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ABSTRACT

A Comparative In Vitro Study of the
Flow Characteristics Distal to
Mechanical and Natural Mitral Valves

Amber Rae Mace

Mechanical heart valve (MHV) flows are characterized by high shear stress, regions
of recirculation, and high levels of turbulent fluctuations. It is well known that these flow
conditions are hostile to blood constituents, which could lead to thromboembolism. In the
ongoing effort to reduce long-term complications and morbidity, it is imperative that we
better understand the flow characteristics of the natural valve as well as that of the
mechanical valve. In this study, we overcome many of the limitations imposed by other
measurement techniques by employing a powerful, high-speed Time-Resolved Digital
Particle Image Velocimetry (TRDPIV) system to map the flow field. We compare the flows
downstream from a St. Jude Medical bileaflet MHYV, a porcine mitral valve (MV), and a
combination of both valves to simulate the technique of chordal preservation.
Instantaneous velocity fields and vorticity maps are presented, which provide detailed
information about the development of the flow. Time-averaged velocity, vorticity, and
turbulent kinetic energy measurements are also discussed. Asynchronous leaflet behavior
was observed in all cases involving the mechanical valve. Extensive vortex formation and
propagation are present distal to the MHV, which leads to high levels of jet dispersion. The
porcine mitral jet exhibits lateral oscillatory behavior, but it does not disperse like the MHV.
In the MHV /porcine combination system, the native tissue limits vortex propagation and jet
dispersion. The results presented provide insight on the hemodynamic characteristics of
natural and MHVs, reveal the detrimental character of asynchronous leaflet opening,
document the mechanism of vortex formation and interaction distal to the valve, and
illustrate the importance of chordal preservation. These results may improve MHV
replacement clinical practice and/or motivate and aid the design of MHVs that better mimic

natural mitral flow patterns.
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The more I study nature, the more I stand amazed
at the work of the Creator.

Louis Pasteur
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Chapter 1

1 Introduction and Anatomical Review

1.1 Motivation

In spite of the great advancements achieved in the realm of mechanical heart valve
(MHV) development, today’s valve designs continue to generate high shear stress flows,
regions of recirculation, and high levels of turbulent fluctuations. It is well known that these
flow conditions are hostile to blood constituents, thereby increasing the risk of valve-
induced platelet and/or hemolytic events leading to thromboembolism [61]. This threat
necessitates the use of anticoagulant therapy, which imposes yet more risks. In the ongoing
effort to reduce long-term complications and morbidity by improving valve designs, it is
imperative that we better understand the flow characteristics of the natural valve as well as

that of the mechanical valve.

The mitral valve has been a subject of much study for years. In the late fifteenth
century, Leonardo da Vinci made outstanding advances in his detailed anatomical studies
of the heart. He compared the mitral valve and its subvalvular tension apparatus in the left
ventricle to a romanic basilica, noting the importance of the continuity relationship among
valve constituents. Centuries later, after much technological advancement, it is routine not
only to repair mitral valve lesions but also to replace the diseased or defective valve by

implanting a prosthetic one, either mechanical or biological.

With the advent of extracorporeal circulation, the mitral valve became more
accessible, allowing for the repair of diseased valves to a greater extent than ever before. As
experience with reconstructive surgeries increased, it quickly became evident that total
mitral valve replacement (MVR) would be desirable in certain cases. The first artificial heart
valve was implanted in 1952 [10], and by the early ‘60s, the first commercially available

replacement mitral valve became available [17]. Today, approximately 100,000 mitral valves



are replaced per year worldwide, 60,000 in America alone, making it the most commonly
replaced valve in the heart [2, 10]. In the 1960s, operative mortality ranged from 18 to 40

percent and decreased to approximately 10 percent in the 1980s [50].

In the past five decades, vast progress has been made not only in the area of
implantation techniques and procedures but also in the design of the artificial valve itself.
Many valve designs, both mechanical and biological, have been discarded, redesigned,
and/or re-evaluated as new technology continues to emerge. The replacement of damaged
or defective heart valves is a safe, routine, universally accepted surgical procedure.
Although this is the case, current research efforts indicate that hemolysis, thrombosis, and
anticoagulation side effects remain a problem for mechanical valves, whereas longevity
remains a challenge for bioprostheses [6]. In fact, hemolytic and thromboembolic events
account for approximately 70% of all complications associated with mechanical valves, even
when patients follow anticoagulant therapies [18]. While the present mortality rate is
approximately 5 percent, there has been difficulty in reducing mortality from mitral valve
procedures to that of other cardiac procedures such as aortic valve replacement or coronary
artery bypass grafting [50]. The pulsatility of the flow, the unsteady motion of the leaflets,
and the interaction of the jets with the leaflets and chordae tendineae generate intrinsically
complicated flow fields. Consequently, a more detailed study of the hemodynamics
involved is essential in order to gain insight into the effects of various valve designs and
implantation procedures on blood flow. Studies such as this may serve to fuel the ongoing

effort to create new and improved artificial mitral valves.

In the past two decades, total MVR with chordal preservation has reemerged in
clinical studies as surgeons research the characteristics and effects of mitral apparatus
continuity. Original MVR techniques called for the complete excision of the diseased mitral
valve, chordae tendineae, and papillary muscles. During the 1990s, the technique of chordal
preservation during MVR grew to be widely accepted. In the realm of clinical studies, there
exists countless investigations, which indicate the benefits of preserving the continuity of
the mitral apparatus. Some of these include an increase in exercise capacity, the avoidance

of low output syndrome, and an overall increase in postoperative survival. However, very
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few studies have been documented with regard to how chordal preservation affects, in

detail, the fluid dynamics of left ventricular flow.

In order to aid in the development and/or redesign of artificial mitral valves so that
their resulting flows more closely resemble normal valve hemodynamics, further
investigation of the flow characteristics of both the natural and mechanical valve must be
performed. The goal of this work is to examine and analyze in vitro the downstream flow
characteristics of a mechanical mitral valve and a natural mitral valve along with its
subvalvular apparatus. This will be accomplished through a comparison study between
three valve configurations, namely, a porcine mitral valve, a bileaflet mechanical heart
valve, and a combination of both aforementioned valves using the powerful diagnostic

technique of Time Resolved Digital Particle Image Velocimetry (TRDPIV).

1.2 The mitral valve apparatus

Before delving into the fluid dynamics associated with the mitral valve, we must
tirst review the basic anatomy and physiology of the region of interest, namely the mitral
valve apparatus and left ventricular chamber. The shape, geometry, and motions associated
with the mitral valve directly impact the flow downstream. Having a basic knowledge of

this multifaceted region will aid in analyzing and understanding the resulting flow field.

The heart weighs 7-15 ounces and is a little larger than the size of a fist. If a person
lives a relatively long life, his heart may have expanded and contracted more than 3.5 billion
times. Daily, the average heart beats 100,000 times, pumping about 2,000 gallons of blood.
[62]. The left ventricle (LV), as shown in Figure 1.1, is a thick-walled muscular chamber that
receives oxygenated blood from the left atrium through the mitral valve and pumps it to the
rest of the circulatory system via the aorta. The mitral valve apparatus, also displayed in
Figure 1.1, is structurally unique and quite complex. It consists of the annulus, leaflets,
chordae tendineae, and papillary muscles. It is located below, behind, and to the left of the

aortic valve. The mitral valve sustains the greatest peak load of pressure during the cardiac
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cycle, equal to the left ventricular peak systolic pressure minus left atrial pressure.
Amazingly, the mitral valve undergoes this tremendous level of cyclic loading about 37

million times per year.
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Figure 1.1: Anatomy of the heart.

The “aorto-ventricular membrane,” also known as the cardiac skeleton (Figure
1.2a), is a bridge of fibrous tissues (left and right trigones), which separates the atria from
the ventricles and also divides the LV into a mitral inflow tract and an aortic outflow tract.
The attachment of the left atrium to the aorto-ventricular membrane at the left trigone
defines the mitral valve orifice. As seen in Figure 1.2b, the annulus of the valve, a
fibromuscular ring, is fixed medially to the central cardiac skeleton at the aortic root. A
normal mitral annulus measures about 10 cm in circumference [3]. The posterior portion of
the annulus is muscular and has contractile properties. During ventricular systole, the
annulus becomes more D-shaped, and in the latter half of systole, it increases in diameter.

In ventricular diastole, the annulus assumes a circular shape.
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Figure 1.2: (a) Diagram of the cardiac skeleton, (b) The mitral leaflets and annulus.
(St. Jude Medical, 2000)

The mitral leaflets (sometimes called cusps), as seen in Figure 1.3a, form a
continuous veil of tissue around the mitral orifice of which the basal portion is attached to
the annulus. Lying closer to the aortic valve, the semicircular-shaped anterior leaflet forms
the boundary of the left ventricular outflow tract. Although it is the larger of the two
leaflets, it occupies only 35% of the annular circumference. The posterior leaflet (Figure
1.3b) lies closer to the ventricular wall and is triscalloped in structure with a large middle
scallop and two equal-sized scallops on either side. This leaflet accounts for the remaining

65% of the annular circumference because of its longer, more narrow attachment area [3].

Anterior Leallet

.

Posterior Leatlet

(2) (b)

Figure 1.3: (a) Diagram illustrating the two mitral leaflets, anterior and posterior,
(b) Mitral valve showing three scalloped portions of the posterior leaflet. (St. Jude
Medical, 2000)
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The total surface area of the leaflets is approximately two times as much as the mitral
orifice which allows for much overlap. The following three zones can be identified on the
leaflet surface: a rough zone forming the distal portion, a clear zone, and a basal zone.
Originating from the rough zones are the chordae tendineae (CT), fibrous string-like
structures which serve to prevent the mitral leaflets from prolapsing into the atrium. Two
primary papillary muscles, the anterolateral and posteromedial, support the chordae
tendineae and leaflets. The chordae begin at the tip of the papillary muscle and insert along
the leaflets” rough zones to form an intricate web of opaque tissue as seen in Figure 1.4a.
Approximately 25 chordae tendineae insert into the mitral valve, many of which branch into
secondary and tertiary chordae [40]. A generalized arrangement of the chordae tendineae

with respect to the leaflets and papillary muscles can be seen in Figure 1.4b.

PPM APM

(®)

Figure 1.4: (a) View of anterior leaflet showing the mitral leaflet rough zone and
insertion of chordae tendineae. Scale indicates 5-mm. (Ranganathan et al.,1976) (b)
Diagram of mitral valve, illustrating the arrangement of the chordae tendineae. A-

anterior cusp, M-medial cusp, P-posterior cusp, L-lateral cusp. 1. Major fixing
chorda to anterior cusp. 2. Lateral fixing chorda to anterior cusp. 3. Commissural
chorda. 4. Major fixing chordae lateral and medial cusps. 5. Commissural chorda.
6. Lateral fixing of posterior cusp. 7. Major fixing of posterior cusp. (Yacoub, 1976)



During ventricle filling, the mitral leaflets undergo oscillating motions that include
opening, partial closing, reopening, fluttering, and closing. Due to their size, shape, and
function, the anterior and posterior leaflet motions are not identical. These leaflet
oscillations will have a direct effect on the mitral jet as it enters and develops within the left
ventricle. The cusp motion for a normal mitral valve can be seen in Figure 1.5. The vertical
axis represents the instantaneous linear distance between individual reference positions and
the leaflet markers (anterior-upper, posterior-lower). During diastolic closure, the motion of
both cusps is characterized by opening, immediate reclosure, a short pause, and a
resumption of closure at a slower speed. After a small rebound, the cusps remain
motionless at their semi-closed positions until atrial opening. The valve is closed by the

combined effect of atrial and ventricular contractions at the end of diastole.

NORMAL MOTION OF BOTH MITRAL LEAFLETS
(Sinus Rhythm, 51 beats/min.)

™

anterior leaflet

Figure 1.5: Motion of
beads placed on the
free edges of anterior
and posterior cusps
recorded at a slow
sinus rhythm of 51
bpm. DO-diastolic
opening, DC-
diastolic closure,

DR —diastolic

o7 rebound, AO — atrial
opening, VC—

posterior leaflet ventricular closure.
(Tsakiris, 1976)
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The purpose of this brief section was simply to orient the reader anatomically to the
region of interest. A more in depth and detailed description is beyond the scope of this
work as entire textbooks have been written about this subject. From what is presented here,
we see that the mitral valve apparatus is a complicated structure consisting of several parts,
each of which influences hemodynamic flow characteristics. It is evident that the mitral
valve apparatus, when healthy, is quite an engineering marvel. Problems arise when the

leaflets or parts of the subvalvular apparatus become defective or damaged.

1.3 Mitral valve disease, repair, and replacement

Of the four valves in the human heart, the mitral valve is the most commonly
diseased. Although there are several specific causes of heart valve disease, they are
generally divided into one of two categories, either congenital or acquired disease. Those
diseases and/or defects present at birth, some which may possibly be corrected early in life,
are classified as congenital disorders. The acquired diseases or defects that negatively affect
the heart valves include infective endocarditis, rheumatic fever, and progressive
degeneration. Valve damage remains the outcome no matter what the cause of the disease.
This damage typically results in either a stenotic or regurgitant valve. Stenosis is
characterized by fusion of the commissures between the leaflets which leads to obstruction
of blood flow, thereby causing the heart to work harder to pump a normal supply of blood.
With a regurgitant valve, the leaflets are loose or damaged so that they do not close tightly,
allowing blood to leak in the opposite direction of normal flow. Various forms of
calcification may also occur which lead to improper valve function. If not treated,
eventually the overworked heart "begins to fail, causing shortness of breath, dizziness, chest

pain, fatigue, and fluid retention" [26].

The course of treatment obviously depends on the extent of valvular disease, which
can range from mild to moderate to severe. First, a heart murmur is typically heard through
a stethoscope, and then a diagnosis is made from tests such as an electrocardiogram, chest
X-ray, echocardiogram, or cardiac catheterization. Some levels of disease require surgical

intervention where one or more valves may be repaired or replaced. Many times the
8



decision to repair or replace cannot be made until the valve is visualized during the actual
surgery. Normally, a surgeon will make every effort to use repair techniques such as
valvuloplasty, commissurotomy, or annuloplasty in order to save the natural valve. If this

is not possible, then the valve will be replaced with an artificial prosthesis.

1.4 Artificial Heart Valve Prostheses

The normal function of heart valves is necessary for the maintenance of a normal
to active lifestyle. In order for those with diseased valves to return to a more healthy,
normal lifestyle, their defective valves must be replaced. Artificial heart valve (AHV)
prostheses are intended to fully replace the natural valve and must endure strenuous
conditions for the remainder of the patient’s life. By 1980, approximately 30 different AHV
designs were being produced around the world [10]. Four of the most popular types of
valves are shown in Figure 1.6. Currently, three options exist for replacing heart valves:

mechanical prosthetics, bioprosthetics, and transplants.

Figure 1.6: Four artificial heart valve designs, from left to right: caged ball valve,
tilting disc valve, bileaflet valve, and porcine bioprosthetic valve. (Camp, 1997)

Mechanical heart valves (MHVs) are capable of restoring normal blood flow through
the heart and are known for their hardness, strength, and durability. However, these valves
typically alter the heart’s biofluid mechanics as they disrupt normal flow patterns of the
natural heart valves. MHVs can also induce hemolysis and thrombosis, due to high shear, as

well as serve as excellent substrates for bacterial infection. Patients with MHVs must take



anticoagulants for the rest of their lives, which imposes other risks and side effects.
Bioprosthetic heart valves (BHVs), or transplants from other mammals, typically pigs,
successfully replace human valves and do not significantly deviate from normal valve
hemodynamics. Unfortunately, BHVs lack the longevity of their mechanical counterparts.
The third alternative, a transplant from an organ donor, becomes a living part of the
surrounding heart tissue, but it must overcome immune system rejection. Since this is
highly unlikely, transplant valves are not often used in MVR. Today, the preferred method

among surgeons is to replace the diseased valve with a bileaflet mechanical heart valve.
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Chapter 2

2 Literature Review

2.1 AHYV Flow Field Studies

Countless efforts have been made to learn more about the biofluid dynamics of
AHVs ranging from computational to experimental to clinical studies. Since the approach
of this work is experimental, the majority of the studies discussed will also be from the same

perspective, with some related clinical results included as well.

2.1.1 Experimental Work

Flow downstream from a bileaflet MHYV is characterized by the dramatic dispersion
of the mitral jet as three individual jets issue distal to the valve, interact, and entrain
surrounding fluid in a sudden expansion area. Flow disturbances generated from the
leaflets form intrinsically complicated, turbulent flow fields which include the shedding of
vortical structures. Considering the risk of thromboembolic complications, MHV patients
require life-long anticoagulants, in contrast to patients receiving bioprosthetic valves. A
review of articles published since 1979 by Edmunds [18] demonstrated that thrombotic and
bleeding complications account for about 50% of valve-related problems in patients with
BHYV and approximately 75% in patients with MHV. Apparently, the flow through pivoted
leaflets of MHVss induces a combination of flow characteristics that are clearly conducive to
clot formation. Pockets of very slow flow downstream of some sections of the MHVs are
created, but within very small regions in the neighborhood of the MHVs, the flow of blood
is forced to do exactly the opposite--accelerate to high speeds, creating regions of high shear.
Shear levels of 100 to 130 dyn/cm? for durations that are fractions of a second are enough to
induce platelet damage [30, 58]. Platelet activation requires somewhat higher levels,
namely, 300 to 1000 dyn/cm?, while even higher shear stress levels induce hemolysis [39].

MHYVs can also induce very high levels of Reynolds stresses. In fact, Maymir et al. [34]
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found that regurgitant jet flows may generate high-speed jets in the atrium that are

accompanied by Reynolds stresses on the order of 20,000 dyn/cm?2.

Ventricle filling and vortical effects were investigated by Bellhouse and his co-
workers [4, 5] beginning in 1969 . Reul et al. [45] studied the fluid mechanics of the natural
mitral valve and its subvalvular apparatus by examining the flow patterns and motions of a
porcine valve both with and without an elastic left ventricular model. For the case using the
model, they observed strong vortices during peak flow that grew to be fully developed in
the first deceleration phase. Without the ventricle, no vortices were present at peak flow,
and at the onset of deceleration, a small vortex formed downstream of the valve. Also using
flow visualization, Chandran and his colleagues [11] examined the effect of geometry and
orientation on the flow field past MHVs and found that for the bileaflet prosthesis in the
anatomical position, greater flow through the central orifice forms a pair of counter-rotating
vortices in mid-diastole. They also stated that vortex formation distal to the valve is a

function of the size and shape of the flow chamber downstream.

Woo and Yoganathan [59] conducted velocity and shear stress measurements for
pulsatile flow in mechanical mitral prostheses using Laser Doppler Velocimetry (LDV).
Bruss et al. [9] reported on the velocity fields of four MHV prostheses by implementing the
technique of Laser Doppler Anemometry (LDA). Schoephoerster and Chandran [48] also
used LDA to make velocity and turbulence measurements past mitral valve prostheses.
Bileaflet velocity profile results for the anatomical position showed a wide jet of three peaks
with the majority of the flow entering the ventricle through the two outer orifices. Vortex
formation was limited to the anterior half of the LV due to the wide jet, and areas of flow
stagnation and recirculation were observed in regions near the right and left ventricular
walls. Garitey et al. [21] made extensive pressure measurements and used pulsed
ultrasound Doppler velocimetry to record the velocity field. Their results (anatomical
orientation) showed the dispersion of three jets toward the posterior and anterior
ventricular walls with stagnation occurring before the apex, along with zones of
recirculating flow near the mitral inlet. Both Reif et al. [44] and Gross et al. [22] have also

observed vortex shedding in the wake experimentally. In 1995, Walker and his team [54]
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used magnetic resonance velocity imaging techniques to measure blood velocity
downstream of prosthetic heart valves and identified regions of high velocity, shear layers,

and areas of stagnation.

2.1.2 Limitations

All of these studies were conducted in confined chambers, namely either rigid or
flexible ventricle models, sized as nearly as possible to the anatomical dimensions. As a
result, many recirculating patterns are due to the effects of the walls. One of the aims of this
work is to remove the wall effects and focus on the vortices that are due exclusively to the
mitral jets. It should also be emphasized that the redirection of the flow as shown by Kilner
et al. [31] in a curved and expanding sack like the ventricle, as it develops under healthy
physiological conditions, minimizes the generation of turbulence. The intrinsic features of a
pulsing jet’s spatial and temporal development are significantly complicated, and thus

better understanding could be achieved if studied in a simplified chamber.

In addition, these studies were carried out using either a non-quantitative method
(flow visualization) or a point-by-point measurement technique such as LDV that only
measures velocity at one point. Such systems require tedious and careful traversing of the
measurement volume to reconstruct the entire flow field and even then, this is accomplished
in a time-averaged manner. To reconstruct instantaneous data of pulsatile flow fields, one
can employ phase trigger methods but must first ensure repeatability and ignore the
random spatio-temporal character of turbulent flows. A main drawback of magnetic
resonance imaging is its inability to obtain accurate measurements in regions of high
turbulence intensity [54]. A method that bypasses such difficulties is Digital Particle Image
Velocimetry (DPIV), which captures the velocity field at each instant in an entire plane and
depending on the system, is capable of providing sufficient temporal and spatial resolution
to investigate the turbulent characteristics of the flow. Traditional Particle Image
Velocimetry (PIV) originated in the early 1980s (reviews by Hasselinc [25] and Adrian [1]
provide a detailed discussion), but it was the work of Willert and Gharib [57], Westerweel,
55] and Huang and Gharib [29] that established the digital implementation of PIV.
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While DPIV has many advantages over other measurement techniques, some
systems also have limitations of their own. The efforts of the abovementioned authors, as
well as many other studies that followed, focus on a single-exposure, double-frame digital
cross correlation approach. In addition, they focus on high-resolution (1IKx1K pixels)
cameras that sample with up to 30 fps resulting in a sampling frequency of the flow field of
only 15Hz. This is the major limitation of the DPIV systems that are commercially available.
A recent study by Browne et al. [7] compared the techniques of LDV and DPIV in mapping
two-dimensional flow fields distal to a bileaflet MHV. They obtained significantly different
results between the methods in areas of unsteady flow and attributed the limitations of PIV
to the low frequency of data acquisition, namely 10 Hz, and lack of computer memory for
increased sample size. These are serious limitations for the analysis of turbulent flows,
where high frequency fluctuations are present. High-speed imaging reveals that leaflet
opening occurs within a time of 0.10 s. With a standard DPIV system that utilizes a
frequency of 30 Hz, only three frames could be captured during this time interval. = The
system developed in our facility has overcome these difficulties by integrating a high-power
pulsing laser with special type of optics and a unique CMOS (Complementary Metal Oxide
Semiconductor) camera, capable of acquiring up to 1000 fps. This creates a DPIV system
with 1 kHz sampling frequency. By using this TRDPIV system, resolving the flow
phenomena during leaflet opening, for example, would allow for the capture of 100 frames

of information, representing an increase of two orders of magnitude.

2.1.3 Related DPIV Studies

Subramanian et al. [51] performed a DPIV study on the pulsatile flow within the
lumen of an optically clear bileaflet MHV. During the fully open phase, as seen in Figure
2.1, the velocity profile showed three peaks across the valve lumen, with the central peak
having higher velocity than the two outer orifice jets. Further downstream, however, the
lateral jets had higher peak velocity values. They also observed vortex flows of low velocity
downstream of the leaflets” trailing edges, as well further downstream, later in the cardiac
cycle. Asynchronous leaflet motion, not due to valve malfunction, was also detected.

Donnerstein and Allen [16] quantified this phenomenon in vivo by analyzing closing sounds
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and determined that the MHV did function properly. A DPIV study by Brucker [8]
suggested that asynchronous motion causes a significant increase in the maximum shear
rate, which would lead to more blood damage and larger regions of stagnation. A goal of
the present work is to examine the effects of asymmetric leaflet motion on the far field of the

mitral jet.

Figure 2.1: (b) Velocity and (c) Vorticity maps during the fully open phase for the
450 ms time point. (Subramanian et al., 2000)

In 2000, Bluestein et al. [6] performed an extensive experimental and numerical
study that linked vortex shedding to free emboli formation. A numerical simulation of
unsteady turbulent flow through a bileaflet MHV in the aortic position was compared with
quantitative flow visualization using DPIV. Both numerical and DPIV results were in
agreement. Periodic vortex shedding in the wake of the leaflets as well as a recirculation
region below one leaflet were observed. DPIV velocity and vorticity measurements, shown
in Figure 2.2, reveal visible fluctuations in the wake downstream of the two leaflets. High

levels of vorticity and strong vortical structures were also generated.
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Figure 2.2: (a) Velocity field distal to the valve during peak systole (leaflets tips at y
= 10.3 cm). (b) Vorticity field distal to the valve during peak systole. Dashed
contours: CCW rotation, solid lines: CW rotation. (Bluestein et al., 2000)

Platelet paths were computed around the leaflets by seeding the flow above and
below the leaflets as illustrated in Figure 2.3. To determine the turbulent platelet paths, a
stochastic model was used so that with each iteration, a different path resulted. Particle
paths revealed that platelets exposed to the highest flow stresses around the leaflets were
repeatedly trapped in the small-scale shed vortices. Along these paths of high deformation
and turbulent stresses, platelets are more likely to be damaged and/or activated, which
causes them to lose their disk shape, thereby increasing their collision frequency. It is then

more probable that the platelets will form aggregates.

Figure 2.3: Turbulent platelet paths
through areas of highest stresses
around the leaflet: above the leaflet
(top) and below (bottom), leading to
entrapment within the shed vortices
in the leaflet’s wake. The
corresponding velocity vectors are
shown (paths are computed from 165
ms to 419 ms after peak systole).
(Bluestein et al., 2000).

16



These findings led Bluestein et al. to postulate that the shed vortices provide flow
conditions which favor the formation of larger platelet aggregates, thereby activating the
positive feedback reactions of coagulation. Ultimately this could lead to free emboli
formation, elevating the risk of systemic embolism. As discussed above, it has been well
documented that valve-induced high shear flows along with vortex shedding also occur in
the wake of the bileaflet MHYV in the mitral position. It is then only natural to speculate that
the vortices shed from the mitral valve may create similar flow conditions, which would
trap damaged blood components. It is necessary to study the mitral jet flow to examine the

validity of this assumption.

2.2 Influence of Native Mitral Tissue, Clinical Results

Another important factor which influences mitral jet development is the presence of
the native leaflet tissue, chordae tendineae (CT), and papillary muscles. Their effect on the
hemodynamic performance is often overlooked. In 1962, Lillehei [33] was the first to devise
a mitral valve replacement (MVR) procedure which provided for the preservation of the
papillary muscles and chordae tendineae. In early work with the Starr-Edwards ball valve,
he observed a period of low cardiac output after implantation despite seemingly excellent
valve function. If the patient were able to survive this critical clinical stage, he would most
likely proceed to a full recovery. Previously, physiologic studies by Wiggers and Katz [56
and Rushmer [47 proposed that the continuity of the mitral annulus, mitral leaflets, chordae
tendineae, and papillary muscles played a crucial role in the function of the left ventricle. It
appeared that this hypothesis was correct as Lillehei observed patient after patient with low
ventricular output whose MVR included the complete excision of the mitral leaflets,
chordae, and papillary muscles. As a result, series of experimental studies were conducted
in which Starr-Edwards valves were inserted in situ with the preservation of the mitral
leaflets, chordae tendineae, and papillary muscles. It was found that with the proper
surgical technique, the function of the prosthetic valve was not affected by the presence of

the natural structures of the mitral apparatus.
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In November 1962, Lillehei began preserving the continuity of the mitral apparatus.
In most cases, the anterior leaflet of the mitral valve was excised leaving a rim of valve
tissue (2-3 mm) attached to the mitral annulus. This excision of the anterior leaflet was
necessary as most patients’ anatomies did not allow for the insertion of the ball valve. As
for the posterior leaflet, excision was done as close to the leaflet as possible, thereby
preserving the entire set of posterior chordae and often some of the chordae from each end
of the anterior leaflet. In Lillehei’s previous cases without preservation techniques, the
mortality rate was a relatively high 37 percent. In patients with CP, there were no
occurrences of low output syndrome, and the mortality rate dropped to 14 percent. One
would think that such a dramatic decrease in mortality rates would draw much attention to
Lillehei’s technique of CP, thus warranting thorough clinical studies and possible
implementation as regular practice. Soon after, however, there appeared in the literature
strong opposition to the technique from prominent surgeons and physicians [12, 41-43,46].
Only one report during this early era, from Seidel and Gross [49], confirmed the benefits of
preserving the integrity of the chordae tendineae. Though published in a national journal, it
was ignored. It wasn’t until 1979 that these benefits were “rediscovered” by Dr. Donald
Miller [36]. Following soon after, David [13] and Hetzer [28] also witnessed the positive
effect of chordal preservation. From then on, the idea of chordal integrity began to be
studied vigorously as it was an important issue for surgeons and physicians. A plethora of
clinical studies have been documented regarding the positive effects of preserving some or
all of the chordae; however, very few have been conducted which examine the effect of

leaflets and CT on flow dynamics past the artificial valve [14, 15, 20, 23, 24, 27, 28, 37].

One such experimental study was performed by Fontaine et al. [19] and explored the
effects of the mitral subvalvular apparatus on prosthetic valve function. The influence of CP
on transvalvular and left ventricular flow patterns was assessed using 2-D planar flow
visualization, pulsed wave Doppler velocity measurements, 2-D echocardiography, and
selected color Doppler flow mapping. For the anatomical case with complete preservation,

the inflow jet was centrally directed toward the apex and was laterally constricted by the
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tissue, shown in Figure 2.4. The flow then quickly
expanded downstream of the anterior leaflet. Two
patterns of recirculation were also observed in the
outflow tract.

Using magnetic resonance imaging (MRI),
Joachim Laas [32] and his colleagues from the Clinic
of Cardiothoracic Surgery in Germany captured in
vivo intraventricular flow patterns through a
sufficient MV and a bileaflet MHV. Figure 2.5 shows
five images which display the inflow and outflow
patterns for the mitral jet. The left ventricle is located
in the upper right portion of the image, and the

mitral jet appears as a stream of white.

Figure 2.4: Sketches illustrating the 2-D flow
patterns for the St. Jude Medical bileaflet valve
in the anatomic position from the vertical long

axis view through the valve centerline during

peak diastole. (Fontaine et al., 1996)

For the normal condition, the blood flow enters and exits the LV smoothly as it

makes a distinct and total change in direction towards the aortic valve as shown by Figure

2.5. It appears as if the mitral jet is initially directed along the posterior wall smoothly and

keeps its coherence throughout the heart cycle which would minimize turbulence. It is

thought that this preferred jet direction stems from a “rudder” effect induced by the anterior

leaflet. With the bileaflet substitute, shown in Figure 2.6, the flow completely deviates from

normal conditions as it expands greatly through the three valve orifices and diffuses into the

ventricle.

momentum.

This lateral dispersion of the jet causes it to lose much of its coherence and
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Mitral jet (white)

Left ventricle

Figure 2.5: MRI Images illustrating healthy redirection of the mitral jet toward the
aortic valve. (Laas et al., 2000)

Figure 2.6: MRI images showing the loss of asymmetric redirection after
implantation of a bileaflet MHV. (Laas et al., 2000)
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Recently Kilner et al. [31] employed magnetic resonance velocity mapping to
visualize and study the filling patterns in human atrial and ventricular cavities. A most
interesting conclusion was that the geometrical arrangements of the atria and the ventricles
asymmetrically redirect the flow along sinous, chirally oriented paths as shown by Figure
2.7. The volume of blood was completely redirected toward the outflow tract, which
suggests that the dissipative interaction between entering, recirculating and outflowing

streams is minimized.

Figure 2.7: Magnetic resonance velocity mapping reveals asymmetric flow patterns
within the LV. (e) Flow through the aortic valve in systole, (f) Redirection of the
mitral jet around the anterior leaflet in early diastole. (Kilner et al., 2000)

According to these studies, it appears that the heart pumps blood along a preferred
pathway that minimizes energy losses, particularly during vigorous exercise. The purpose
of the CT has long been thought to provide the mechanism that serves to anchor the mitral
leaflets, thereby preventing them from involuting into the left atrium under systolic

pressure. Along with this known function, is it possible that the mitral leaflets and CT also
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act as a flow control mechanism to direct the mitral jet in such a way that preserves its
coherence and momentum, thus facilitating redirection towards the aortic valve? It is
important to compare the far-field coherence of mitral jets and the measurement of the
spreading of jets issuing from various valve configurations. This would confirm that the
most efficient operation would reduce spreading and preserve the kinetic energy of the jet

while later allowing the flow to be redirected towards the aortic exit.

2.3 Contribution

We have seen that throughout the years, much effort has been exerted to study the
fluid mechanics of mechanical heart valves as well as that of the natural mitral valve
apparatus. A plethora of information has been generated, which has greatly influenced
AHV designs, implantation procedures, and valve repair techniques. In spite of these
advances, problems and questions still remain as to the mechanisms and functions that
allow for the intrinsically complex flow field in the wake of heart valves. Ideally, a MHV
would accurately mimic the flow patterns in the natural heart without excessive damage to

blood elements. This goal has not yet been realized.

The present work contributes to the overall effort by providing further insight into
the flow fields past both mechanical and natural mitral valves individually as well as a
combination of both types of valves. While a variety of sensors are available to explore the
flow, by using a specially developed, high frequency TRDPIV system, we provide adequate
temporal and spatial resolution to investigate the turbulent flow character, thus overcoming
many limitations of other systems. The measurements obtained provide detailed
information regarding the character of the flow such as levels of vorticity, jet dispersion,
vortex shedding, and leaflet motion behavior for each of the cases evaluated. These results
can be utilized to make clinical advancements in MVR techniques and to further the

development and design of AHVs.
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Chapter 3

3 Experimental Facilities and Methods

3.1 Left Ventricular Simulator

The current experiment was performed in the heart simulator facility in the Fluid
Mechanics Laboratory at Virginia Tech. In order to study the fluid mechanics of blood flow
through heart chambers and valves, we constructed a simulation machine. A schematic of

the simulator can be seen in Figure 3.1.

Aortic Tank: Systolic
Pressure

Atrial Tank: Diastolic

Pressure \

hl
. !
Valve attachment ?ﬁ J
site for test cases , /isljo;icteixrfsem
Lexan Tank filled ///%% é z N I;’lump

with water

Figure 3.1: Basic schematic of the left ventricular simulator.
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Comparable simulators have been constructed in the past. The machine can
dynamically adjust the volume of the chamber and therefore the heartbeat, stroke volume
and ejection fraction. These tasks are accomplished via a piston with adjustable travel,
driven by a motor with variable frequency. The elevation of delivery and receiving tanks
controls systolic and diastolic pressures. When the piston forces more fluid in the tank, the
systolic phase of the motion is simulated. The mitral valve closes and the aortic valve opens
to allow flow into the aorta and up to the aortic tank, working against the head of the upper

tank. As the piston withdraws, the diastole begins, and flow enters through the mitral valve.

The left ventricular tank is rectangular with flat rigid walls. Lexan was employed to
provide for excellent optical access without the distortion induced by curved walls.
Usually, a flexible, left ventricular model is placed in the tank [38]. However, in this study
we focus specifically on the behavior of the mitral valve jet and not the ventricular wall
motion effects. The system was modified to examine the flow distal to mitral leaflets and
CT by removing the flexible LV and allowing the flow to enter directly into the tank as
shown in Figure 3.2. The tank’s volume is 150 times greater than the volume of our left
ventricular model thus eliminating any end effects introduced by the walls.

Atrial inflow Aorta

Bileaflet Mitral
Valve

Aortic valve

Papillary
Muscles

Chordae Tendineae

Postive Displacement

/Pump

e
To Motor

Sutures to
stabilize

papillary
muscles

Figure 3.2: Schematic of the left ventricular chamber with the bileaflet MHV and
porcine mitral valve mounted onto the atrial inflow pipe.
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3.2 Setup and Configurations

We tested a biological valve, a mechanical heart valve and a combination that
simulates the implant of a MHV with preserved chordae. A 31-mm St. Jude Medical
mechanical bileaflet heart valve served as the baseline test case in this work, since it is the
valve most commonly implanted today. An explanted (no fixatives) porcine mitral valve
along with its CT and papillary muscles served as the natural valve. Both valves are shown
in Figure 3.3. To stabilize the subvalvular apparatus, the papillary muscles were secured to
a movable frame at the bottom of the tank using sutures. The simulation of CP was done by
implanting the St. Jude valve inside the excised porcine mitral valve annulus. All valves
tested were clamped onto the cylindrical end of the atrial inflow pipe. Both anterior and
posterior leaflets and their CT were preserved in all tests. For cases using the MHYV, the
interrogation plane was aligned perpendicular to the pivot axis of the mechanical leaflets to

capture the flow patterns corresponding to the anatomical position.

Figure 3.3: (a) St. Jude
Medical bileaflet MHV. (b)
Excised porcine mitral valve
apparatus.

(2) (b)

Water served as the working fluid in all tests. Dynamic similarity with the biological
conditions was preserved by operating at a mean Reynolds number of 3000, based on the
mitral valve diameter of 31-mm. During the experiment a cardiac output of 4.75 liters/min
was maintained. In order to better understand the spatio-temporal development of the
flow, we increased the time between two consecutive cycles by employing a low heart rate
of 50 bpm. Flow rate was measured using a Transonic Flowprobe (Transonic Systems, Inc.,

Ithaca, NY) coupled with an ultrasonic flow meter (model T110, Transonic Systems, Inc.,
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Ithaca, NY). Digital data acquisition was performed using 16-bit analog to digital

conversion with 1 kHz sampling rate.

3.3 Data Acquisition and Additional Instrumentation

Time-Resolved Digital Particle Image Velocimetry (TRDPIV) was employed to carry
out the task of instantaneous plane velocity measurements. In order to illuminate the area of
interest, a powerful 60 Watt copper-vapor pulsing laser (beam diameter of 42-mm) was
coupled with special beam-guiding and sheet-forming optics, which deliver a plane sheet of
2-mm thickness as shown in Figure 3.4. Accurate flow tracing (no response lag to any
turbulent fluctuations) was accomplished by seeding the flow with neutrally buoyant
particles, having a diameter of approximately 10-um. A high-speed Phantom v.4 CMOS
(Complementary Metal Oxide Semiconductor) video camera (1000 fps, 512 x 512 pixel
resolution) was synchronized with the laser to capture the instantaneous positions of the
particles. In the present experiment, a sampling frequency of 1000 Hz was used. Data were
acquired for two seconds, thus generating 2000 frames. This system is two orders of
magnitude faster than commercially available DPIV systems. The data are then processed,

employing different software packages to return the instantaneous velocity fields.

60W Copper
Vapor Lascr

Field of View
Lascr Shect

Phantom TV
CMOS Camera

Figure 3.4: Schematic of a typical DPIV setup.
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Five planes with areas of 15.36 cm x 15.36 cm were interrogated at intervals of 15-
mm across the valves as shown in Figure 3.5. Each plane of data is parallel to the direction
of the jet. The task of the velocity evaluation was performed using conventional cross-
correlation between the particle image patterns of two consecutive frames. The
interrogation window size of 8 x 8 pixels and 50% overlap resulted in approximately 127 x
127 vectors. The overall accuracy of the method is on the order of + 1% of full-scale velocity.
A total of 16000 vectors with a grid spacing of 1100 microns are used to describe the flow
tield.

Bileaflet St. Jude
Mechanical
Valve

30 /

15

Figure 3.5: Schematic
0 , . showing the orientation of
Planes of interrogation . . .
the illuminated planes with
respect to the bileaflet MHV.

-15

-30
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Chapter 4

4 Experimental Results and Discussion

In this section, results from each of the test cases are presented along with a
discussion of the findings. Although we are unable to do so within the context of this
document, it is necessary to animate the sequence of 2000 time instants in order to fully
grasp the complexity of the flow field. These animations are available to the reader as .avi
files along with the thesis. For the three cases tested, sequences of only seven frames that
capture the instantaneous development of the jet field in time are presented. The
instantaneous data shown are also from the center plane, x = 0. In these figures, the mitral
jet initiates from the bottom of each frame and moves upward. The horizontal and vertical
axes are scaled according to the diameter of the MHV (31-mm). It should be noted that the
porcine valve blocks part of the field and for the two cases where the porcine leaflets and
the chordae are in the test section, the DPIV data are limited to a region above Y/D = 1.3,
with Y/D =1 being the location of the edges of the MHYV leaflets in the fully open position.
The vectors represent the velocity with their length being proportional to the velocity
magnitude. The color scale on the right indicates vorticity levels with yellow to red
indicative of positive (counterclockwise-oriented) vorticity and blue indicative of negative
(clockwise-oriented) vorticity. To make accurate comparisons between the three test cases,

the figures were generated using the same vector length and color scales.

4.1 Instantaneous Results

4.1.1 Bileaflet MHV

In Figures 4.1 through 4.4, we observe seven time instants which reveal the initiation
of the mitral jet, the expansion of the high-speed region, and the development of vortices
that peel off on the sides of the jet. Regions of high shear stress are generated as the jet

interacts with the mechanical valve leaflets, as indicated by the alternating red and blue
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regions at the jet inlet. As it penetrates the chamber, the high-speed jet begins to roll the
vorticity into counter-rotating vortical structures. It should be noted that the level of
vorticity within these vortices is very high (290 1/s) as indicated by the bright red and blue
regions. In addition, this high-level vortex vorticity is seen in each of the time instants,

indicating that vorticity remains strong through the cycle.

A more careful examination of these figures indicates that the flow consists
essentially of two jets. At T = 0.10 s, we see a strong, coherent vortex being shed from the
right leaflet but not from the left. At the next instant, the right leaflet vortex has grown
larger and is joined by the first vortex shed from the left leaflet as shown by the red circular
region at T = 0.15 s. This vortex also induces opposite sign vorticity as indicated by the
adjacent blue region. Moreover, the jet on the left is delayed and issues in the chamber only
after the jet on the right has penetrated up to a distance of Y/D =2.8. By T = 0.20 s, two
individual jets are clearly separate from one another with vortices being shed from each.
This behavior is attributed to asynchronous opening of the leaflets. Indeed, high-speed
camera data indicate that the opening of the left leaflet follows the opening of the right. In
reality, three jets must be present due to the geometry of the MHYV itself, but it seems that
they are masked because of the asynchronous leaflet behavior. It is possible that a slight
inclination could give rise to such an asymmetric operation, but previous studies have also
observed this same phenomenon [8, 9, 16, 51]. Consistency and repeatability were observed
with respect to the asynchronous opening of the valve, which indicates that it is not a

random process.

Throughout the remainder of the cycle, the width of the jet continues to grow over
time as the vortices develop further and fluid is entrained into the system. For time
instances T = 0.25 through T = 0.35 s, four distinct vortices are present in the flow field.
Overall, it appears that the two lateral orifice jets are stronger as the jet issuing from the
center orifice is not well defined. For the time instances shown, the lateral dispersion of the

jetis widest at T = 0.50 s, where it ranges from X/D =-1.2 to X/D =1.4.
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Unsteady Vorticity Distibutionat T=0.30 s
Bileaflet MIHV, Center Plane
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Figure 4.3: Unsteady Vorticity Distributions for the bileaflet MHV at two time
instants, T=0.30 s and T = 0.35 s.
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Unsteady Vorticity Distribution at T = 0.50 s
Bileaflet MHV, Center Plane
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Figure 4.4: Unsteady Vorticity Distributions for the bileaflet MHV at one time
instant, T = 0.50s.
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4.1.2 Porcine MV

Figures 4.5 through 4.8 show the development of the mitral jet for the natural
porcine valve and its subvalvular apparatus. It is now evident that the formation and
proliferation of vortices is limited in this case. The jet enters with higher velocity than the
MHYV and penetrates further into the chamber to a distance of Y/D = 3.0 during the first
time instant. Throughout the cycle, the levels of vorticity in this case are comparable to that
of the MHYV, but at one point during the cycle, there exists a very high level of vorticity, 350
1/s. This is due to the fact that the porcine jet has a higher velocity than its mechanical

counterpart.

In addition, it appears as if a more prominent vortex sheds from the anterior leaflet;
however, it is thought that the sutures which anchor the papillary muscles initially mask the
posterior vortex somewhat. For the bileaflet valve, as seen in Figure 4.1 (T = 0.10 s), a
vortex is immediately shed from the right leaflet at a distance of Y/D = 1.5, whereas for the
porcine valve, the vortex is located at Y/D = 2.2. At the second time instant, two symmetric
counter-rotating vortices are present at Y/D = 2.9 with the negatively oriented vortex
slightly further downstream. Interestingly, at T = 0.20 s, the positively oriented vortex has
propagated downstream faster than its counterpart; in fact, during the same amount of time,
it moved twice as fast. Overall, the vortex shedding present in this case is minimal in
comparison to the bileaflet MHV as the vortices do not further develop and proliferate
throughout the entire heart cycle as seen in Figures 4.1 through 4.4. Between time instants T
= 0.20 s and T = 0.30 s for the porcine valve, the vortices have diminished considerably and

are almost completely gone.

Rather than experiencing asynchronous leaflet motion, the porcine valve jet as a
whole exhibits more of a wavelike behavior. This motion is more easily seen when all 2000
time instants are animated, but one is able to detect it in the time instants presented. The
wavy motion is best observed at T = 0.30 s and T = 0.50 s, where the vectors and vorticity
regions on either side of the jet appear to undulate. It is also interesting to note how the

porcine leaflets are able to control the flow after the initial penetration of the jet. When the
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flow impulsively enters the chamber, the leaflets undergo a large initial displacement, which
allows for a wider jet at the onset of the cycle. This can be seen in Figures 4.5 and 4.6. Once
the leaflets reach their steady state condition, the flow assumes a more narrow, directed
pathway through the chamber for the remainder of the cycle, as shown in Figure 4.8.
Toward the end of the cycle, when the jet is less forceful, a distinct vertical line can be seen
oscillating between the positive and negative levels of vorticity. Throughout the jet
progression, while the jet oscillates back and forth laterally, it does not disperse in this
direction, as does the bileaflet MHV. The width of the jet is much more contained, and for
the present time instances, the widest spreading ranges from X/D =-0.6 to X/D =09 at T =
0.15 s. In addition, at the last time instant, the velocity is much higher and is concentrated
toward the center of the flow whereas in the MHV case, the jet has dissipated energy

laterally.
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Unsteady Vorticity Distibutionat T=0.15 s
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Figure 4.5: Unsteady Vorticity Distributions for the porcine mitral valve at two
time instants, T =0.10s and T =0.15s.
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Unsteady Vorticity Distributionat T = 0.20 s
Porcine MV, Center Plane
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Unsteady Vorticity Distributionat T = 0.25 s
Porcine MV, Center Plane
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Figure 4.6: Unsteady Vorticity Distributions for the porcine mitral valve at two
time instants, T =0.20s and T = 0.25 s.
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Unsteady Vorticity Distributionat T=0.30 s
Porcine MV, Center Plane
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Figure 4.7: Unsteady Vorticity Distributions for the porcine mitral valve at two
time instants, T =0.30s and T = 0.35 s.
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Unsteady Voricity Distribution at T = 0.50 s
Porcine MV, Center Plane
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Figure 4.8: Unsteady Vorticity Distributions for the porcine mitral valve at one
time instant, T = 0.50 s.
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4.1.3 Chordal Preservation

In Figures 4.9 through 4.12, we observe the mitral jet behavior for the test case
simulating CP, namely the bileaflet MHV implanted into an excised mitral valve apparatus.
Intuition tells us that the results for this case would lie somewhere between the first two
cases presented, and indeed, that is what we observe. Qualitatively, the appearance of the
combination jet more closely resembles that of the porcine jet, as it is more confined with
minimal spreading. At the first time instant, T = 0.10 s, the vortex development is delayed
in comparison to the MHV. For the bileaflet valve, as seen in Figure 4.1, a vortex is
immediately shed from the right leaflet at a distance of Y/D = 1.5, but in the combination,
the vortex is located at Y/D =1.9. Due to its higher speed, the jet also penetrates further into
the chamber (Y/D = 2.8), at a level almost equal to the penetration level of the porcine MV.
Two counter-rotating vortices are observed at the first time instant, but the level of vorticity
within them is slightly less than that of the MHV alone. In the remaining time instants, it is
more difficult to locate the vortices in the field because they are weaker and less coherent.
By T = 0.25 s, there are no longer vortices present in the flow field. The presence of the
native tissue does not fully suppress the generation of vortices from the mechanical leaflets,
but the natural valve certainly affects on the overall flow behavior. It appears that the
presence of the mitral leaflets and chordae tendineae act as an acceleration region
downstream of the MHV. Distal to the valve, we observe wavelike patterns indicative of the
superposition between the free stream and the shed vortices. While the jet does not exhibit
the same oscillatory behavior as the porcine jet, it is similar, especially when viewing all
2000 time instants. Among the time instants shown, T = 0.35 s best captures the wavelike
motion. Overall, the jet is more smoothly directed and contained than the bileaflet case.
The widest dispersion is limited to the range of X/D =-0.9 to X/D = 0.9, as seen in Figure
4.12.
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Unsteady Vorticity Distributionat T = 0.10 s
Combination of Blleaflet MHV and Porcine MV, Center Plane
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Unsteady Vorticity Distributionat T= 0.15 s
Combination of Blleaflet MHV and Porcine MV, Center Plane
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Figure 4.9: Unsteady Vorticity Distributions for the chordal preservation case at
two time instants, T=0.10sand T = 0.15 s.

41



Unsteady Vorticity Distributionat T = 0.20 s
Combination of Blleaflet MHV and Porcine MV, Center Plane
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Unsteady Vorticity Distributionat T = 0.25 s
Combination of Blleaflet MHV and Porcine MV, Center Plane
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Figure 4.10: Unsteady Vorticity Distributions for the chordal preservation case at
two time instants, T=0.20sand T = 0.25 s.
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Unsteady Vorticity Distributionat T = 0.30 s
Combination of Blleaflet MHV and Porcine MV, Center Plane
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Unsteady Vorticity Distributionat T = 0.35 s
Combination of Blleaflet MHV and Porcine MV, Center Plane
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Figure 4.11: Unsteady Vorticity Distributions for the chordal preservation case at
two time instants, T=0.30sand T = 0.35 s.
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Unsteady Vorticity Distributionat T=0.50 s
Combination of Bileaflet MHVY and Porcine MY, Center Plane
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Figure 4.12: Unsteady Vorticity Distributions for the chordal preservation case at
one time instant, T = 0.50 s.

44



4.2 Time-averaged Results

4.2.1 Velocity and Vorticity

Time-averaged velocity and vorticity distributions for the center planes of all three
cases are shown in Figure 4.13 and 4.14. These measurements were obtained by averaging
the values over one heart cycle. It can be seen that each of the cases tested have similar
levels of vorticity. For the bileaflet valve, the skewness due to the asynchronous leaflet
motion can clearly be seen as the jet from the right leaflet produces stronger velocity and
vorticity components as shown by the large red and blue regions to the right of the image.
This jet issuing from the outer orifice dominates the flow field over time. Directly after the
mitral valve, the alternating red and blue regions of vorticity are indicative of the strong

shear layers induced from the mechanical leaflets.

For the porcine valve, we see a narrower band consisting of two large regions of
positive and negative vorticity, both approximately equal in strength. The left vorticity
region is slightly larger than the right. There are distinct regions of dense velocity vectors in
the center of the porcine and combination jets that are not present in the MHV case. In both
of these cases, two thin bands of clockwise vorticity are present to the left of the jet. These
regions are a result of the flow interaction with the sutures that secure the papillary muscles.
From the start, both jets with the leaflets and CT have more narrow widths, which
immediately influences their levels of dispersion. Overall, the porcine jet is the most
contained, generating the least amount of lateral dispersion, but the addition of the natural

valve to the MHV provides a significant improvement over the MHV alone.
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Time-Averaged Vorticity Distribution Over One Heart Cycle
Bileaflet MHV, Center Plane
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Figure 4.13: Time-averaged vorticity distributions for the bileaflet MHV and
porcine valve cases.
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Time-Averaged Vorticity Distribution Over One Heart Cycle
Combination of Bileaflet MHV and Porcine MV, Center Plane
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Figure 4.14: Time-averaged vorticity distribution for the chordal preservation case.
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4.2.2 Additional Planes of Data

By making measurements in other planes across the volume of the left ventricular
chamber, it is possible to gain insight into the three-dimensional characteristics of the flow
fields for each of the configurations tested. Vorticity distributions from two other planes
along with the center plane data can be seen in Figures 4.15 thorough 4.17. These figures
display planes corresponding to x = 0, 15, and 30-mm across the valve diameter. For the CP
case, only two planes are shown for x = 0 and x = 15 as it was not possible to process the

remaining data file.

With increasing distance from the center plane of the valve, the size of vorticity
tields decrease in each of the test cases. Though the regions containing vorticity diminish in
size, there are areas of high intensity vorticity present in all of the planes. For the MHV at x
= 15, the regions of vorticity alternate between clockwise and counterclockwise rotation as
shown by the red and blue bands, but at x = 0, one of the blue bands in the wake of the left
leaflet is no longer present. The distribution at x = 15 also reveals the asynchronous leaflet
behavior as the right orifice jet is dominant. Near the leaflets of the MHV at x = 15, there are
two small pockets of clockwise vorticity which are not visible at x = 0. Overall, it appears
that the vorticity generated from the left leaflet diminishes at a faster rate than that

produced by the right leaflet.

In the porcine case, at x = 0, the two opposing red and blue regions of vorticity
dominate the flow field. At x = 30, most of the vorticity in the flow field has diminished
with only small regions present due to the sutures. Also in Figure 4.16, there are two bands
of positive and negative vorticity in the bottom corners of the flow field, which grow
stronger at x = 15 and then lessen at x = 30. This region could be attributed to the jet

interacting with the flow exiting through the aortic outflow pipe.

The most important conclusion to be made from the sets of data concerns the
coherence of the jet in the out-of-plane direction. The data presented in section 4.1 clearly

shows that the porcine and combination jets are more contained than the bileaflet jet in the
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plane perpendicular to the pivot axis of the leaflets. It is important to determine the
behavior of the jet in the direction parallel to the pivot axis as well. For the bileaflet case, at
x = 15, the vorticity field closely resembles the x = 0 plane in that the intensity of the
vorticity remains relatively the same between the two planes. This information indicates
that the jet is expanding freely in the out-of-plane direction. For the porcine and
combination cases, however, the data reveals otherwise. In the x =15 planes, the regions of
vorticity are not only smaller in size, but they are also less intense in comparison to the
center plane. This suggests that the mitral jet is constricted by the native leaflets and
chordae tendineae in the direction parallel to the pivot axis of the leaflets. MRI studies have
shown that with a bileaflet MHV, the mitral jet flow is not redirected toward the aortic valve
but rather loses its coherence and disperses within the ventricle [32]. These three-
dimensional results provide evidence that the natural mitral tissue tends to guide the flow
along a preferred pathway since the flow is constricted in planes both parallel and

perpendicular to the pivot axis of the leaflets.
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Three Dimensionality of Bileaflet MHV
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Figure 4.15: Time-averaged vorticity distributions for three planes, bileaflet MHYV, x = 0, 15, and 30.
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Three Dimensionality of Porcine Mitral Valve
Xx=0,15, 30
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Figure 4.16: Time-averaged vorticity distributions for three planes, porcine mitral valve, x = 0, 15, and 30.
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Three Dimensionality of Bileaflet MHVY and Porcine MV
x=0andx=15
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Figure 4.17: Time-averaged vorticity distributions for two planes, chordal preservation, x = 0 and 15.
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4.2.3 Turbulent Kinetic Energy

Turbulent kinetic energy (TKE) measurements provide valuable information about
the random character of the flow. Turbulent motions tend to be the most detrimental to the
formed elements of blood. In cardiovascular flows such as those in this experiment, if data
were averaged over the entire heart cycle, inherent error would be introduced in the
calculation of turbulent kinetic energy by the fact that the flow itself is pulsatile. In order to
best quantify the TKE, these data were calculated by averaging over a series of 100, 200, and
500 consecutive frames within each cycle at a point just after the valve has completely
closed. Throughout these sequences of frames, the mean velocity is negligible as little
forward motion is occurring due to the propagation of the jet, but what does remain are the
random motions associated with the flow itself. By averaging in this way, the inherent error

introduced by the pulsatility of the flow is omitted.

Figures 4.18 through 4.23 display the TKE distributions averaged over 100, 200, and
500 frames, respectively, for each of the configurations tested. Results for the bileaflet MHV
show a large region of TKE present distal to the valve that is not present in the other two
cases. The lowest TKE levels are observed when 100 frames are averaged, and as the
number of frames averaged is increased from 100 to 500, it is obvious that the randomness
occurring within the field also increases. The bright red regions in Figure 4.19 indicate these
high levels of TKE. The two frames in Figure 4.18, averaged over 100 and 200 frames,
respectively, show higher regions of TKE downstream from the left leaflet while averaging

over 500 frames displays the most TKE distal to the right leaflet.

For both the porcine and combination cases, the frames shown for each are very
similar in their size, shape, and levels of TKE. In contrast to the MHYV, the areas of TKE
present downstream of these two valve configurations are dramatically smaller, and the
TKE levels are also much less. This is most likely due to the presence of the native tissue
that guides and contains the flow. By increasing the number of frames averaged, we
observe that the TKE levels decrease, which is opposite of what occurs for the bileaflet

MHV.
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The information presented here provides some basic insight into the random
character of the flow for the three configurations tested; however, a solid understanding of
the role of turbulence downstream of the valves has not been achieved. These complex flow

tields require further data analysis and review.
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TKE Distribution, 100 Frames
Bileaflet MHV, Center Plane
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Figure 4.18: Time-averaged turbulent kinetic energy distributions for the bileaflet
MHYV averaged over 100 frames (top) and 200 frames (bottom).
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TKE Distribution, 500 Frames
Bileaflet MHV, Center Plane
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Figure 4.19: Time-averaged turbulent kinetic energy distributions for the bileaflet
MHYV averaged over 500 frames.
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TKE Distribution, 100 Frames
Porcine MV, Center Plane
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TKE Distribution, 200 Frames
Porcine MV, Center Plane
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Figure 4.20: Time-averaged turbulent kinetic energy distributions for the porcine
valve averaged over 100 frames (top) and 200 frames (bottom).
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TKE Distribution, 100 Frames
Combination of Bileaflet MHV and Porcine MV, Center Plane
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Figure 4.22: Time-averaged turbulent kinetic energy distributions for the chordal
preservation case averaged over 100 frames (top) and 200 frames (bottom).
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TKE Distribution, 500 Frames
Combination of Bileaflet MHV and Porcine MV, Center Plane
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Figure 4.23: Time-averaged turbulent kinetic energy distributions for the chordal
preservation case averaged over 500 frames.
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4.2.4 Velocity Profiles Distal to the Valves

Velocity profiles were generated at certain distances away from the plane of the
valves for the purpose of viewing how the jet velocity behaves as it enters and develops
within the chamber in a time-averaged sense. For the configurations studied, the elevations

in the y direction along which the profiles were calculated are shown in Figure 4.24.

YD 4

ZiD

Figure 4.24: Illustration of MHYV orientation and typical Y/D locations where the
velocity profiles are calculated

Figures 4.25 and 4.26 display the time-averaged velocity profiles at five Y/D levels
distal to the valve. The asynchronous leaflet motion is again clearly evident for the bileaflet
MHYV as the first few profiles closest to the jet inlet have two individual peaks, the right one
being higher than the left. As the flow develops further downstream, the profiles level off,
as indicated by the last two Y/D levels. The dispersion of the jet is also apparent as the
profiles grow laterally with increasing Y/D. In addition to the jet dispersion, we also
observe that the velocity profiles shift laterally to the left as the jet further penetrates the

chamber.
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In Figure 4.25, the profiles show that the porcine jet is more constricted, since the
width of the individual profiles does not greatly increase with Y/D. Though the jet spreads
somewhat, it does not shift much laterally. The peak average velocity of the porcine jet is
much higher than the bileaflet case with values of 2.08 m/s and 1.20 m/s, respectively. The
combination case falls between the other two cases, having a peak average velocity of 1.46
m/s. This jet is constrained by the presence of the mitral leaflets and CT and also shifts
slightly to the left as it develops. Figure 4.26 allows for a comparison of all three jets on one
set of axes at Y/D = 2.5. Itis clear that the addition of the leaflets and CT to the MHV offers
a significant reduction in dispersion but not quite enough to match the level of the porcine

valve (at this specific location).
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Time-Averaged Velocity Profiles: Bileaflet MHV
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Figure 4.25: Time-averaged velocity profiles for five Y/D locations distal to the
bileaflet MHYV (top) and porcine mitral valve (bottom)
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Time-Averaged Velocity Profiles:

Combination of Bileaflet MHV and Porcine MV
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Figure 4.26: Time-averaged velocity profiles for five Y/D locations distal to the
combination case (top) and profiles at Y/D = 2.5 for three test cases (bottom)
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4.3 Discussion

4.3.1 Leaflet motions

The flow field results presented clearly show that the leaflet motions of the bileaflet
MHYV are repeatedly asynchronous. The flow visualization images presented in Figures 4.27
and 4.28 allow for a comparison to be made between symmetric and asymmetric leaflet
opening. Although the angle of the jet entry into the chamber causes interaction with the
wall of the ventricular simulator, valuable information can still be obtained from the images.
Here the two outer orifice jets enter just before the central jet emerges into the chamber.
While the two outer jets peel into vortices immediately, the central jet appears to gain
strength as it develops. Because the mechanical leaflets open simultaneously, we do not
observe the same flow conditions as discussed above. While the overall jet is composed of
three individual orifice jets, they enter the chamber “simultaneously” in comparison to the
asynchronous case. In the first three instants shown, the vortices formed are symmetric and
virtually identical to each other. In the remaining images, though the jet is not exactly
mirrored around its centerline, it is much more balanced and symmetric than the other
bileaflet case tested. The extent of vortex shedding is less than what was observed with the
asynchronous leaflet opening. Here we see two distinct vortices from the two outer orifice
jets develop and propagate downstream, whereas in the other MHV case, we observe the

presence of four vortices due to the time delay between the leaflet openings.

Other researchers have suggested that asynchronous leaflet motion negatively
affects the flow development distal to the valve. It appears that this type of motion seems to
induce higher rates of shear. Instantaneous velocity and vorticity distributions, as shown in
Figure 4.29, provide for a comparison between the flow fields for the two bileaflet cases at T
= 0.20 s in the heart cycle. The results confirm what was observed in the flow visualization
images in that the normal opening of the leaflets gives rise to a much more symmetric jet.
By examining the intensity of the colored vorticity contours, we see a marked difference
between the two MHYV flow fields. It is clear that the vorticity levels in the asynchronous
opening case are much higher, indicating levels of higher shear. The same conclusion can

be made when looking at the time-averaged vorticity distributions, shown in Figure 4.30.
065



Figure 4.27: Flow visualization images illustrating mitral jet development in a case
with symmetric mitral leaflet opening.
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Figure 4.28: Flow visualization images illustrating mitral jet development in a case
with symmetric mitral leaflet opening.
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Unsteady Vorticity Distribution at T = 0.20 s
Bileaflet MHV, Center Plane

“orticity
3000
2500
2200
1800
1400
1000

600
200
-200
-6.00
-1000
-1400
-1800
-Z2200
-2600
-3000

Y/D

Unsteady Vorticity Distribution at T=0.20 s
Bileaflet MHV

Vorticity
30.00

YiD

Figure 4.29: Unsteady Vorticity Distributions for two bileaflet MHVs at T = 0.20 s:
asymmetric leaflet opening (top) and symmetric leaflet opening (bottom).
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Time-Averaged Vorticity Distribution Over One Heart Cycle
Bileaflet MHV, Center Plane
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Figure 4.30: Time-averaged Vorticity Distributions for two bileaflet MHVs:
asymmetric leaflet opening (top) and symmetric leaflet opening (bottom).
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In addition to affecting the levels of shear distal to the leaflets, the presence of two
jets issuing into the chamber separately allows for further dispersion of the jet than if the
leaflets opened with symmetric motions. The levels of dispersion for both the symmetric
and asymmetric leaflet openings can easily be seen by comparing the jets in Figures 4.1-4.4
with those of Figures 4.29 and 4.30. Each of the jets grows laterally, causing them to lose
their uniformity. Energy, which cannot be recovered, is dissipated within the vortical
structures; therefore, the left ventricle must work harder to pump the blood through to the
rest of the body. These effects are far more pronounced in the case with asynchronous

opening.

The mechanism behind the greater dispersion can be better understood by looking at
a well-known physics principle called the Law of Biot-Savart (equation below). In fluid
mechanics, this law relates the velocity induced by a vortex filament to its strength and
rotation. The vortex shed from the second jet (left leaflet) affects the initial jet (right leaflet)
as it issues into the chamber by inducing a leftward velocity component, thus shifting flow

from the right jet to the left as shown in Figure 4.31.
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Biot-Savart Law: V(x) = —— j dv
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Figure 4.31: Illustration of the effect of the vortex shed from the left leaflet on the
mitral jet behavior.
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One way to observe the Biot-Savart mechanism discussed above is to examine the
actual behavior of the jet as it propagates downstream. This allows us to understand how
the shed vortices interact with one another distal to the leaflets. As shown in Figure 4.32,
lateral shifting occurs in two of the cases studied due to the influence of the induced
velocities from the shed vortices as discussed above. The level of shifting was determined
by finding the horizontal X/D location of the maximum velocity points at various Y/Ds
distal to the valves. In this way, it is possible to track the lateral motion of the jet front as it
moves distal to the valve configurations. The porcine jet, as indicated by the red line,
remains along the same path and then shifts slightly between Y/D =3.5and Y/D =4.5. For
the bileaflet case, the jet is initially further to the right due to the fact that the right leaflet
opened before the left. The jet consistently moves to the left as it progresses in the chamber.
Due to the constriction imposed by the leaflets and CT, the chordal preservation jet is
initially closer to the porcine jet, and then follows a shifting pattern similar to the bileaflet
MHV.
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Figure 4.32: Maximum velocity points at various Y/D levels illustrate how the
mitral jets shift laterally.
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4.3.2 Vortex Shedding

In all three test configurations, some degree of vortex shedding is present distal to
the mitral valves. Ideally, a MHV would mimic the flow patterns produced downstream
from the natural mitral valve, but the evidence shown here indicates that this is not the case.
Although studies have shown vortices within the normal human LV, they do not appear to
have a negative effect on the flow constituents or the function of the LV. Vortices are shed
in the flow past MHVs as a result of the generation of shear layers induced by the
accelerating jets past the valve leaflets. The shear layers are prone to roll up into vortices
that may encounter instabilities that cause them to become turbulent. The high level of
vortex formation and propagation as seen in the bileaflet MHV, both with symmetric and
asymmetric leaflet opening, is far from the ideal conditions. The presence of the native
mitral leaflets and CT suppresses the vortex formation to a point further downstream,
making the overall flow closer to that in the normal LV. By limiting the vortex shedding
from the leaflets, the coherence of the jet is preserved, allowing it to remain on its
“preferred” pathway through the LV. Since these vortices often break down to turbulence,
delaying their development may also minimize energy lost as the jet redirects itself toward
the aortic valve. In future studies, if the native tissue were incorporated into a flexible left
ventricular model, flow conditions may be even further advanced to more closely mimic the

natural mitral inflow and outflow jets.

In spite of the anticoagulant therapy that MHYV recipients must follow, complications
involving thrombus formation occur all too often. The activation of platelets is the primary
culprit responsible for the thrombogenicity of all MHVs. Typically, initial damage to
platelets occurs in the highest regions of shear stress, which are located along the
mechanical leaflets, especially in those that generate regurgitant jets. High rates of shear
and deformation, flow stagnation, and turbulence are all fluid mechanical factors that
influence thrombus formation. In the center of a vortex, both velocity and pressure is low.
If a blood element were to enter into the vortex, depending on its composition and density,
it would either be ejected into the rest of the flow or be pulled to the center. It is known that

in regions of low pressure and recirculation, platelet aggregation and clot formation are
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more prone to occur. There are no distinct regions of ongoing recirculation present in the
tields investigated here. These areas of recirculation are more prone to develop very close to
the leaflets, and in this work, the area of interrogation was more focused on the flow distal
to the valve and not directly upon the leaflets themselves. However, there are coherent
vortices within the field that remain organized and propagate downstream. As Bluestein et
al. [6] have shown in studies of a valve in the aortic position, platelets exposed to the highest
shear stresses, i. e., damage, are often trapped in the vortices shed from the leaflets. After
being exposed to these flow conditions, the activated platelets trapped in the vortices will
release their granule constituents and produce procoagulant phospholipid surfaces likely to

start the positive feedback reactions of coagulation.

In the mitral position, results show extensive vortex formation distal to the leaflets of
the bileaflet MHYV, especially when the mechanical leaflets do not open synchronously. The
vortices shed from the leaflets, which remain coherent and propagate throughout the cycle,
could possibly trap blood elements and convect them downstream in the same way that
Bluestein et al. have postulated. Figures 4.33 and 4.34 show instantaneous vorticity
distributions for the bileaflet MHV with the black, arrowed lines representing the
streamlines at three specific time instants in the cycle, T =0.20s, T=0.30 s, and T = 0.35 s.
With the addition of the streamlines to the flow, it is easier to visualize how a blood element
could become trapped in the vortex and be carried downstream. For example, if a platelet
were damaged along the leaflet and became entrapped in the leftmost vortex located at Y/D
= 1.3 in Figure 4.33, by the next time instant shown, it would have traveled to Y/D = 2.2
while remaining in a region of lower pressure and shear. As this vortex interacts and
disperses laterally, the damaged element is still exposed to these flow conditions as it
progresses to Y/D = 2.4, shown in Figure 4.34. The shear stresses associated with vortex
shedding are unlikely to damage elements in the blood due to their large spatial scales.
These large vortical structures, however, may cascade into smaller and smaller structures,
giving rise to turbulent stresses that could damage blood cells. The TKE results found in
this experiment show that there are definitely turbulent motions associated with the

bileaflet MHYV flow field. In addition to the initial trauma associated with entry through the
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mitral valve, the platelets may then be subjected to further stresses as they exit through the
aortic valve. This scenario would be especially significant to a patient who undergoes

double valve replacement with both valves being mechanical.
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Unsteady Vorticity Distribution with Streamlines
at T = 0.20 s, Bileaflet MHY, Center Plane
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Unsteady Vorticity Distribution with Streamlines
at T = 0.30 s, Bileaflet MHY, Center Plane
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Figure 4.33: Unsteady Vorticity Distributions with streamlines at two time instants,
T=020sand T =0.30s.
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Unsteady Vorticity Distribution with Streamlines
at T = 0.35 s, Bileaflet MHV, Center Plane
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Figure 4.34: Unsteady Vorticity Distributions with streamlines at T = 0.35 s.
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4.3.3 Mitral Jet Dispersion

Following the suggestion of Kilner et al. [31] and Laas et al. [32], we anticipate that a
more efficient mitral jet would sustain its momentum and minimize its spreading, so that
the flow would remain on its “preferred” pathway. This would allow the flow to be
redirected towards the aortic valve to facilitate ventricle emptying. In this process, the
leaflets and/or chordae of a biological valve, like the porcine valve tested here, play a role
by reducing the amount of jet dispersion downstream. The native tissue itself forms a
“tunnel” which guides the jet by inhibiting the flow perpendicular to the forward moving
flow. When the entering stream is able to freely flow normal to the preferred direction, the
jet loses its coherent structure, thus preventing it from being smoothly redirected toward the
aortic valve. This behavior was observed here in the bileaflet MHYV results as well as in the

work of Laas et al [32].

By measuring the widths of the time-averaged velocity profiles at different Y/D
locations distal to the valves, it was possible to establish a level of dispersion for each of the
configurations tested. The width of the jet was determined by locating the two X/D
positions where the slope of the velocity magnitude maintains a level of zero. Figure 4.35
illustrates the relationship between the widths of the three jets versus the distance
downstream from the valve. The MHV case shows the highest dispersion at an average
level of 2.54 as seen in Figure 4.36. In this sense, the addition of the natural mitral tissue to
the MHV (chordal preservation) reduces the spreading to the level of the porcine valve
alone, 1.538. Compared to the MHYV, this represents a reduction of 61 percent. The levels of
spreading in the out-of-plane direction are also reduced as shown previously by the three-
dimensional results. These findings agree with the MRI results of Laas et al. [32] who
showed that the mitral jet issuing from the bileaflet MHV greatly diffused into the LV. In
addition to the other positive results of the chordal preservation technique, it is also then
advisable for surgeons to utilize this technique, either total or partial, so that the

corresponding flow conditions in the LV would be nearer to that of the natural valve.
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Mitral Jet Dispersion vs. Downstream Distance
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Figure 4.35: Dispersion of the mitral jets for the test cases studied.
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Figure 4.36: Average mitral jet dispersion levels based on six Y/D levels.

78



Chapter 5

5 Conclusions and Future Work

In the present work, the downstream flow characteristics distal to three valve
configurations were studied using a high frequency Time-Resolved Digital Particle Image
Velocimetry (TRDPIV) system. Information regarding the flow character was obtained and
included insights into vorticity levels, vortex shedding, jet dispersion, and leaflet motions
for a bileaflet MHYV, a porcine MV, and a combination of both types of valves. Overall, the
results presented provide insight on the hemodynamic characteristics of natural and MHVs,
reveal the detrimental character of asynchronous leaflet opening, document the mechanism
of vortex formation and interaction distal to the valve, and illustrate the importance of
chordal preservation. Instantaneous velocity fields and vorticity maps were presented
along with time-averaged velocity, vorticity, and turbulent kinetic energy measurements.
Asynchronous leaflet behavior was observed in both of the cases that incorporated the
bileaflet MHV. Extensive vortex formation and propagation occurred distal to the MHYV,
which led to high levels of jet dispersion. The porcine mitral jet exhibited lateral oscillatory
behavior and less vortex development overall, and its levels of dispersion were markedly
less than those of the MHV. In the MHV/porcine combination system, the jet behavior was
greatly affected by the chordal preservation technique. The presence of the native leaflets
and chordae tendineae limited vortex propagation and jet dispersion. Levels of vorticity
among the cases were comparable while the turbulent kinetic energy levels were highest
distal to the MHV. Three-dimensional results also showed a restrained mitral jet in the out-
of-plane direction, indicating that the leaflets and tendineae may act to guide the incoming
jet along a pathway into the left ventricle. Based on the findings from this and other works,
valve performance could be improved by implementing a design that directed the incoming

mitral jet along its preferred pathway. In this way, flow would more closely mimic the
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natural heart’s flow patterns. These results also support the use of the chordal preservation

technique during mitral valve replacement.

While this work provides new information about the flow past both mechanical and
natural mitral valves as well as the technique of chordal preservation, further studies must
be performed to improve, expand upon, and validate the results presented here. This
research may also serve as a steppingstone for new paths of related study. With regard to
the experimental setup, future work includes the utilization of a second generation testing
machine that allows for the incorporation of a left atrium model as well as an aortic arch.
The simulator is no longer gravity fed; its chambers are controlled independently by a high
precision computer controlled pumps and control valves. By using this new machine, more
accurate waveforms may be inputted into the system and pressures and flow rates may be
controlled in an easier manner. In order to examine flow characteristics such as levels of
circulation and kinetic energy, more cycles of data must be taken to further assess the
signals. Synchronizing the signals for each data set will also improve the analysis process
and corresponding results. Applying improved imaging processing techniques would
allow for less light to be reflected from the native mitral tissue and sutures. In this way,
more details of the flow closer to the valves, i. e. very close to or within the leaflets and
chordae tendineae, could be investigated. Other paths of future work also include studying
the flow distal to the native leaflets without the chordae tendineae as well as examining the

effects of valve tilting and orientation in each of the three configurations.
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