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The fibrous annular ring of the aortic valve separates the aorta from the left ventricle and superior to
this ring is a structure called the sinus of Valsalva, or aortic sinus. The sinus is comprised of three bulges
at the root of the aorta, with each bulge aligned with the belly or central part of the specific valve leaflet.
Each valve cusp and corresponding sinus is named according to its anatomical location within the aorta.
Two of these sinuses give rise to coronary arteries that branch off the aorta, providing blood flow to the
heart itself. The right coronary artery is based at the right or right anterior sinus, the left coronary artery
exits the left or left posterior sinus, and the third sinus is called the non-coronary or right posterior sinus.
Figure 29.2 shows the configuration of the normal aortic sinuses and valve in the closed position. Because
the length of the aortic valve cusps is greater than the annular radius, a small overlap of tissue from each
leaflet protrudes and forms a coaptation surface within the aorta when the valve is closed [Emery and
Arom, 1991]. This overlapped tissue, called the lunula, may help to ensure that the valve is sealed. When
the valve is open, the leaflets extend to the upper edge of the sinuses of Valsalva. The anatomy of the
pulmonic valve is similar to that of the aortic valve, but the surrounding structure is slightly different.
The main differences are that the sinuses are smaller in the pulmonary artery and the pulmonic valve
annulus is slightly larger than that of the aortic valve.

The dimensions of the aortic and pulmonic valves and their leaflets have been measured in a number
of ways. Before noninvasive measurement techniques such as echocardiography became available, valve
measurements were recorded from autopsy specimens. An examination of 160 pathologic specimens
revealed the aortic valve diameter to be 23.2 ± 3.3 mm, whereas the diameter of the pulmonic valve was
measured at 24.3 ± 3.0 mm [Westaby et al., 1984]. However, according to M-mode echocardiographic
measurements, the aortic root diameter at end systole was 35 ± 4.2 mm and 33.7 ± 4.4 mm at the end
of diastole [Gramiak and Shah, 1970]. The differences in these measurements reflect the fact that the
autopsy measurements were not performed under physiologic pressure conditions and that intrinsic
differences in the measurement techniques exist. On average, pulmonic leaflets are thinnner than aortic
leaflets: 0.49 mm vs. 0.67 mm [David et al., 1994], although the leaflets of the aortic valve show variable
dimensions depending on the respective leaflet. For example, the posterior leaflet tends to be thicker,
have a larger surface area, and weigh more than the right or left leaflet [Silver and Roberts, 1985; Sahasakul

 

FIGURE 29.1

 

Typical pressure and flow curves for the aortic and mitral valves.
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et al., 1988], and the average width of the right aortic leaflet is greater than that of the other two
[Vollebergh and Becker, 1977].

 

Mechanical Properties

 

Due to the location and critical function of the aortic valve, it is difficult to obtain measurements of its
mechanical properties 

 

in vivo

 

; however, reports are available from a small number of animal studies. This
section will reference the 

 

in vivo

 

 data whenever possible and defer to the 

 

in vitro

 

 data when necessary.
Since little mathematical modeling of the aortic valve’s material properties has been reported, it will be
sufficient to describe the known mechanical properties of the valve. Like most biological tissues, the
aortic valve is anisotropic, inhomogeneous, and viscoelastic. The collagen fibers within each valve cusp
are aligned along the circumferential direction. Vesely and Noseworthy [1992] found that both the
ventricularis and fibrosa were stiffer in the circumferential direction than in the radial direction. However,
the ventricularis was more extensible radially than circumferentially, while the fibrosa had uniform
extensibility in both directions.

There are also elastin fibers, at a lesser concentration, that are oriented orthogonal to the collagen. It
is this fiber structure that accounts for the anisotropic properties of the valve. The variation in thickness
and composition across the leaflets is responsible for their inhomogeneous material properties. Although
the aortic valve leaflet as a whole is asymmetric in its distensibility, the basal region tends to be relatively
isotropic while the central region shows the greatest degree of anisotropy [Lo and Vesely, 1995]. The role

 

FIGURE 29.2

 

The aortic sinuses and valve in the closed position. The noncoronary cusp (NCC) is in front. The
left and right coronary cusps (LCC and RCC) are positioned as marked. The aorta is above the closed valve in this
orientation and the left ventricle is below the dashed line.
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127.1 A Brief History of Heart Valve Prostheses

 

This section on replacement valves highlights a relatively small number of the many various forms which
have been made. However, those that have been included are either the most commonly used today or
those which have made notable contributions to the advancement of replacement heart valves [Brewer,
1969; Yoganathan et al., 1992].

 

Mechanical Valves

 

The use of the caged-ball valve in the descending aorta became obsolete with the development in 1960
of what today is referred to as the 

 

Starr-Edwards ball-and-cage valve

 

. Similar in concept to the original
Hufnagel valve, it was designed to be inserted in place of the excised diseased natural valve. This form
of intracardiac valve replacement was used in the mitral position and for aortic and multiple replacements.
Since 1962 the Starr-Edwards valve has undergone many modifications to improve its performance in
terms of reduced hemolysis and thromboembolic complications. However, the changes have involved
materials and techniques of construction and have not altered the overall concept of the valve design in
any way (Fig. 127.1

 

a

 

).
Other manufacturers have produced variations of the ball and cage valve, notably the Smeloff-Cutter

valve and the Magovern Prosthesis. In the case of the former, the ball is slightly smaller than the orifice.
A subcage on the proximal side of the valve retains the ball in the closed position with its equator in the
plane of the sewing ring. A small clearance around the ball ensures easy passage of the ball into the
orifice. This clearance also gave rise to a mild regurgitation which was felt, but not proven, to be beneficial
in preventing thrombus formation. The Magovern valve is a standard ball-and-cage format which incor-
porates two rows of interlocking mechanical teeth around the orifice ring. These teeth are used for
inserting the valve and are activated by removing a special valve holder once the valve has been correctly
located in the prepared tissue annulus. The potential hazard of dislocation from a calcified annulus due
to imperfect placement was soon observed. This valve is no longer in use.

Due to the high-profile design characteristics of the ball valves, especially in the mitral position, low-
profile caged disc valves were developed in the mid-1960s. Examples of the caged disc designs are the
Kay-Shiley and Beall prostheses, which were introduced in 1965 and 1967, respectively (Fig. 127.1

 

b

 

).
These valves were used exclusively in the atrioventricular position. However, due to their inferior hemo-
dynamic characteristics, caged disc valves are rarely used today.

 

 

 

FIGURE 127.1

 

(

 

a

 

) Photograph of Starr-Edwards ball and cage valve; (

 

b

 

) photograph of Kay-Shiley disc valve;
(

 

c

 

) photograph of Bjork-Shiley tilting disc valve; (

 

d

 

) photograph of Medtronic-Hall tilting disc valve; (

 

e

 

) photograph
of St. Jude bileaflet valve; (

 

f

 

) photograph of CarboMedics bileaflet valve; (

 

g

 

) photograph of Parallel bileaflet valve.
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commercially available as the Hancock Porcine Xenograft in 1970 (Fig. 127.2

 

a

 

). It remains one of the two
most popular valve substitutes of this type, the other being the Carpentier-Edwards Bioprosthesis intro-
duced commercially by Edwards Laboratories in 1976.This latter valve uses a totally flexible support frame.

In 1977 production began of the Hancock Modified Orifice (M.O.) valve, a refinement of the Hancock
Standard valve. The Hancock M.O. is of a composite nature—the right coronary leaflet containing the
muscle shelf is replaced by a noncoronary leaflet of the correct size from another porcine valve. This high-
pressure fixed valve is mounted into a Dacron-covered polypropylene stent. The Hancock II and Carpentier-
Edwards supra-annular porcine bioprostheses are second-generation bioprosthetic valve designs which were
introduced in the early 1980s. The porcine tissue is initially fixed at 1.5 mmHg and then at high pressure.
This fixation method is designed to ensure good tissue geometry. Both valves are treated with antiminer-
alization treatments. Neither valve has been FDA approved for clinical use in the United States.

In porcine prostheses, the use of the intact biologically formed valve makes it unnecessary to manu-
facture individual valve cusps. Although this has the obvious advantage of reduced complexity of con-
struction, it does require a facility for harvesting an adequate quantity of valves so that an appropriate
range of valve sizes of suitable quality can be made available. This latter problem did not occur in the
production of the three-leaflet calf pericardium valve developed by Ionescu and colleagues; the construc-
tion of this valve involved the molding of fresh tissue to a tricuspid configuration around a support
frame. As the tissue is held in this position, it is treated with a glutaraldehyde solution. The valve, marketed
in 1976 as the Ionescu-Shiley Pericardial Xenograft, was discontinued in the mid-1980s due to structural
failure problems. Early clinical results obtained with tissue valves indicated their superiority to mechanical
valves with respect to a lower incidence of thromboembolic complications [Bodnar & Yacoub 1991]. For
this reason the use of tissue valves increased significantly during the late 1970s.

The Carpentier-Edwards pericardial valve consists of three pieces of pericardium mounted completely
within the Elgiloy wire stent to reduce potential abrasion between the Dacron-covered frame and the
leaflets. The pericardium is retained inside the stent by a Mylar button rather than by holding sutures.
Its clinical implantation began in July 1980, and it is currently approved for clinical use in the United
States (Fig. 127.2

 

b

 

).
Clinical experiences with different tissue valve designs have increasingly indicated time-dependent

(5- to 7-year) structural changes such as calcification and leaflet wear, leading to valve failure and
subsequent replacement [Ferrans et al., 1980; Oyer et al., 1979; Bodnar, Yacoub, 1986]. The problem of
valve leaflet calcification is more prevalent in children and young adults. Therefore, tissue valves are rarely
used in children and young adults at the present time. Such problems have not been eliminated by the
glutaraldehyde tanning methods so far employed, and it is not easy to see how these drawbacks are to

 

 

 

FIGURE 127.2

 

(

 

a

 

) Photograph of Hancock porcine valve; (

 

b

 

) photograph of Carpentier-Edwards pericardial valve.
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therapy may lead to bleeding problems; therefore, careful control of anticoagulation medication is
essential for the patient’s well-being and quality of life. Another concern is the hemodynamic performance
of the prosthesis. The hemodynamic function of even the best designs of mechanical valves differs
significantly from that of normal heart valves.

 

127.4 Engineering Concerns and Hemodynamic Assessment 

 

of Prosthetic Heart Valves

 

In terms of considerations related to heart valve design, the basic engineering concerns are

• Hydrodynamics/hemodynamics
• Durability (structural mechanics and materials)
• Biologic response to the prosthetic implant

The ideal heart valve design from the hemodynamic point of view should [Giddens et al., 1993] 

• Produce minimal pressure gradient
• Yield relatively small regurgitation
• Minimize production of turbulence
• Not induce regions of high shear stress
• Contain no stagnation or separation regions in its flow field, especially adjacent to the valve

superstructure

No valve as yet, other than normal native valves, satisfies all these criteria.

 

Pressure Gradient

 

The heart works to maintain adequate blood flow through a prosthetic valve; a well-designed valve will
not significantly impede that blood flow and will therefore have as small a pressure gradient as possible
across the valve.

Because of the larger separation region inherent in flow over bluff bodies, configurations such as the
caged disc and caged ball have notably large pressure gradients. Porcine bioprostheses have relatively
acceptable pressure gradients for larger diameter valves because they more closely mimic natural valve
geometry and motion, but the small sizes (<23 mm) generally have higher pressure gradients than their
mechanical valve counterparts, as shown in Fig. 127.3 [Yoganathan et al., 1984]. Tilting disc and bileaflet
valve designs present a relatively streamlined configuration to the flow, and, although separation regions
may exist in these designs, the pressure gradients are typically smaller than for the bluff shapes. The
clinical importance of pressure gradients in predicting long-term performance is not clear. The fact that
these gradients are a manifestation of energy losses resulting from viscous-related phenomena makes it
intuitive that minimizing pressure gradients across an artificial valve is highly desirable in order to reduce
the workload of the pump (i.e., left ventricle).

 

Effective Orifice Area (EOA)

 

The EOA is an index of how well a valve design utilizes its primary or internal stent orifice area. In other
words, it is related to the degree to which the prosthesis itself obstructs the flow of blood. A larger EOA
corresponds to a smaller pressure drop and therefore a smaller energy loss. It is desirable to have as large
an EOA as possible. EOA is calculated from in vitro pressure drop measurements for a particular valve
using the following formula [Yoganathan et al., 1984]:

EOA cm
Qrms2

51 6
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Q

 

rms 

 

is the root mean square systolic/diastolic flow rate (cm

 

3

 

/s), 

 

∆

 

–

 

p

 

is the mean systolic/diastolic pressure
drop (mmHg).

Table 127.1 lists EOAs obtained in vitro, for different size mechanical and tissue valve designs in clinical
use today. These results illustrate the fact that, size for size, the newer mechanical valve designs have
better pressure gradient characteristics than porcine bioprostheses in current clinical use.

 

Regurgitation

 

Regurgitation results from reverse flow created during valve closure and from backward leakage once
closure is effected (see Fig. 127.4). Regurgitation reduces the net flow through the valve. Closing regur-
gitation is closely related to the valve shape and closing dynamics, and the percentage of stroke volume
that succumbs to this effect ranges from 2.0–7.5% for mechanical valves. For tissue valves it is typically
less: 0.1–1.5%. Leakage depends upon how well the orifices are “sealed” upon closure, and it has a reported
incidence of 0–10% in mechanical valves and 0.2–3% in bioprosthetic valves. The overall tendency is for
regurgitation to be less for the trileaflet bioprosthetic heart valves than for mechanical valve designs.
Figure 127.5 illustrates in vitro regurgitant volumes (closing and leakage) measured on three commonly
used mechanical valve designs in the aortic and mitral positions.

 

FIGURE 127.3

 

Examples of in vitro pulsatile flow pressure gradients across tilting disc (Bjork-Shiley convexo-
concave), bileaflet (St. Jude Medical), and porcine aortic valves of three different sizes (27, 25, and 21 mm).

 

TABLE 127.1

 

Effecive Orifice Areas of Different Prosthetic Aortic Valve Designs

 

Valve Sewing Medronic-Hall St. Jude Carbomedics Hancock I Hancock MO Carpentier-Edwards Starr-Edwards
Ring Diam, Tilting Disc, Bileaflet Bileaflet Porcine, Porcine, Pericardial, 1260 Ball,

mm

 

cm

 

2

 

cm

 

2

 

cm

 

2

 

cm

 

2

 

cm

 

2  

 

cm

 

2

 

 cm

 

2

 

19/20 1.74 1.21 1.12 1.01 1.22 1.56 1.04
21 1.74 1.81 1.66 1.31 1.43 1.88 1.23
23 2.26 2.24 2.28 1.73 1.94 2.25 1.45
25 3.07 3.23 3.14 1.93 2.16 3.25 1.59
27 3.64 4.05 3.75 2.14 — 3.70 1.75
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Regurgitation has implications other than simply for flow delivery. On the negative side, back flow
through a narrow slit, such as can occur in leakage regurgitation through a bileaflet valve, can create
relatively high laminar shear stresses, thus increasing the tendency toward blood cell damage [Baldwin,
1990; Cape et al., 1993]. However, regurgitation can have a beneficial effect in that the back flow over
surfaces may serve to wash out zones that would otherwise have stagnant flow throughout the cycle. This
is particularly true for the “hinge” region in some tilting disc and bileaflet designs.

 

Flow Patterns and Turbulent Shear Stresses

 

Thrombosis and embolism, tissue overgrowth, hemolysis, and damage to endothelium adjacent to the
valve are directly related to the velocity and turbulence fields created by various valve designs and have
been addressed in detail during the past decade by investigators studying cardiovascular fluid mechanics

 

FIGURE 127.4

 

Flow cycle divided into forward flow, closing volume, and leakage volume.

 

FIGURE 127.5

 

Examples of in vitro reguritant volumes (closing and leakage) with three mechanical valve designs
(MH—Medtronic-Hall; SJM—St. Jude Medical; B—Bjork-Shiley mono-strut).


