra
show little energy associated with the (D) modified valve in the range where cavitation
is known to exist (above 35 kHz) compared to the (B) normal valve.
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Table 4.6

There is little difference between the RMS values in a pressurized environment, where
cavitation is effectively eliminated from the signal. A significant difference can be seen,
especially at the higher ventricular load, between the closing signals of the normal and
modified occluders.

Normal BSM MHV

Modified BSM MHV

dp/dt

0 psig

14 psig

0 psig

14 psig

2,500 mmHg/s

8.3 ± 0.2

5.8 ± 0.2

8.3 ± 0.4

7.2 ± 0.5

4,500 mmHg/s

34.7 ± 5.2

11.4 ± 1.1

11.5 ± 0.7

8.3 ± 0.2

To further validate the claim that the liquid core valve generated less cavitation
than the normal design, frequency spectra are displayed in Fig. 4.25. Fourier transforms
were used to create a normalized power spectrum of the 30 ms acoustic signal in the
frequency domain and to study the signal in a decomposed form. It is apparent from the
normalized frequency spectra, that, under the same fluid and closing conditions, the
signal energy above 35 kHz is drastically reduced for the remodeled valve.

A

Figure 4.25

B

The (A) normal valve produced significantly more high frequency energy (> 20 kHz) than
did the (B) modified occluder.
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The recorded peak pressure was 91.7 ± 22.7 mm Hg for the normal valve, and
58.1 ± 9.0 mmHg for the liquid core valve at the physiologic ventricular load of 2,500
mm Hg/s. The potential pressure transients were greatly exaggerated at the elevated
closing condition, where the peak pressure approached 1,200 mm Hg for the normal
valve but was rarely measured above 140 mm Hg for the modified valve. Furthermore,
the initial rebound energy was less pronounced for the modified valve. Under the same
closing conditions, significantly less overall acoustic energy is measured with the
modified valve.
All of these studies were performed with the valve rigidly mounted in the upright
position. It is expected that adjusting the orientation of the valve will have a significant
effect on valve operation and occluder impact for this modified valve due to the unevenly
distributed density caused by fluid motion within the valve.

4.6 Valve Closing Velocity
Several techniques have been established to study the closing behavior of
mechanical heart valves (Zapanta, 1998). Before a method for measuring valve closing
velocity was developed, valve position relative to its upright closed position was
monitored by high-speed digital images. Images captured with the Kodak Motion Corder
were analyzed with ImageJTM software to find the closing time and valve closure angle as
a function of time. Through this technique, the average closing times of a normal and
modified DR occluder were compared. This analysis revealed that the average closing
time of the modified valve was longer than that of the standard valve (18.0 ± 0.4 ms
compared to 16.8 ± 0.7, respectively). Figure 4.26 illustrates the closure angle over time
157

of a SJM leaflet measured experimentally compared with computational results
(Govindarajan, 2009). Notice that the rebound period after the initial impact is
substantially longer (8 ms) than that determined by computational work, which was
performed by Govindarajan et al. at the University of Iowa. A rigid valve mount and
three-dimensional flow effects help explain this discrepancy during rebound.

Figure 4.26

The closure angle of a St. Jude Medical valve was measured experimentally and
predicted through a computational analysis as a function of time.

An improved approach was used to determine valve closing velocity here. The
closing velocities of tilting disk valves were measured over the final 3° of closure and at
the start of rebound. The leaflet closing velocity increased as the valve approached its
point of impact, reaching a maximum velocity 0.5° before closure. A rapid deceleration
was observed in the final 0.5° before impact. Zapanta et al. showed the same trends using
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a different technique for measuring closing velocity (Zapanta, 1998). For each valve type,
the approaching valve motion was divided into three phases: the approach velocity of the
occluder, the deceleration phase, and the occluder rebound. The initial impact of the
occluder with the valve housing lasted 40 ± 10 µs.
Figure 4.27 shows the voltage reading based on the position of the light signal on
the On-Trak Photonics, Inc. photodetector with respect to time. A voltage reading of zero
indicates that no beam was detected by the position-sensitive diode at that time. The
slope of the position curve directly correlates with the valve closing velocity. The
initiation of valve impact and rebound are highlighted on this figure. There is a time
delay of about 0.5 ms after the valve first impacts the housing before it begins to rebound.
During this time the closure energy is being transferred from the occluder to the housing
and surrounding fluid. Also, note that the valve initially rebounds more than 3º. Since the
laser beam was not on the detector during the labeled peak rebound, the signal
approached zero voltage during this time.
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Figure 4.27

Closing velocity and rebound of a 29 mm BSM valve could be computed based on the
slope of this curve before impact and after the start of the rebound period. This signal
represents the position of the laser beam on the photodetector at a given time.

Closing velocities of different mechanical heart valves were computed based on
this technique. The peak closing velocity, found 0.14 ± 0.03 ms before valve impact, was
determined based on the sharpest instantaneous slope of the curve shown in Fig. 4.27.
Due to a lag effect, caused by a diffused laser beam on the edge of the detector, only
measurements made in the middle 6.5 mm of the detector accurately represented the
closing velocity. The movement of the laser beam was dependent on the angular velocity
recorded at the pivot point of the valve. Knowing the angle of aperture over the detector,
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the distance from the pivot point to the tip of the occluder, and the angular velocity of the
valve, a closing velocity could be determined at the edge of the major orifice. As shown
in Figure 4.28, the peak closing velocity for the BSM valve at 4,500 mm Hg was 2.05 ±
0.24 m/s. The closing velocity for the same valve was 1.85 ± 0.08 m/s at 2,500 mm Hg/s.
On average, a 10.5% increase in closing velocity was observed between a dp/dt of 2,500
mm Hg/s and 4,500 mm Hg/s. The measurement-related error of 10.3% is inherent for all
of these closing velocity measurements. When propagated out with the variability in
velocity, an uncertainty of 15.6% is associated with these measurements.

(Pyrolytic Carbon)

Figure 4.28

Peak closing velocities are shown for three tilting disk valves for different valve sizes.

Valve closing velocity was correlated with the ventricular load to study the ideal
method for standardizing valve closure experiments. A linear relationship was exhibited
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between ventricular load and closing velocity, as shown in Fig. 4.29. A linear regression
revealed an R2 value of 0.911 for a large range of ventricular loads. At 4,500 mm Hg/s, a
peak closing velocity of 3.1 m/s was measured. The valve closing velocities presented
here correlate well with data presented in the literature. Lee et al. used a triangulating
laser light to measure leaflet motion of the MH and BSM valves of 1.96 ± 0.61 m/s and
1.91 ± 0.24 m/s, respectively, at 100 bpm (Lee, 2004).

Figure 4.29

The peak closing velocity was measured for the BSM valve with a PC occluder over a
range of ventricular loads.

In a similar experiment, valve deceleration rates were computed over the last
several microseconds before valve impact. Here, impact was adjusted to occur at the
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center of the photodetector to account for biases on either edge. Figure 4.30 displays
these results. Valve deceleration was observed in the final one-half degree of valve
closure. It is uncertain whether the deceleration prior to closure is a useful parameter for
predicting cavitation due to its reliance on an accurate pressure drop measurement at that
local position. However, using the equations from Section 1.3, and knowing the density
of blood (ρ = 1.060 g/cm3), atmospheric pressure (Po = 1 atm), and distance from the
occluder (x = 2 mm), a peak valve deceleration of 50,000 m/s2, measured at a dp/dt of
4,500 mm Hg/s, would produce a local pressure of -4,675 Pa (Lamson, 1993). This
pressure is below the vapor pressure of blood, suggesting that the water hammer effect
alone can generate cavitation.

Figure 4.30

The peak deceleration rate was measured for the BSM valve with a PC occluder over a
range of ventricular loads.
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Unlike most early closing velocity studies, this closing velocity measurement
technique accounts for directional changes, allowing for the measurement of rebound
velocity. The rebound velocities for different tilting disk valves are shown in Fig. 4.31.
Due to the rigid valve mounting, and the 10º aperture of rebound, we anticipate that
rebound will be dampened in an in vivo setting. A rebound velocity of 0.63 m/s was
measured for the 4,500 mm Hg/s condition. The peak rebound velocities generally
occurred within 2.5 ms of the initial valve impact. While the peak rebound velocity only
amounts to 30 – 50 % of the peak closing velocity, the regurgitant jets produced during
rebound can help to promote cavitation. From previous studies, it is believed that rebound
may have a significant effect on mechanical heart valve induced cavitation (Makhijani,
1994),(Wu, 1994A).

Figure 4.31

Rebound velocities are shown for three tilting disk valves.
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The major advantage for the use of valve closing velocity over dp/dt is that it
relies on a direct measurement of valve dynamics. The effectiveness of the closing
velocity technique is dependent upon the beam size and sensitivity of the positionsensitive photodiode. The pyrolytic carbon material acts as a mirror, reflecting the laser
beam during closure. However, the polymer valves absorb more of the light. Regardless,
we were able to detect the diffused beam by the photodetector without altering the
polymer valve properties.
Despite

standardized

protocols

for

conducting

cavitation

experiments,

measurements involving ventricular load (dp/dt) vary substantially between labs
depending on the experimental setup. For the setup presented here, a linear relationship
was found between closing velocity and dp/dt. The closing velocities and decelerations
measured here are consistent with other valve closing velocity studies (Guo,
1990),(Zapanta, 1998). Wu et al. measured a peak closing velocity of 2.11 ± 0.16 m/s for
the Medtronic-Hall at 120 beats per minute (Wu, 1994). In this study, the rebound
velocity was found to be 63% of the velocity recorded before the initial impact for a
rigidly mounted valve. While a flexible mount had no effect on the initial closing
velocity, the rebound velocity was significantly reduced to 18% of the peak closing
velocity. Guo et al. showed maximum leaflet closing velocities of 2.47 ± 0.63 m/s for a
rigidly mounted SJM valve at 3,000 mm Hg/s (Guo, 1994). This closing velocity rose to
5.29 ± 0.94 m/s when a ventricular load of 5,600 mm Hg/s was applied.
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4.7 Discussion
Conclusions about valve closing dynamics were drawn based on the analysis of
pressure waveforms generated by the valve and surrounding fluid. Valve geometry plays
a major role in the cavitation generated during the closing phase of a MHV. The
characteristic structures of the denoised pressure waveforms proved to be unique for each
valve type. This can be attributed to the manner by which the occluder approaches and
impacts the housing. The impact often determines the mechanism by which cavitation is
produced. In bileaflet valves, the asynchronous behavior exhibited during leaflet closure
produces an added element of randomness within the recorded pressure trace.
Fluctuations seen in the acoustic signals and closing velocities could be explained by
differences in the occluder density and size.
At identical ventricular loads, valve material also had a pronounced effect on the
amount of cavitation produced. The flexible polymer occluders effectively dampened
impact, minimizing the kinetic energy transferred from the valve to the surrounding fluid.
Materials of higher elasticity or flexibility will store less energy than more rigid materials
(Dowling, 1993). These results were supported by previous studies that showed occluder
materials with a low modulus of elasticity produced less cavitation at a given closing
velocity or ventricular load (Chandran, 1996),(Sneckenberger, 1996).
In this study, we examined the effects of valve design, material, size and fluid
conditions on mechanical heart valve dynamics and cavitation. The BSM valve with the
pyrolytic carbon occluder produced the most cavitation and highest closing velocities of
the valves tested. Materials that can absorb the valve impact should be used to reduce the
likelihood or amount of cavitation. Ultra-high molecular weight polyethylene has
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excellent properties for damping these forces, although less is known about its
thrombogenicity. Furthermore, increasing valve size produced more cavitation. However,
the overall transvalvular pressure drop is less for larger valves. A tradeoff exists for
producing an optimal effective orifice area without generating additional cavitation. A
direct relationship between ventricular load and closing velocity was shown, so that
either method for controlling the closing behavior will be reproducible. Both methods are
dependent upon the laboratory setup, so FDA protocols should be followed when
designing the experiment. Bi-leaflet valves are less susceptible to cavitation due to their
reduced closing velocities. Based on currently unpublished computational studies
performed in conjunction with the University of Iowa, the edge geometry of the leaflet
will determine the strength of the vortex shed from its tip. Controlling regurgitant jets
will also reduce the cavitation intensity measured for a specific mechanical heart valve.
Each of these parameters should be considered when designing a replacement heart
valve.
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Chapter 5
SUMMARY AND CONCLUSIONS

5.1 Summary
Predicting the hemodynamic performance of a mechanical heart valve is a
difficult task. Patient age, size, physical and cardiac condition, and blood characteristics
will determine the effectiveness of the replacement valve. Previous studies have shown
that blood damage associated with valve closure may be greater than that of the forward
flow phase of the cardiac cycle (Lamson, 1993). Elevated fluid stresses and cavitation
have been identified as sources of blood element damage in the closing stage of
mechanical heart valves. Lethal or sub-lethal blood element damage can result from
continual exposure to these conditions. In this research, the design characteristics
responsible for the local fluid mechanics and cavitation have been evaluated. The regions
of the flow which are most susceptible to blood trauma have been identified.
Physiologic and elevated closing conditions have been simulated to study
mechanical heart valve closure. Two- and three-dimensional laser Doppler velocimetry
measurements were acquired within the valve housing, in a region that had previously
been inaccessible, using optical flow diagnostic tools. Cavitation and flow characteristics
were studied for the Bjork-Shiley Monostrut and St. Jude Medical valves in the mitral
position. Additional cavitation experiments were performed for the Medtronic-Hall and
TTK Chitra heart valves. Valve closure simulation chambers were constructed to mimic
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physiological valve closure. For the fluid dynamics experiments, velocities, shear rates,
and turbulent statistics were compiled. For the cavitation studies, acoustic pressure
waveforms were detected in order to isolate and quantify cavity collapse. High-speed
photography was also used to provide a qualitative understanding of the near-valve flow
fields and cavitation.

5.2 Conclusions for the Fluid Mechanics Studies
The hemodynamics associated with different mechanical heart valves were
evaluated during this study. Regions of low flow, such as stagnation, recirculation, and
flow separation were investigated. High shear rates and Reynolds shear stresses produced
during the valve closing phase and by the leakage flow were also quantified. Possible
means for reducing the negative effects of such flow structures have been discussed as
well.
ThIS investigation of the BSM valve represented the first comprehensive study of
closure induced flow fields generated within the housing of a tilting disk mechanical
heart valve. While previous studies have indicated the presence of a vortex in the left
atrium after mitral valve closure, this study quantitatively analyzed the development and
motion of this fluid structure using LDV. The instantaneous velocity fluctuations
generated by tilting disk closure and rebound have also been documented here.
With regards to the St. Jude Medical bileaflet valve, some optimal design
characteristics were noted. For example, its housing design actually disrupts the
development of the uniform vortex tube shed at closure and inhibits the overall vorticity.
For both valves, the dominant flows thought to be the primary contributors to fluid stress
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were located where cavitation is known to form. This suggests that these high velocity
flows contribute to cavitation in addition to directly damaging the blood elements. Means
by which to decrease the magnitude of high velocity jets and minimize the local pressure
drop caused by valve closure were suggested based on the flow studies. Areas of stagnant
flow were not prevalent in either valve type near the leaflet tip.

Here,

regurgitation

prohibited blood cells from attaching to the foreign surface. Thrombus deposition did not
appear to be an issue in any of the regions studied here due to the high sustained
velocities during the closing phase of the valve.
The extent of injury sustained by blood components is a function of the
magnitude and location of the stresses and the time of exposure. In terms of wall shear,
we assume that no slip exists between the fluid and wall. The velocity gradient near the
wall is dependent upon the spatial resolution of the measurements and the size of the
measurement volume. For an ellipsoid measurement volume with a major axis of 50 μm
and the distance from the wall ranging between 80 and 200 μm, a 12 % error is associated
with the calculated shear rates.
The results from the tilting disk and bileaflet valve studies indicate that blood
trauma likely occurs on the upstream side of the mitral valve during closure.
Regurgitation and vortex formation are the two dominant flow features that produce high
Reynolds stresses. Peak Reynolds shear stresses on the order of 110,000 dynes/cm2 were
measured for the tilting disk. These stresses were measured 200 to 700 µm away from the
edge of the occluder, at the nearest measureable location upstream of the gap between the
occluder and housing. The maximum Reynolds shear stresses generated by the bileaflet
valve were lower, at 17,500 dynes/cm2. Vortex strength was dependent upon the
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ventricular load applied to the valve, gap geometry between the occluder and housing,
inertia of the occluder and closing angle of aperture.
For the SJM valve, the high-velocity retrograde flow is generated through the
central orifice and at the point of contact between the leaflet and the valve housing.
Asymmetric valve closure, and the subsequent position and strength of leakage jets, was
also observed in these and previous studies (Travis, 2002). At high leaflet closing
velocities, the regurgitant jets and vortices contribute to the development of cavitation
and stable bubbles by inducing a pressure drop below the vapor pressure of the fluid. A
pressure drop of 740 mm Hg is required for cavitation to occur; a low-pressure
environment of this magnitude can be achieved by a combination of vortex flow,
regurgitation and water hammer. The shear layer produced by the high-speed jet and the
low pressure core of the resulting vortex exist in the same location where cavitation is
visually observed. The flows studied here correlate well with recent computational work.
However, three-dimensional effects must be considered in computational models to
account for increased fluid velocities measured during valve rebound and vortex
development.
Hemolysis may be induced by fluid shear stresses or by valve closure events such
as cavitation. A red blood cell may be lysed by shear stresses as low as 1,500 dynes/cm 2
for exposure times on the order of 100 s, but may be able to withstand shear stresses as
high as 100,000 dynes/cm2 for a short exposure time of 1 µs (NHLBI, 1985). The
Reynolds shear stresses provided here are used to quantify the turbulent flow and
hemolytic potential of MHVs. However, the mechanisms by which Reynolds stresses
cause hemolysis is not clear.
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The results from this mechanical heart valve study clearly delineate where
significant, sustained regurgitant flows and vortices appear. For the tilting disk valves,
the gap between the disk and the housing on the major orifice is the dominant site. For
the bi-leaflet valves, the central orifice and tip of the leaflet were the major sites for
potential flow-induced hemolysis. Based on the findings presented here, the angle to
which a valve closes as well as the edge geometry of the leaflet will affect the primary
vortex. Adjusting the location of the impact points between the leaflets and housing will
cause a change in the location and strength of the regurgitant jets. The vortex shed off the
leaflet tip appears to be the dominant mechanism for flow-induced hemolysis, as the
highest fluid velocities are recorded in the regurgitant jets from which the vortex is
initiated. The data from this study should be used in conjunction with computational fluid
dynamics simulations to explore local valve design changes that could potentially
minimize hemolysis.

5.3 Conclusions for the Cavitation Studies
Flow patterns associated with occluder motion during closure, rebound and
leakage are correlated with cavitation. Furthermore, a tension wave is created which
causes a local pressure drop near the tip of the occluder on the proximal side. This
pressure drop generates cavitation, which has been linked to valve failure, hemolysis and
thrombus formation. In this study, the effect of design parameters, material properties,
valve closing dynamics, and fluid conditions on cavitation were investigated. To enhance
the information gained from this analysis, a novel analytical tool was used to isolate and
quantify cavitation. This diagnostic tool relied on pressure traces detected by a
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hydrophone during valve closure and rebound. These acoustic signatures contained both
mechanical closure and cavitation bubble collapse sounds. Flow visualization techniques
were simultaneously used to qualitatively verify cavitation intensity under different
closing conditions.
Detailed cavitation analyses were performed on the BSM, TTK Chitra, MH, and
SJM valves. The distinct geometry of each valve allowed for connections to be drawn
between the mechanisms for cavitation and cavitation intensity. The bi-leaflet design
effectively reduced cavitation. The water hammer effect proved to be the dominant
mechanism for cavitation, particularly at the higher ventricular loads. The MH and BSM
valves with pyrolytic carbon occluders generated similar levels of cavitation. The effect
of material properties, such as density and elastic modulus, on cavitation were observed
with the TTK Chitra valve. The low density and low elasticity of the ultra-high molecular
weight polyethylene damped the valve impact forces transferred to the surrounding fluid.
This effect caused a significant reduction in cavitation intensity, particularly at smaller
valve sizes and lower ventricular load. For all valve types, increasing valve size led to an
increase in measurable cavitation levels.
The ventricular load was successfully used as a means for standardizing the valve
closing behavior. Valve closing velocity was computed based on the sweeping velocity of
a laser light signal across a position-sensitive photodetector. Through the closing velocity
analysis, valve deceleration rates before impact were found. This study also showed that
rebound velocity was less than half the initial closing velocity. The results presented here
showed a direct correlation between the applied load and valve closing velocity.
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A wavelet denoising procedure was introduced to isolate cavitation from the
hydrophone signal. Unlike the traditional RMS method, a wavelet-based denoising
process does not require a priori knowledge about the frequency content of the signal.
This methodology relied upon signature pressure waveforms to establish denoising
thresholds. The signature waveforms were captured in a pressurized environment (15
psig) to effectively eliminate cavitation during the closing event. The daubechies order 4
wavelet was chosen for decomposing the closure signals. Through these analyses,
cavitation could be studied as a function of time. Asynchronous valve closure of the SJM
bileaflet valve was also evaluated. Based on the results from these cavitation studies, a
tilting disk occluder was modified. Cavitation was reduced by introducing a free-flowing
liquid to the center of the disk. Other design features that effect cavitation intensity in
mechanical heart valves include the valve closure angle, the surface properties of the
occluder and housing, and the presence and strength of regurgitant jets.

5.4 Recommendations for Future Work
Critical regions of the flow fields proximal to mechanical valve prostheses were
identified through these experimental investigations. Future work is necessary to relate
these flows and fluid stresses to clinically relevant parameters such as hemolysis.
Conducting similar studies in human or animal blood would provide additional insight
into fluid-surface interactions, non-Newtonian effects, and critical stress levels that exist
in these medical devices. Furthermore, valve performance should be studied over a wider
range of closing conditions and volumetric flow rates to simulate exercise and disease
states.
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The effect of compliant mounts on the transfer of kinetic energy from the valve to
fluid should be explored. Changes to the geometry of the valve holder and chamber could
also play an important role in the flow fields further upstream or downstream of the
valve. Inevitably, bridging the gap between in vitro and in vivo studies is the next step for
improving mechanical heart valve design. Lastly, integrating experimental results with
computational models would increase the efficiency for testing material and valve design
modification.
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APPENDIX

COMPUTER PROGRAMS FOR QUANTIFYING CAVITATION
A.1 Standard RMS Analysis
The following program uses the raw hydrophone signal and ventricular pressure
waveform to calculate cavitation intensity for different time windows encompassing the
valve closing event. Inputted data was collected via a 2-channel Iotech Wavebook 512A.
% Cavitation Analysis for Mechanical Heart Valves
% Requires Hydrophone, Millar, and Closing Velocity Data
% Raw Data should be saved as .mat files (generally captured with Wavebook)
% Contact Luke Herbertson (lhh113@psu.edu) with any questions (2007)
% Script Properties - ValveAnalysis2008
% Reset - location of run file
clear;
Code_Location = 'C:\Documents and Settings\Administrator\Desktop\Cavitation and Closing Velocity';
cd(Code_Location);
% Load the acoustic signals
Raw_Data_Files = input('What is the raw data filepath? ','s');
Base_Name = {'0_psi-'};
% This base name may change based on how the file is saved
Base_Name_1 = Base_Name{1,1};
% Make filepath to raw data
Filepath = [Raw_Data_Files,'\'];
cd(Filepath); % Make new current directory
% Valve_Types = {'BSM_PC','BSM_DR','Chitra','CarboMedics','SJM','OnX','MedHall','Other'};
% Valve_Sizes = {'19 mm','21 mm', '23 mm', '25 mm','27 mm', '29 mm', '31 mm','Other'};
% Load_Conditions = {'500','2500','3500','4500','2500 pressurized','4500 pressurized','Other'};
% Determine the number of trials run
Define_mat_files = dir('*.mat');
Trial_Number = length(Define_mat_files);
Output_Matrix = Trial_Number + 4;
File_Type = {'.mat'};
Data_Acquisition_Time = 3;

% Assume all MAT files should be analyzed
% Additional rows for headings and averages
% Preset using waveview software to 3 seconds

% Make Folder for Output
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Cavitation_Data = {};
Data_array = [];

% Create cell array
% Make numerical data array

% Display Settings to be verified
disp(' ')
disp('Gain on acoustic signal = 5X')
disp('Sampling frequency = 500 kHz')
disp('Low cutoff on bandpass filter = 35 kHz')
disp('High cutoff on bandpass filter = 249 kHz')
disp('Time window for valve closure analysis = 4 ms')
disp(' ')
Settings = input('Are these default settings correct (Y/N)? ','s');

% Reassign default settings

if Settings == 'Y' | Settings == 'y' | Settings == 'yes' | Settings == 'Yes' % If settings are correct
gain = 5;
samp_frequency = 500;
cutoff_low = 35;
cutoff_high = 249;
time_win = 4;
else % Otherwise, the user provides experimental parameters
Gain_hydrophone = input('What is the gain on the acoustic signal? ','s'); % Gain from preamplifier
gain = str2num(Gain_hydrophone);
Freq_sampling = input('What is the sampling frequency in kHz? ','s'); %sampling frequency of
hydrophone signal set using Waveview software
samp_frequency = str2num(Freq_sampling);
% in kHz
% Filter settings
Freq_low = input('What is the low cutoff for the filter (kHz)? ','s'); % software filter settings
cutoff_low = str2num(Freq_low);
% increase to rid of low frequency noise
Freq_high = input('What is the high cutoff for the filter (kHz)? ','s'); % software filter settings
cutoff_high = str2num(Freq_high);
% nyquist - set to less than 1/2 sampling frequency
% Data Analysis
Time_analysis = input('What is the time window for your analysis (ms)? ','s'); % time window
time_win = str2num(Time_analysis);
end
% Calculated Inputs
sampling_freq = samp_frequency*1000;
% in Hz
normalized_lowfreq = cutoff_low*1000/(sampling_freq/2); % convert cutoff frequency to Hz and
normalize by Nyquist frequency
normalized_highfreq = cutoff_high*1000/(sampling_freq/2); % convert cutoff frequency to Hz and
normalize by Nyquist frequency
sample_number = time_win * samp_frequency; % determine number of samples in chosen time window
% Rewrite Signal to a Smaller File Size
Rewrite_signal = input('Would you like to compress the files of this data set (Y/N)? ','s'); % Rewrite file to
include only 200 ms around closure and rebound
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% Output Information
Output_dir = input('Please provide a temporary directory name for the output files? ','s'); % Name the
excel file to be created in a designated folder
Output_filepath = {'C:\Documents and Settings\Administrator\Desktop\Cavitation and Closing
Velocity\Analysis\'};
Output_filepath1 = Output_filepath{1,1};
cd('C:\Documents and Settings\Administrator\Desktop\Cavitation and Closing Velocity\Analysis\')
mkdir(Output_dir);
% Load numerous files individually
count = 0;
i1 = 1;
for i1 = 1:Trial_Number;
i2 = num2str(i1);
cd(Filepath);
Filename = [Raw_Data_Files, '\', Base_Name_1, i2, File_Type{1,1}];
load(Filename);
Data_Set = A;
% plot (A);
hydrophone = Data_Set(:,2);
% Analysis based on pressure catheter signal (calculate dp/dt)
millar_catheter = Data_Set(:,1);
millar_baseline = mean(millar_catheter(1:1000));
% Examine entire array
[m,n] = size(Data_Set);
% Find the instant of valve closure
% Use hydrophone signal and verify with millar pressure signal
hydrophone_baseline = mean(hydrophone(1:1e4));
impact_threshold = -0.07;
% This value was experimentally found to bypass initial solenoid noise
Find_threshold = [impact_threshold, impact_threshold/2, impact_threshold/4];
start_point1 = 1;
% Initial start point
% slope_sum = 0;
%
for j = 1:2;
% in case the threshold is too large and impact is not found
%
while slope_sum < 4 % loop with different thresholds until impact is found
for k = 15*(sampling_freq/1000):1:length(hydrophone);
if (hydrophone(k) < impact_threshold)
k;
start_3ms = k - 3*(sampling_freq/1000); % test slope 3 ms before impact
millar_catheter((start_3ms)+(sampling_freq/1000))*200;
millar_catheter(start_3ms)*200;
millar_slope1 = (millar_catheter((start_3ms)+(sampling_freq/1000))millar_catheter(start_3ms))*100/0.5/0.001; % 100 mmHg = 0.5 V over 1 ms period
if (millar_slope1 > 250) % 250mmHg/s is 1/10 of the 2500 mmHg/s slope in the 20 ms before
impact
slope1 = 1;
% Should be a positive dp/dt 3 ms before impact (over a 1 ms window)
else
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slope1 = 0;
end
start_6ms = k - 6*(sampling_freq/1000); % test slope 6 ms before impact
millar_slope2 = (millar_catheter((start_6ms)+(sampling_freq/1000))millar_catheter(start_6ms))*100/0.5/0.001; % 100 mmHg = 0.5 V over 1 ms period
if (millar_slope2 > 250) % 250mmHg/s is 1/10 of the 2500 mmHg/s slope in the 20 ms before
impact
slope2 = 1;
% Should be a positive dp/dt 6 ms before impact (over a 1 ms window)
else
slope2 = 0;
end
start_9ms = k - 9*(sampling_freq/1000);
% test slope 9 ms before impact
millar_slope3 = (millar_catheter((start_9ms)+(sampling_freq/1000))millar_catheter(start_9ms))*100/0.5/0.001; % 100 mmHg = 0.5 V over 1 ms period
if (millar_slope3 > 250)
% 250mmHg/s is 1/10 of the 2500 mmHg/s slope in the 20 ms before
impact
slope3 = 1;
% Should be a positive dp/dt 9 ms before impact (over a 1 ms window)
else
slope3 = 0;
end
start_12ms = k - 12*(sampling_freq/1000); % test slope 12 ms before impact
millar_slope4 = (millar_catheter((start_12ms)+(sampling_freq/1000))millar_catheter(start_12ms))*100/0.5/0.001; % 100 mmHg = 0.5 V over 1 ms period
if (millar_slope4 > 250)
% 250mmHg/s is 1/10 of the 2500 mmHg/s slope in the 20 ms before
impact
slope4 = 1;
% Should be a positive dp/dt 12 ms before impact (over a 1 ms window)
else
slope4 = 0;
end
start_15ms = k - 15*(sampling_freq/1000); % test slope 15 ms before impact - assume valve
closure takes at least 15 ms
millar_slope5 = (millar_catheter((start_15ms)+(sampling_freq/1000))millar_catheter(start_15ms))*100/0.5/0.001; % 100 mmHg = 0.5 V over 1 ms period
if (millar_slope5 > 250)
% 250mmHg/s is 1/10 of the 2500 mmHg/s slope in the 20 ms before
impact
slope5 = 1;
% Should be a positive dp/dt 15 ms before impact (over a 1 ms window)
else
slope5 = 0;
end
slope_sum = slope1 + slope2 + slope3 + slope4 + slope5;
if (slope_sum >= 4);
start_point = k; break; % Impact is based on the hydrophone and millar signals
else
slope_sum = 0;
end
end
end
%
impact_threshold = impact_threshold/2;
%
end
start_point = k;
% (7)
Total_samples = (sampling_freq)*(Data_Acquisition_Time);
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% Perform signal analysis over different time windows
Time_window = [time_win, 5, 10, 15, 20, 30]; % for 5 ms, 10 ms, 15 ms, 20 ms, 30 ms and user
specified value
begin_data_capture = start_point - 1*samp_frequency + 1; % start data capture 1 ms before impact
stop_data_time_win = start_point + (time_win - 1)*samp_frequency; % end point based on specific
time window
stop_data_5 = start_point + 4*samp_frequency;
% end point based on specific time window
stop_data_10 = start_point + 9*samp_frequency;
% end point based on specific time window
stop_data_15 = start_point + 14*samp_frequency; % end point based on specific time window
stop_data_20 = start_point + 19*samp_frequency; % end point based on specific time window
stop_data_30 = start_point + 29*samp_frequency; % end point based on specific time window
stop_data_location = [stop_data_time_win, stop_data_5, stop_data_10, stop_data_15, stop_data_20,
stop_data_30];
% Convert hydrophone voltage signal to mmHg
pressure_hydrophone = hydrophone/.0149575/.01934/gain; %(41.6 mV/psi), .01934 %psi/mmHg, gain
% Bandpass filter the signal
% Apply a Butterworth filter
[bb,ab] = butter(3,[normalized_lowfreq,normalized_highfreq]); % 3rd order bandpass for specified
cutoff frequencies (normalized kHz)
filtered_hydrophone = filter(bb,ab,pressure_hydrophone);
% filtx = filtered x (filtered pressure)
% Calculate dpdt
dpdt_20ms = (pressure_hydrophone(start_point)-pressure_hydrophone(start_point20*samp_frequency))/0.020; % Calculate dpdt for 20 ms before closure
millar_dpdt_endpoint = start_point - 5*(sampling_freq/1000);
% Assume the closing time
lasts at least 5 ms
millar_dpdt_startpoint = millar_dpdt_endpoint - 2*(sampling_freq/1000); % Take slope over 2 ms
interval
millar_dpdt_slope = (millar_catheter(millar_dpdt_endpoint)millar_catheter(millar_dpdt_startpoint))*100/0.5/0.002; % dpdt over 0.002 s
z = 0;
for p = 1:1000
% take slope for up to 100 ms
if millar_dpdt_slope < 25
millar_begin_closure = 0.5*(millar_dpdt_endpoint + millar_dpdt_startpoint); % Find location
were pressure slope is essentially zero
millar_closing_time = (start_point - millar_begin_closure)/sampling_freq;
% Closing time in
seconds
dpdt = (millar_catheter(start_point) millar_catheter(millar_dpdt_startpoint))*100/0.5/millar_closing_time; break; % (2) calculate
dpdt
else
millar_dpdt_endpoint = start_point - (5 + 0.1*p)*(sampling_freq/1000);
% Assume the closing
time lasts at least 5 ms and move position back 0.1 ms to retest slope
millar_dpdt_startpoint = millar_dpdt_endpoint - 2*(sampling_freq/1000);
% Take slope over 2
ms interval
p;
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millar_dpdt_slope = (millar_catheter(millar_dpdt_endpoint) millar_catheter(millar_dpdt_startpoint))*100/0.5/0.002; % 100 mmHg = 0.5 V over 2 ms period
end
end
% Do closer analysis of signal in the 200 ms surrounding closure
resize_datafiles = 200 * samp_frequency; % resize data sets to include only 200 ms time windows
encompassing closure and rebound
raw_closure200ms = pressure_hydrophone((start_point - 50*samp_frequency):(start_point +
150*samp_frequency)); % raw pressure signal for analysis
filtered_closure200ms = filtered_hydrophone((start_point - 50*samp_frequency):(start_point +
150*samp_frequency)); % filtered pressure signal for analysis
% Calculate max/min peak pressures
Pmax_raw = max(raw_closure200ms);
Pmin_raw = min(raw_closure200ms);
Pmax_filtered = max(filtered_closure200ms);
Pmin_filtered = min(filtered_closure200ms);

% (3)
% (4)
% (5)
% (6)

% Fill in matrix for each trial over different time windows - cell array
Cavitation_Data{(i1+1),1} = i1;
% Data
Cavitation_Data{(i1+1),2} = dpdt;
Cavitation_Data{(i1+1),3} = Pmax_raw;
Cavitation_Data{(i1+1),4} = Pmin_raw;
Cavitation_Data{(i1+1),5} = Pmax_filtered;
Cavitation_Data{(i1+1),6} = Pmin_filtered;
Cavitation_Data{(i1+1),7} = start_point;
Cavitation_Data{(i1+1),8} = dpdt_20ms;
Data_array((i1+1),1) = i1;
Data_array((i1+1),2) = dpdt;
Data_array((i1+1),3) = Pmax_raw;
Data_array((i1+1),4) = Pmin_raw;
Data_array((i1+1),5) = Pmax_filtered;
Data_array((i1+1),6) = Pmin_filtered;
Data_array((i1+1),7) = start_point;
Data_array{(i1+1),8} = dpdt_20ms;

% Data

% Solve for different time windows
for q = 1:length(Time_window)
q;
Analysis_time = Time_window(q);
Stop_point = stop_data_location(q);

% (1)

x = pressure_hydrophone(begin_data_capture:Stop_point);
Analyzed_sample_number = length(x);
xf = filtered_hydrophone(begin_data_capture:Stop_point);
Analyzed_filtered_number = length(xf);
% Calculate the Root Mean Square of the Signal
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RMS_raw = norm(x)/sqrt((length(x)));
RMS_filtered = norm(xf)/sqrt((length(xf)));

% (3) calculate rms value of the raw signal
% (4) calculate rms value of filtered signal

Mean_raw = mean(x);
the RMS of the files
Mean_filtered = mean(xf);
StDev_raw = std(x);
StDev_filtered = std(xf);

% (5)calculate the mean and standard deviation of
% (6)
% (7)
% (8)

% Fill in matrix for each trial over different time windows
Cavitation_Data{(i1+1),(q-1)*7+9} = RMS_raw;
Cavitation_Data{(i1+1),(q-1)*7+10} = RMS_filtered;
Cavitation_Data{(i1+1),(q-1)*7+11} = Mean_raw;
Cavitation_Data{(i1+1),(q-1)*7+12} = Mean_filtered;
Cavitation_Data{(i1+1),(q-1)*7+13} = StDev_raw;
Cavitation_Data{(i1+1),(q-1)*7+14} = StDev_filtered;
Data_array((i1+1),(q-1)*7+9) = RMS_raw;
Data_array((i1+1),(q-1)*7+10) = RMS_filtered;
Data_array((i1+1),(q-1)*7+11) = Mean_raw;
Data_array((i1+1),(q-1)*7+12) = Mean_filtered;
Data_array((i1+1),(q-1)*7+13) = StDev_raw;
Data_array((i1+1),(q-1)*7+14) = StDev_filtered;
% Convert signal to frequency domain (use MATLAB fft function)
freq_xf = length(x);
% Number of measurements to analyze
NFFT = 2^nextpow2(freq_xf);
% Find the next power of 2
half_NFFT = NFFT/2 - 1;
% Length of plotted signal - redundant data after this point
nyquist_freq = sampling_freq/2;
% The second half of the signal is a reflection of the first - only
plot first half
% Raw Signal
raw_freq_domain = (fft(x, NFFT));
% freq spectrum of raw waveform (i.e. 16384 is smallest
power of 2 > 10000)
raw_fft = raw_freq_domain(1:NFFT/2);
% Filtered Signal
filt_freq_domain = (fft(xf, NFFT));
% freq spectrum of filtered waveform (i.e. 16384 is smallest
power of 2 > 10000)
filt_fft = filt_freq_domain(1:NFFT/2);
% Create frequency component (x-axis), f
f = (nyquist_freq/1000)*(0:half_NFFT)/(NFFT/2);
% Amplitude - square root of the Power Spectrum
Amp_raw = abs(fft(x));
% amplitude for raw signal
plot(20*log10(Amp_raw));
% dB units
% Power Spectrum - magnitude of the total spectrum
% PS = sqrt(FFT.*conjugate) or sqrt(sum_of_the squares of the
% real and imaginary parts of the FFT) --> PS = square of abs
% plot
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PS_raw = raw_fft.*conj(raw_fft);
PS_filt = filt_fft.*conj(filt_fft);

% Power spectrum for raw signal
% Power spectrum for filtered signal

if q == 1
% Check plots before making them
if i1 == 1
time = 0:(1/samp_frequency):(time_win - 1/samp_frequency);
subplot(3,1,1); plot(time,xf,'LineWidth',2) % Plot filtered hydrophone signal
xlabel('Time (ms)')
ylabel('Filtered Pressure (mmHg)')
axis([0, time_win, -500, 500])
subplot(3,1,2); plot(f,PS_raw)
axis([0, nyquist_freq/1000, 0, 5e8])
xlabel('frequency (kHz)')
ylabel('Power Spectrum Index')

% Plot power spectrum
% Adjust y values to analyze cavitation energies

subplot(3,1,3); plot(f,10*log10(PS_raw),'LineWidth',2); % dB units
axis([0, nyquist_freq/1000, 10, 100])
% Adjust y values to analyze cavitation energies
xlabel('frequency (kHz)')
ylabel('Power Spectrum (dB)')
Check_plots = input('Would you like to change the y-axes on these plots (Y/N)? ','s');
if Check_plots == 'y' | Check_plots == 'Y' % Adjust the axes according to the data
Pressure_yaxis = input('What should the maximum pressure value be in plot #1 (mmHg)? ');
PS_yaxis = input('What should the maximum power spectrum index be in plot #2? ');
dB_yaxis = input('What should the maximum power spectrum be in plot #3 (dB)? ');
else
Pressure_yaxis = 500;
PS_yaxis = 5e8;
dB_yaxis = 100;
end
end
% Plot Acoustic Signals and Power Spectra
count = count + 1;
r = 1;
if count == 5
% Plot every 5th trial
%plot_output = {'C:\Documents and Settings\admin\Desktop\Cavitation - Valve
Comparison\Temporary\' Output_filepath1 '\' i1 '.jpg'};
plot_output = {'5.jpg','10.jpg','15.jpg','20.jpg','25.jpg','30.jpg','35.jpg','40.jpg','45.jpg','50.jpg'};
sample_number = time_win * samp_frequency;
time = 0:(1/samp_frequency):(time_win - 1/samp_frequency);
%plot (time,pressure)
export_graphs = [Output_filepath1 Output_dir '\'];
cd(export_graphs)
subplot(4,1,1); plot(time,x,'LineWidth',2) % Plot raw hydrophone signal
xlabel('Time (ms)')
ylabel('Pressure (mmHg)')
axis([0, time_win, -(Pressure_yaxis), Pressure_yaxis])
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title(i1)
subplot(4,1,2); plot(time,xf,'LineWidth',2) % Plot filtered hydrophone signal
xlabel('Time (ms)')
ylabel('Filtered Pressure (mmHg)')
axis([0, time_win, -(Pressure_yaxis), Pressure_yaxis])
subplot(4,1,3); plot(f,PS_raw)
axis([0, nyquist_freq/1000, 0, PS_yaxis])
xlabel('frequency (kHz)')
ylabel('Power Spectrum Index')

% Plot power spectrum
% Adjust y values to analyze cavitation

subplot(4,1,4); plot(f,PS_filt)
axis([0, nyquist_freq/1000, 0, PS_yaxis])
xlabel('frequency (kHz)')
ylabel('Power Spectrum Index')

% Plot power spectrum
% Adjust y values to analyze cavitation

set(gcf, 'PaperPositionMode', 'manual');
set(gcf, 'PaperUnits', 'inches');
set(gcf, 'PaperPosition', [0.25 0.25 6.0 9.0]);
% Export the 4 sublots
print('-djpeg','-r00',plot_output{r});
figure resolution
%
extension = [filePath_1 i3 '.jpg'];
%
H = subplot;
%
saveas(subplot,extension)

% Export Figure as a JPEG - adjust -r200 to change
% export filename
% -djpeg
% save figure

%saveas(H,'C:\Documents and Settings\Administrator\Desktop\Liquid Core Technical
Brief\Liquid Core Acoustic Data\HFPT\Modified Valve\2500\0 psi\Matlab\' filePath_3,'jpg')
% end
count = 0;
r = r + 1;
end
end
end
i1
end
% Calculate averages values based on all trials
c = 2;
Cavitation_Data{(Trial_Number+3),1} = ('MEAN');
Cavitation_Data{(Trial_Number+4),1} = ('STDEV');

% put mean into matrix of results
% put stdev into matrix of results

for c = 2:((length(Time_window)-1)*7+14)
all_trials = Data_array(2:(Trial_Number+1),c);
% determine the number of trials to be averaged
mean_trials = mean(all_trials);
% calculate the mean
stdev_trials = std(all_trials);
% calculate the standard deviation
Cavitation_Data{(Trial_Number+3),c} = mean_trials;
% put mean into matrix of results
Cavitation_Data{(Trial_Number+4),c} = stdev_trials;
% put stdev into matrix of results
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Data_array((Trial_Number+3),c) = mean_trials;
Data_array((Trial_Number+4),c) = stdev_trials;
end

% put mean into matrix of results
% put stdev into matrix of results

%** Set Labels for output file
Cavitation_Data{1,8} = 'User (4 ms)';
Cavitation_Data{1,15} = '5 ms';
Cavitation_Data{1,22} = '10 ms';
Cavitation_Data{1,29} = '15 ms';
Cavitation_Data{1,36} = '20 ms';
Cavitation_Data{1,43} = '30 ms';
for h = 1:length(Time_window)
Cavitation_Data{1,1} = ('TRIAL');
Cavitation_Data{1,2} = ('DP/DT');
Cavitation_Data{1,3} = ('PMAX RAW');
Cavitation_Data{1,4} = ('PMIN RAW');
Cavitation_Data{1,5} = ('PMAX FILT');
Cavitation_Data{1,6} = ('PMIN FILT');
Cavitation_Data{1,7} = ('IMPACT');
Cavitation_Data{1,8} = ('DP/DT_20MS');
Cavitation_Data{1,(h-1)*7+9} = ('RMS RAW');
Cavitation_Data{1,(h-1)*7+10} = ('RMS FILT');
Cavitation_Data{1,(h-1)*7+11} = ('MEAN RAW');
Cavitation_Data{1,(h-1)*7+12} = ('MEAN FILT');
Cavitation_Data{1,(h-1)*7+13} = ('STDEV RAW');
Cavitation_Data{1,(h-1)*7+14} = ('STDEV FILT');
end
% Export the data to the same data folder
cd('C:\Documents and Settings\Administrator\Desktop\Cavitation and Closing Velocity\Analysis\')
Output_file = {'Signal Analysis.csv'};
% Name exported file
Name_output = Output_file{1,1};
export_file = [Output_filepath1 Output_dir '\' Name_output];
xlswrite(export_file, Cavitation_Data);

% write as a .CSV file

% xlswrite('C:\wavelet\Medhall\Tap
% Water\RMSValuesMedhallWaveletLabViewTapWater20ms', final_output);
% Additional Calculations or Tasks
if Rewrite_signal == 'Y' | Rewrite_signal == 'y'
% Rewrite Signal to a Smaller File Size
Output_filepath2 = [Output_filepath1 Output_dir '\'];
% output_filename = **
for r = 1:Trial_Number
r2 = num2str(r);
Filename = [Raw_Data_Files, '\', Base_Name_1, r2, File_Type{1,1}];
load(Filename);
B = A(:,2);
start_point2 = Data_array((r+1),7);
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resize_datafiles = 200 * samp_frequency; % resize data sets to include only 200 ms time windows
encompassing closure and rebound
% Rewrite data to smaller file (200 ms of data) to clear up computer harddrive
New_Data_Set = [];
New_Data_Set(:,1) = A((start_point2 - 50*samp_frequency):(start_point2 + 150*samp_frequency 1)); % Rewrite MAT file
New_Data_Set(:,2) = B((start_point2 - 50*samp_frequency):(start_point2 + 150*samp_frequency 1)); % Rewrite MAT file
Rewrite_filename = [Output_filepath2 'Run' r2 '.mat'];
save(Rewrite_filename, 'New_Data_Set') % Save new files
if Data_array((r+1),2) < 1500; % Check for misread data
disp(['Check trial ' r2 ' before deleting the original data file.']);
plot(New_Data_Set);
title(r2);
pause(1);
% Let user check for 1 second
end
end
disp(' ')
disp('The new data files are located in the following folder: ');
disp(Output_filepath2);
end
% Make Histograms
RMS_lowrange = Data_array(Trial_Number + 3,10) - 2*Data_array(Trial_Number + 4,10);
RMS_highrange = Data_array(Trial_Number + 3,10) + 2*Data_array(Trial_Number + 4,10);
RMS_bins = (RMS_highrange - RMS_highrange)/10;
RMS_range = RMS_lowrange:RMS_bins:RMS_highrange;
RMS_filt = Data_array(2:(Trial_Number + 1),10);
cd(export_graphs)
figure;
hist(RMS_filt);%,RMS_range); % Plot filtered hydrophone signal
xlabel('RMS bins');
ylabel('Number of Measurements');
print('-djpeg','-r00','RMS histogram');
% Export Figure as a JPEG - adjust -r200 to change figure
resolution
% Provide information about output information
disp(' ')
disp('The output file is now available in the following folder: ')
disp(Output_filepath1);
% Reset initial condions
cd(Code_Location);
clear;
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