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Abstract

The use of high-resolution noninvasive imaging in modern cardiac clinics to collect detailed
images of valve function has dramatically accelerated the understanding of functional
human heart anatomy. In the healthy human, the cardiac valves determine the passage of
blood through the heart. The atrioventricular valves open during diastole to allow the filling
of the ventricles and close during systole (ventricular contraction), directing blood through
the semilunar valves to the body; these valves, in turn, close during diastole to prevent the
flow of blood back into the ventricle. By presenting a comprehensive review of the histol-
ogy, functional anatomy, and morphology of the cardiac valves, this chapter promotes an
understanding of the valve features that is required for valvar repair or replacement via
either surgical or minimally invasive (transcatheter) means.
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knowledge is required for directing translational research,

Abbreviations

APM
(superoposterior)
PPM
(inferoanterior)

Anterior papillary muscle complex

Posterior papillary muscle complex

including initiating preclinical investigations, assessing the
feasibility of clinical trials, and performing first-in-man pro-
cedures. There are two atrioventricular valves in the human
heart, namely, the tricuspid and mitral valves. Likewise, there
are two arterial valves in the human heart, specifically the
pulmonary and aortic valves. All valves are complex struc-
tures whose normal anatomical structure can vary greatly

7.1 Introduction

among individuals and/or also become modified by disease
processes. In this review, we discuss the anatomy, pathology,
and issues related to transcatheter and surgical repairs of the

A critical understanding of cardiac anatomy is essential for
design engineers and clinicians with the intent of developing
and/or employing improved or novel technologies or thera-
pies for treating an impaired cardiac valve. Likewise, such
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atrioventricular and arterial valves in a translational manner.

The high prevalence of aortic valvar pathologies in the
burgeoning elderly population, coupled with poor clinical
outcomes for patients who go untreated, has resulted in pro-
lific spending in the research and development of more
effective and less traumatic therapies. The accelerated devel-
opment of therapies designed to treat the arterial valves has
been guided by anatomical information gathered from high-
resolution imaging technologies, which in turn have focused
attention on the need for complete understanding of arterial
valvar clinical anatomies.
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7.2  The Cardiac Skeleton

Before describing the specific anatomies of the cardiac
valves, it is important to understand the anatomical frame-
work that holds these valves in position and thus conse-
quently the relationships of each valve to one another [1].
Figure 7.1 shows an anatomical plate of a human heart with
the atria and great arteries removed, highlighting the close
proximity of all four cardiac valves to each other.
Traditionally, the four valves of the heart have been described
as being supported by a fibrous framework or cardiac skele-
ton made of dense connective tissue passing transversely
through the base of the heart between the atria and the ven-
tricles. As described by Wilcox, Cooke, and Anderson [1]
and by Bateman et al. [2], the strongest part of the skeleton is
the area of fibrous continuity between the leaflets of the
mitral and aortic valves. This fibrous strap, thickened at both
its ends by the fibrous trigones, anchors the aortic-mitral val-
var unit within the base of the left ventricle (Fig. 7.2). The
coronet-like support of the aortic valvar leaflets extends
antero-cranially from the region of fibrous continuity and is
often considered to represent an aortic valvar annulus, but
there are no anatomical structures supporting the semilunar
hinges of the aortic valvar leaflets (Fig. 7.3) [2]. The right
fibrous trigone is itself continuous with the membranous part
of the ventricular septum and is an integral part of the aortic
coronet (Fig. 7.2). The trigone and membranous septum
together are usually described as the central fibrous body.

Pulmonary
Valve

Tricuspid
Coronary sinus Valve

Ostium

Fig.7.1 An anatomical plate of a human heart with the atria and great
arteries removed showing the relationship between the four valves at
the base of the heart. Note the fibrous connection between the leaflets of
the mitral valve creating a double orifice valve

The smaller left fibrous trigone is formed at the leftward end
of this zone of fibrous continuity [4]. Inconstant cords of
fibrous tissue then extend from the margins of the fibrous
continuity between the aortic and mitral valve to support the
mural (anterior) leaflet of the mitral valve.

Central
Fibrous
Body

Aortic Valve

Left Fibrous
Trigone

s

i »
\-’al\y
A 3 d

L e

Fig. 7.2 Dissection of the cardiac skeleton showing the aortic valve
(center), the mitral valve annulus (below right), and the fibrous sections
of the tricuspid valve (to the /eft). The original image for this figure was
kindly provided by Professor Robert H. Anderson. It was initially pub-
lished in “Cardiac Anatomy” [3] and has been modified for this review.
Professor Anderson retains the copyright of the initial image
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Fig.7.3 Dissection of the cardiac skeleton with the atria and great ves-
sels removed showing the coronet shape of the aortic annulus and the
mitral valve. The original image for this figure was kindly provided by
Professor Robert H. Anderson. It was initially published in “Cardiac
Anatomy” [3] and has been modified for this review. Professor
Anderson retains the copyright of the initial image
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However, the extent of the skeleton is often greatly exag-
gerated. The so-called annular components of the atrioven-
tricular valves then extend inferiorly and posteriorly from
the central fibrous body and the left fibrous trigone, respec-
tively (Fig. 7.3) [2]. It is the exception rather than the rule,
however, for these fibrous cords to extend throughout the full
circumference of the left and right atrioventricular junctions.
The annuluses of the atrioventricular valves, as such, are bet-
ter formed in the mitral as opposed to the tricuspid junction.
In the mitral junction, it is normal to find segments of the
valvar leaflets hinged from the fibroadipose tissue of the
atrioventricular junction, rather than from a firm fibrous
annulus [5]. In the tricuspid junction, the valvar leaflets are
normally hinged from fibroadipose tissue [6]. The annuluses,
as part of the atrioventricular junctions and rarely being
complete fibrous rings, are highly dynamic and change dra-
matically in shape and size throughout the cardiac cycle
from systole to diastole [1, 2]. It is also the fibroadipose tis-
sue of the junctions that provides the greatest part of the
insulation between the atrial and ventricular muscular
masses, with the atrioventricular bundle of the conduction
system being the only structure in the normal heart that
crosses the insulating plane. The bundle penetrates through
the atrioventricular component of the membranous septum.

The leaflets of the pulmonary valve have no direct fibrous
support other than that provided by the valvar sinuses. The
basal components of each leaflet are supported by the right
ventricular infundibulum. It is this unique positioning of the
pulmonary root away from the other valvar structures that
makes possible its surgical removal during the Ross proce-
dure, while the presence of the supporting skirt of infundibu-
lar musculature facilitates its use as an autograft to replace
the aortic valve [7].

7.3  The Atrioventricular Valves
In the most basic anatomical sense, the atrioventricular
valves are made up of three main components:

e Valve leaflets attached to the respective annulus

e Tendinous cords attaching the leaflets to the ventricular
myocardium

» Papillary muscles providing the anchoring points for the
tendinous cords to the ventricular wall

The leaflets of the atrioventricular valves can be thought
as forming a skirt that hangs from the annulus; leaflets are
divided into a series of sections that constitute the distinct
leaflets of each valve. Due to the extent of variations between
individuals with regard to leaflet morphologies, there has
been much debate relative to nomenclature on the number of
leaflets of both the mitral and tricuspid valves [8-10].

17

Traditionally, the division of the leaflets has been determined
by the presence of commissures which can be described as
the peripheral attachment of a break in the skirt [1].

The leaflets themselves are attached to the ventricles via
the sub-valvar apparatus of each valve. In general, each
apparatus consists of the tendinous cords and the papillary
muscle complexes of each valve. The tendinous cords are
usually categorized by (1) those that support the free edges
of the valves, (2) those that support the rough zones (the
region between the free edge and each annulus), and/or (3)
those that attach to the leaflets near to the annulus. Typically,
the cords supporting the free edges of the leaflets are known
as fan cords due to the presence of multiple fenestrations.
Those that attach to the rough zone of the leaflets are distin-
guished by their larger size and are commonly defined as
strut cords. Finally, those that attach near the annulus are
known as basal cords. The strut cords are of specific impor-
tance, as they bear the highest mechanical loads during sys-
tole [11]. Furthermore, the number and distribution of the
tendinous cords across a given valve are critical to its func-
tion; it is well documented that dysfunction of these struc-
tures can lead to prolapse of the valves [12—14]. In general,
the cords attach to the heads of the papillary muscles, which
themselves play an important role in the function of each
valve by contracting during systole to cushion the valve clo-
sure and help prevent the valve from prolapsing into the
atrium.

7.3.1 Atrioventricular Valve Function

During systole, when the ventricles are contracting, the sub-
valvar apparatus of each valve prevents the leaflets from pro-
lapsing into the atria and additionally aids in ventricular
ejection by effectively drawing the apex of the ventricle
toward the basal ring. Additionally, it has also been shown
that the sub-valvar apparatus plays a crucial role during dias-
tole, while the ventricle is filling, by moderating wall ten-
sions and improving the efficiency of the ventricular
myocardium [15, 16]. During systole in normal/healthy car-
diac function, the valve leaflets, which bulge toward the
atrium, can be considered to stay pressed together through-
out the contraction and therefore do not prolapse. During
diastole, when the ventricles are relaxing and the chambers
are filling through the open atrioventricular valves, eddy cur-
rents that form behind the leaflets and tension in the sub-
valvar apparatus keep the leaflets close together.

Figures 7.4 and 7.5 show image sequences obtained
employing Visible Heart® methodologies, as described in
Chap. 41. These sequences display the normal cardiac func-
tion of the mitral and tricuspid valves, respectively [17, 18];
the images were obtained from the atria (above the valve)
and from the ventricular apexes (below the valve).
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Fig.7.4 Internal videoscopic
images of the mitral valve
from above (a, b) and below
(¢, d) during systole (a, ¢) and
diastole (b, d) obtained
employing Visible Heart®
methodologies

Fig.7.5 Internal videoscopic
images of the tricuspid valve
from above (a, b) and below
(¢, d) during systole (a, ¢) and
diastole (b, d) obtained
employing Visible Heart®
methodologies

Dysfunction of the atrioventricular valves is usually char-
acterized by one of two symptoms: (1) failure of a valve to
successfully close or (2) failure of a valve to successfully
open. Dysfunction of the valves during systole (i.e., failure
of the valve to successfully close) is known as valvar incom-

petence and results in the regurgitation of blood back in a
retrograde direction though the atrioventricular junction.
Such dysfunction results in a decrease in cardiac output and
also increases the pressure within the atria during systole
(potentially causing atrial dilation and/or eventually atrial
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fibrillation). Dysfunction of the valves in diastole (failure of
the valve to fully open and allow blood to fill the expanding
ventricles) is termed stenosis. This decrease in effective ori-
fice area of the open valve is often due to stiffening or calci-
fication of the valve leaflets.

7.4  The Semilunar Valves

A healthy semilunar valve is composed of three valve leaf-
lets, each attached to its respective sinus. These valves lie
between the ventricular outflow tracts and the arterial trunks,
the main arteries carrying blood away from the heart. This
elegant structure is much simpler than that of the atrioven-
tricular valves described previously, in that the semilunar
valve leaflets do not require a tension apparatus to maintain
competency. When closed, the three leaflets of each valve
coapt along zones of apposition, or commissures, which are
fibrous zones some distance from the free edge of the leaf-
lets. At the center of the valve where all three leaflets coapt,
a distinct fibrous nodule can be found. The valve leaflet mar-
gins are attached to the arterial wall in the shape of a half-
moon, hence the semilunar moniker. Normally, the regions
of the valves where the commissures meet the arterial wall
are considerably higher than the seats of the leaflets, thereby
giving the valve a crown-like shape. These three points, par-
ticularly in the aortic valve, are used to define the sinotubular
junctions (Fig. 7.6). Although we have discussed the posi-
tioning of the valves in the heart by referring to their respec-
tive annuluses, many anatomists contest the idea that there
are single defined annuluses for both the pulmonary and aor-
tic valves [19]. Interestingly, there is a defined annulus where
the respective arteries are attached to the ventricular outflow
tract; however, due to the crown-like structure of the valve,
the hemodynamic junction of the valves spans this annulus.
This structural shape results in part of the arterial wall being
considered a ventricular structure (in a hemodynamic sense)
and, in turn, part of the ventricular wall an arterial structure.

Fig.7.6 Idealized three-
dimensional arrangement of
the semilunar valve (this
diagram represents an aortic
root). The model contains
three circular rings with the
leaflets suspended within the
root in crown-like fashion.
The cartoon is reproduced
with kind permission of
Professor Robert H. Anderson
who retains the intellectual
copyright in the original

Just distal to the valves are the arterial sinuses that are rep-
resented by dilations of the artery positioned above each
leaflet and additionally house the coronary artery ostium.
The sinus also provides a recess for the valve leaflets to
retract into, allowing for unrestricted flow from the ventricle
to the artery. Finally, the virtual ring, upon which many
annular measurements are based and which defines the basal
plane of aortic valve, is defined by the three anatomical
anchors at the nadir of each aortic leaflet [20]. These features
are illustrated by the diagram in Fig. 7.6. The position and
definition of the valve annulus is often contested by different
medical specialists, and a recent questionnaire highlighted
the current lack of consensus between physicians regarding
the optimal means of describing the semilunar valve anat-
omy [21]. As such, it is important to be precise in the defini-
tion of exactly what is being measured when documenting
the size and shape of the semilunar valve annuluses.

7.4.1 The Functioning of the Semilunar

Valves

When a semilunar valve is functioning correctly, the leaflets
are pushed into the sinus during myocardial contraction (sys-
tole) to allow blood to leave the ventricles. As the myocar-
dium relaxes and the pressure within the ventricle drops
below the pressure distal to the valve in the arterial system
(the aorta or pulmonary artery), the valve snaps shut. This
usually happens soon after ventricular systole but before the
heart has completely relaxed, so that during diastole, when
the chambers are filling through the atrioventricular valves,
the leaflets of the semilunar valves remain tightly closed. A
positive pressure difference between the aorta and the coro-
nary sinus, which lies within the right atrium, allows for the
flow of blood through the coronary vasculature. Thus, it
should be noted that the heart muscle is perfused with blood
when the semilunar valves are closed and the cardiac myo-
cytes are relaxing.

Sinutubular junction

Coronet of aortic
leaflet attachment

Anatomical ventriculo-
arterial junction

| Virtual annulus defined

image. Special
acknowledgment goes to

> 2 by the basal attachments

Gemma Price as the artist [7]

- = of the valvar leaflets
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Fig.7.7 Internal videoscopic
images of the pulmonary
valve from above (a, b) and
below (¢, d) during systole (a,
¢) and diastole (b, d) obtained
employing Visible Heart®
methodologies

Fig.7.8 Internal videoscopic
images of the aortic valve
from above (a, b) and below
(¢, d) during systole (a, ¢) and
diastole (b, d) obtained
employing Visible Heart®
methodologies

Figures 7.7 and 7.8 show image sequences of the func-
tional movements of the pulmonary and aortic valves,
respectively; these images were obtained from reanimated
human hearts employing Visible Heart® methodologies [17,

18]. The images include views of semilunar valves from
above (i.e., from videoscopes within the pulmonary artery
and the aorta) and from below (with videoscopes within the
right and left ventricular outflow tracts).
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In general, dysfunction of the semilunar valves is usually
characterized by one of two symptoms: failure of the valves
to successfully close or failure of the valves to successfully
open. Dysfunction of the valves during systole, i.e., failure of
the valve to successfully open, is defined as stenosis of the
valve. This pathology is characterized by reduction in the
effective orifice area of the valve (the size of the opening that
allows blood to pass), which in turn forces the ventricles to
work harder to move blood to the body or lungs. Dysfunction
of the semilunar valves during diastole, when the ventricles
are relaxing, results in regurgitation; this occurs when blood
is allowed back into the ventricle from the arterial system,
overloading the ventricles and potentially causing chronic
heart failure.

7.5 Valve Histologies

Interestingly, the atrioventricular valves share very similar
leaflet histology. The atrial sides of the leaflets consist of
spongy tissue (lamina spongiosa) comprised of fibrocytes,
histiocytes, and collagen fibers [22]. It is these collagen
fibers that are considered to supply the mechanical strength
required of the atrioventricular valves. The ventricular
sides consist of fibrous tissue (lamina fibrosa), and both
these layers are surrounded by endothelial cells.
Additionally, the valve leaflets have been shown to incor-
porate both primary sensory and autonomic innervation. In
general, it is considered that the anterior leaflet of the mitral
valve has twice the innervation of the posterior leaflet [23].
These nerves are typically situated in the lamina spongiosa
and extend over the proximal and medial portions of the
leaflet [22]. Fibroblasts [24], smooth muscle cells [25, 26],
and myocardial cells [27] are also commonly located within
the leaflet tissue.

Cells within the leaflets have been shown to elicit two
types of contractile activity: (1) a brief contraction or twitch
at the beginning of each heartbeat (reflecting contraction of
myocytes in the leaflet in communication with, and excited
by, atrial muscle) which has relaxed by mid-systole and
whose contractile activity is eliminated with p-receptor
blockade, and (2) sustained tonic contractions (or tone) dur-
ing isovolumic relaxation, which has been shown to be
insensitive to B-blockade, but doubled by stimulation of the
neurally rich region of aortic-mitral continuity [28]. These
contractile activities within the leaflets are hypothesized to
aid in the maintenance of anterior leaflet shape. This, in turn,
could help prevent mechanical shock to the leaflets upon
valve closure and also aid in optimizing the leaflet shape for
funneling blood into the left ventricular outflow tract [28].

The tendinous cords are composed of a collagen core,
surrounded by elastin fibers interwoven in layers of loose
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collagen. Similar to the valve leaflets, they also have an
outer layer of endothelial cells, but it is the collagen cores
that support the greatest degree of mechanical load during
systole and allow for the wavy configuration during dias-
tole. The elastin fibers are normally arranged in parallel
fashion relative to the collagen fibers, and as the cords are
stretched during systole, the elastin fibers are also
stretched, straightening the collagen. It is hypothesized
that it is this composite configuration of elastin and colla-
gen that provides a smooth mechanism for the transmis-
sion of cordal forces from the leaflets to the papillary
muscles. Additionally, during diastole, the stretched elas-
tin fibers likely help to restore the wavy configuration of
the primary collagen cores. The relative amount of colla-
gen and elastin within the given chordae varies according
to their relative types, as does the relative amount of con-
tained DNA and their degree of vascularization. Normally
the vascularization of the tendinous cords is located
between their collagen cores and the elastin fibers and is
further considered to supply nutrients to the leaflets. It has
been reported that a higher DNA content within both the
anterior and posterior marginal chordae relates to inher-
ently higher rates of collagen syntheses in order to prevent
mechanical deterioration compared with other types of
chordae [13].

The papillary muscles can be considered part of the
ventricular myocardium and hence are composed of aggre-
gated myocytes. The cells exhibit complex junctions,
called intercalated discs, allowing multiple cells to form
long cellular networks. Within the papillary muscles, these
muscle fibers run parallel to each other along the length of
the muscle to increase contractile force and efficiency. The
papillary muscles are extensively innervated and have
complex vascular systems in order to maintain coordi-
nated contractions with the continuum of the ventricular
myocardium [29].

It was Gross who first drew attention to the specific histo-
logical structures of the arterial valves, his account then
being endorsed by others such as Misfeld and colleagues
[22, 30]. Each leaflet of the semilunar valve was described to
have a fibrous core, or fibrosa, with an endothelial lining
containing delicate sheets of elastin on its arterial and ven-
tricular aspects. This so-called fibrous “backbone” is repre-
sented by a dense collagenous layer, which gives way to a
much looser structure, or spongiosa, toward the ventricular
aspects of the leaflet cusps. The zone of apposition of the
leaflets consists of an abrupt thickening of the fibrous layer
made up of closely packed vertically directed fibers and
builds at the central portion of the free edge, creating a node
termed the nodulus Arantii [22, 30]. Figure 7.9 displays a
cross section of an aortic valve leaflet displaying the varying
tissue types [31].
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Fig.7.9 Histologic features
of the aortic valvar complex
showing the anatomic
ventriculoarterial junction.
Also note that the basal
attachment of the aortic
valvar leaflets to the
ventricular myocardium is
proximal relative to the
anatomic junction. Image

is reproduced with
permission from Piazza N
et al. (2008) [31]

Endothelial
lining

Spongiosa

Left ventricle

Fig.7.10 An artist’s
rendition of the healthy mitral
and tricuspid valves clearly
showing the annuluses,
leaflets, tendinous cords, and
papillary muscles

7.6 The Mitral Valve
The left atrioventricular valve, or mitral valve, named by
Andreas Vesalius due to its structural resemblance to the car-
dinal’s mitre, is situated in the left atrioventricular junction
and modulates the flow of blood between the left atrium and
ventricle. Commonly, the valve consists of an annulus, two
leaflets, two papillary muscle complexes, and two sets of
tendinous cords, as seen in Fig. 7.10.

In 1976 Carpentier described the mitral valve as consist-
ing of two apposing leaflets—a posterior leaflet with three

scallops and an anterior leaflet with one scallop. Each region
of the leaflets is designated an alphanumerical label to distin-
guish it from the rest of the valve (Fig. 7.11) [32]. However,
when one considers these structures relative to the landmarks
of the body (i.e., in an attitudinally correct nomenclature),
the leaflets are located in posteroinferior and anterosuperior
positions. Confusion regarding positional nomenclature can
be avoided when adopting the more traditional approach sug-
gested by Vesalius for distinguishing between the leaflets and
recognizing that they are aortic and mural in their locations
[33]; in this chapter, we will use such nomenclature. The
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Fig.7.11 Nomenclature of Anterior Commissures
the mitral valve leaflets.
The left diagram shows P
Carpentier’s 1976 NS
nomenclature, while the
’ . Inferior
right depicts the modern Superior y
attitudinally correct Mural
nomenclatures
Posterior MITRAL VALVE : aalieis
Pulmonary
Aorta
Valve
Aortic Valve

Fig.7.12 Trigones and the aorto-mitral fibrous continuity within a sec-
tioned human heart. In this case, the cardiac skeleton is being viewed
from the apex of the heart. The anterior cardiac surface appears in the
upper part of this image, whereas the posterior surface is below. Image
is reproduced with permission from Anderson RH et al. (2006) [33]

junctions of the two leaflets are commonly referred to as the
anterolateral and the posteromedial commissures; however,
they are more accurately described as superior and inferior.
The line of apposition of the leaflets during valve closure is
known as the fibrous ridge. The simplicity and practicality of
Carpentier’s anatomic description of the mitral leaflets led to
its widespread use after being introduced in 1976 [32]; yet,
while this description depicts a majority of mitral valve anat-
omies, there can be wide variability in the number of scallops
within each leaflet and their relative positions [34].

In general, the aortic leaflet is found to be attached to
approximately one-third of the annulus circumference and is
supported by the aorto-mitral fibrous continuity, which ter-
minates in the left and right fibrous trigones (Fig. 7.12). The
mural leaflet is attached to the remaining two-thirds of the
annulus and also to the fibrous extensions that continue from
the trigones around the mitral valve. However, the lengths of
these extensions can be highly variable. Furthermore, a
fibrous-fatty tissue surrounds the valve in areas where the
cardiac skeleton is not present. The mitral annulus is a highly
dynamic feature of the heart, changing dramatically in shape
and size throughout the cardiac cycle. It is often described as

Tricuspid Valve

Fig. 7.13 3D reconstruction of the annuluses of the mitral (red) and
tricuspid (blue) valves in Mimics® (Materialise, Leuven, Belgium)
from CT scans of a human heart in vivo. The image also shows the loca-
tion of the virtual rings formed by joining together the basal attach-
ments of the leaflets of the aortic and pulmonary valves

Table 7.1 Data on the mitral valve annulus measured via CT [36] and
3D echocardiography [37, 38]

Measured anatomical feature Data Sample size

Systolic annular area [36, 37] 9.12+1.71 cm> |n=84
9.49+1.25cm> |n=13

Septal-lateral (A2-P2) diameter 2.38+0.40 cm n=84

[36, 37] (considered the short axis | 3.00+0.45 cm n=13

of the valve)

Commissure-commissure diameter |4.10+0.48 cm n=84

[36, 37] (considered the long axis 3.42+0.40 cm n=13

of the valve)

Annulus height during systole [38] |8.1+1.7 mm n=24

being saddle-shaped with the highest point of the saddle, the
saddlehorn, being found at the midpoint of the area of aortic-
to-mitral valvar continuity [35] (Figs. 7.4 and 7.13). Both
Delgado and Veronisi and their colleagues reported a series
of annular dimensions that were recorded using echocar-
diography in healthy patients; these data are summarized in
Table 7.1 [36-38].

In general, the sub-valvar apparatus of the mitral valve
consists of two adjacent papillary muscle complexes—the
superoposterior (anterior or APM) and the inferoanterior
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Single

Nultiple

Staggered Bifurcated

Fig.7.14 Several representative examples of the enormous variation in anatomy with regard to the papillary muscle heads associated with the
mitral sub-valvar apparatus from four different human hearts taken using Visible Heart® methodologies [40]

Table 7.2 Data on the chordal lengths of the mitral sub-valvar appara-
tus measured in vivo via 3D echocardiography [41] and post mortem
[42, 43]

Measured anatomical feature Data Sample size
APM tethering length in systole [41] |3.54+0.82cm |n=120
PPM tethering length in systole [41] |3.76+0.78 cm |n=120
Anterior leaflet insertion length [42] | 1.81£0.49 cm | n=50
Posterior leaflet insertion length [42] | 1.18+£0.26 cm | n=50

Ratio of chordal origins to 1:5 n=18
insertions [43]

APM superoposterior (anterior) papillary muscle
PPM inferoanterior (posterior) papillary muscle

(posterior or PPM)—with their attached tendinous cords
which, in turn, insert onto the ventricular surfaces of each of
the two valve leaflets [33]. In other words, the superoposterior
papillary muscle complex is not solely associated with the
aortic leaflet, but rather both the leaflets; likewise, the infero-
anterior papillary muscle complex is not solely associated
with the mural leaflet. It is important to note that the mor-
phologies of the papillary muscle complexes are highly vari-
able [36]. Some have proposed a complicated alphanumeric
classification to account for the number of heads within each
muscle and the number of attachments with the ventricular
walls [39]. Even this complex code can be deemed as an over-
simplification, as both papillary complexes can exhibit enor-
mous anatomic variation [40]. For example, Fig. 7.14 displays
images of the sub-valvar apparatus of the mitral valve taken
from human hearts in the Visible Heart® library [40].

The tendinous cords are typically classified by their num-
ber and length and quantified by one of two measurement
techniques —tethering length and insertion length. Tethering
length is defined as the distance from the papillary head to the
saddlehorn of the mitral annulus. Insertion length is defined
as the length of the cords from their origin at the papillary
head to their insertion into the leaflet tissue. Anatomical
dimensions obtained from patients with no reported mitral
regurgitation or other valvar pathologies were reported by
Sonne et al. and Lam et al. and are summarized in Table 7.2

[41, 42]. Yet, it should be emphasized that, as with other ana-
tomical studies, these data do not account for all anatomical
variations. For example, it has also been reported that the
cordal attachments to the mural leaflet may extend simply
from the ventricular myocardium to the leaflet without a pap-
illary muscle attachment. Furthermore, it is well known that
the tendinous cords themselves may elicit highly variably
anatomies, and various subpopulations of chordae have been
classified by both function [43] and type [44]. Figure 7.15
shows examples of these identified variations in the types of
chordae, including posterior marginal chordae, commissural
chordae, anterior strut chordae, anterior marginal chordae,
basal posterior chordae, and posterior intermediate chordae.

7.7  TheTricuspid Valve
The right atrioventricular valve, or tricuspid valve, is situated
within the right atrioventricular junction and modulates the
flow of blood between the right atrium and right ventricle.
This valve is typically defined by three leaflets suspended
from the muscular atrioventricular junction and connected to
the ventricular wall via three distinct papillary muscle com-
plexes (as seen in Fig. 7.10). When defined using attitudi-
nally correct nomenclature, these leaflets are located in
septal, anterosuperior (traditionally anterior), and inferior
(traditionally posterior) positions (Figs. 7.16 and 7.17) [45].
The anterosuperior leaflet is the largest of the three and
extends from the medial border of the ventricular septum to
the acute margin of the atrioventricular junction (Fig. 7.15).
The leaflet is hinged from the undersurface of the supraven-
tricular crest and provides a curtain between the inflow and
outflow tracts of the right ventricle. The inferior leaflet is
hinged from the diaphragmatic aspect of the atrioventricular
junction. The septal leaflet is then hinged from the ventricu-
lar border of the triangle of Koch, with the hinge crossing the
right-sided aspect of the membranous septum, dividing it
into atrioventricular and ventriculoarterial components [46].
The septal leaflet is often cleft as it crosses the membranous
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Fig 7.15 Dissections of a human mitral valve (leff) and tricuspid valve (right), each labeled with attitudinally correct nomenclature. Note the
dramatic differences between the two valves, including their respective sub-valvar apparatuses

Fig.7.16 Nomenclature of
the tricuspid valve leaflets.
The left diagram shows

Carpentier’s 1976 Anterosuperior
nomenclature, the right
depicts the modern
attitudinally correct Septal
nomenclatures
Inferior

TRICUSPID VALVE

Fig.7.17 Relative positions
of the three leaflets of the
tricuspid valve positioned
septally, anterosuperiorly, and
inferior or murally. Note the leaflet
location of the membranous ¢
septum as indicated by the {" ,
double-headed arrow. In this 4 \
human heart, the anterior /, g J
papillary muscle (asterisk) is
attached to the midpoint of
the anterosuperior leaflet.
Image is reproduced with
permission from Martinez
RM et al. (2006) [45]
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septum. When viewed in closed position, the trifoliate zones
of apposition between the leaflets extend to their peripheral
ends. It is these ends that are typically considered to repre-
sent the valvar commissures, which can be named as being
anteroseptal, anteroinferior, and infero-septal [2].

To date, the morphology of the tricuspid valve has
received less attention than the mitral valve; hence, thorough
anatomical studies are limited. The tricuspid annulus is
known to have a non-planar three-dimensional shape, similar
to the mitral valve annulus (Fig. 7.13). Further, it has been
described as changing its shape dramatically throughout the
course of the cardiac cycle. These changes in annular geom-
etry during systole, from a more circular shape to an ellipti-
cal shape, result in overall reduction of annular sizes by up to
40 % [47]. As the heart contracts, the annulus reaches its
minimum size during isovolumetric relaxation and its maxi-
mum during isovolumetric contraction [35]. Data relating to
the tricuspid annulus can be seen in Table 7.3 [37, 48-50].

As with the mitral valve, the leaflets of the tricuspid valve
are complimented by a sub-valvar apparatus consisting of
papillary muscle complexes that work to tether the valve
leaflets via tendinous cords to prevent valve prolapse during
ventricular contraction (systole). The three main papillary
muscle complexes have grossly dissimilar morphology,
albeit very characteristic (Fig. 7.18). The zone of apposition
between the septal and anterosuperior leaflets is supported
by the medial papillary muscle complex, also known as the

Table 7.3 Data on the mitral valve annulus measured in vivo via 3D
echocardiography [37] and post mortem [48-50]

Measured anatomical feature Data Sample size
Systolic annular area [37] 10.75+1.81 cm? n=13

Post mortem orifice area [48] 10.60+ 3.40 cm n=160
Systolic septo-medial 3.31+0.32 cm n=13
dimension [37]

Systolic anterior-posterior 3.79+0.43 cm n=13
dimension [37]

Postmortem annular 11.10+1.10 cm n=50
circumference [49, 50] 11.30+£0.50 cm n=24

papillary muscle of the conus, or the muscle of Lancisi [45,
51]. It arises from the posteroinferior limb of the septal band,
or septomarginal trabeculation, although in some individuals
the muscle is replaced by a series of smaller muscles or even
by cords arising directly from the septal band. The anterior is
typically the largest papillary muscle complex and supports
the zone of apposition between the anterosuperior and infe-
rior leaflets, but often inserts into the midportion of the anter-
osuperior leaflet. The muscle itself is usually in direct
continuity with the moderator band [46]. This latter structure
is one of a series of septoparietal trabeculations that arise
from the anterior margin of the septal band. The smaller infe-
rior muscle complex supports the zone of apposition between
the inferior and septal leaflets. The septal leaflet is then sup-
ported in addition by multiple cords arising directly from the
septum itself. This is a differentiating feature between the
tricuspid and mitral valves, the leaflets of the latter valve
lacking any septal attachments.

Figure 7.18 displays videoscopic images of the sub-valvar
apparatus of the tricuspid valve taken from reanimated
human hearts utilizing Visible Heart® methodologies, as
described in Chap. 41. Such images emphasize the large ana-
tomical variations that can exist from heart to heart (unpub-
lished data).

Previously, Silver et al. reported the common insertion
length of the tendinous cords of the tricuspid valve for
healthy human hearts, which was defined as the distance
from the origin of the papillary muscles to their correspond-
ing insertion points on the valve leaflets (Table 7.4) [49].
These measurements were completed on 50 formalin-fixed
human hearts; it should be noted that these data may have

Table 7.4 Data on the chordal lengths of the tricuspid sub-valvar
apparatus measured post mortem [49]

Measured anatomical feature Data (cm) Sample size
Septal leaflet insertion length [49] 1.50+0.87 n=50
Anterior leaflet insertion length [49] 1.53+0.69 n=50
Posterior leaflet insertion length [49] 1.37+0.64 n=50

Fig.7.18 Several representative examples of the septal (left), inferior (center), and anterior (right) papillary muscle complexes associated with
the tricuspid sub-valvar apparatus taken using Visible Heart® methodologies (unpublished data)
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specific limitations when compared to the modern imaging
techniques, e.g., those used to measure the tethering length
of the mitral cords mentioned earlier in the chapter. As such,
we suggest that future detailed assessments of the tricuspid
sub-valvar apparatus employing modern imaging techniques
could greatly benefit the field.

7.8 The Aortic Valve

As previously mentioned, due to its location in the center of
the heart between the mitral valve and the tricuspid valve, the
aortic valve is considered as the “centerpiece” of the heart
and is often the most important cardiac valve with respect to
normal cardiac function [31]. An artist's rendition of the

opened aortic root showing the features of the aortic valve
can be seen in Fig. 7.20.

7.8.1 The Aortic Root

The aortic root contains three circular rings and one crown-
like ring (Fig. 7.6) [19]. The connection of the leaflets to the
arterial wall mimics the shape of a crown, whose base forms
a virtual ring known as the basal plane of the valve. This plane
represents the inlet from the left ventricular outflow tract into
the aortic root. The top of the crown can be considered as a

Fig.7.19 The aortic leaflets
have been removed from this
human aortic root specimen.
One can then observe the
locations of the three defined
aortic rings, i.e., relative to
the crown-like hinges of the
leaflets. A-M aortic-mitral, VA
ventriculoarterial [7]. Image
was modified from an original
figure provided by Professor
Robert H. Anderson;
Professor Anderson retains
the intellectual copyright of
the original image

 Left
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true ring, the sinotubular junction, defined by the sinus ridge
and the related sites of attachment of the peripheral zones of
apposition, between the aortic valve leaflets [31]. Hence the
sinotubular junction dictates the transition from the aortic root
into the ascending aorta. The semilunar hinges then cross
another defined “ring” known as the anatomic ventriculoarte-
rial junction. This overall anatomic arrangement was illus-
trated previously in Fig. 7.6, but can be readily observed when
the aortic root is opened linearly as seen in Fig. 7.19.

The normal aortic root elicits a relatively consistent shape
between patients, but can vary dramatically in size (Table 7.5)
[29, 52]. Kunzelman et al. demonstrated a definable mathe-
matical relationship between root diameter and clinically

Table 7.5 Data on the aortic valve annulus, sinus of Valsalva, and
sinotubular junction measured using multislice computed tomography

Measured anatomical feature Data (mm) | Sample size
Maximum aortic annular diameter 26.9+2.8 | n=25
[52,29] 264+2.8 |n=150
Minimum aortic annular diameter 21.4+£2.8 | n=25
[52,29] 240+£2.6 |n=150
Sinus of Valsalva mean diameter [29] 32.3+39 |n=150
Sinus of Valsalva height above the basal | 17.2+2.7 ' n=150
plane [29]

Sinotubular junction mean diameter [29] |28.1+3.1 |n=150
Sinotubular junction height above basal |20.3+3.1 |n=150
plane [29]

Sinutubular
junction

Right
coronary

—

Virtual Am@ﬂug
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measurable leaflet dimensions [53]. In general, the diameter
at the level of the sinotubular junction typically exceeds that
at the level of the basal plane by a factor of 1:1.6 [53, 54].
The valvar complex is a dynamic structure with its geometric
parameters changing continuously throughout the phases of
the cardiac cycle and relative to the associated changes in
pressure that will occur within the aortic root [55]. For exam-
ple, from diastole to systole, the relative change in diameter
at the level of the sinotubular junction and at the ventriculo-
arterial junction has been noted to increase by ~12 % and
decrease by ~16 %, respectively [56-58]. Additionally, the
orientation of the left ventricular outflow tract and the aortic
root (i.e., the angle between the two) is known to vary from
patient to patient. It is also understood that this angle
becomes more acute with age. Middelhof et al. reported that
hearts from individuals aged >60 years exhibited angles
between 90° and 120°, whereas individuals aged <20 years
presented with angles between 135° and 180° [59].

It is important to note that one of the most critical func-
tions of the aortic root is to facilitate coronary artery perfu-
sion during ventricular diastole. This is achieved by directing
3-5 % of the circulating blood through both the left and right
coronary arteries while the aortic valve itself is closed. In
general, the orifices of the coronary arteries arise within the
two anterior sinuses of Valsalva, usually positioned just
below the sinotubular junctions [54, 60, 61]. However, it is
not unusual to find these arteries positioned superior relative
to the sinotubular junction. Cavalcanti et al. reported the

AOIrtc V@H@

Pulmonary Valve™

mean distance measured from the orifice of the left coronary
artery to the basal attachments of the corresponding leaflets
was 12.6+2.61 mm, and for the right coronary artery, it was
13.2+2.64 mm in 51 normal postmortem hearts [62].
Variations in coronary arterial origin, nonetheless, can occur
with some of these configurations posing as risk factors in
sudden cardiac death [63, 64]. It should also be recalled that
it is the location of these coronary arteries that dictates the
naming of the aortic valve leaflets/cusps—the left coronary,
the right coronary, and the nonadjacent (or non-coronary).

7.8.2 The Aortic Leaflets

As noted above, the leaflets of the aortic valve are named for
the branching coronary arteries that feed the left and right
sides of the heart (Fig. 7.20). More specifically, both the
right and left leaflets attach to the aortic root in the predomi-
nantly muscular region of the left ventricular outflow tract,
whereas the nonadjacent leaflet is chiefly attached to the
fibrous region above the membranous septum (Fig. 7.19).
This fibrous continuity connects the aortic valve to the ante-
rior (aortic) leaflet of the mitral valve, forming the aortic-
mitral curtain. The zone of apposition of the right leaflet to
the nonadjacent leaflet is positioned above the membranous
part of the ventricular septum. The zone of apposition of the
nonadjacent leaflet with the left coronary aortic leaflet is
adjacent to the anterior wall of the left atrium. The left leaflet

Fig.7.20 Artist’s rendition of the healthy aortic and pulmonary valves clearly showing the leaflets, sinuses, outflow tracts, and arterial trunks
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then continues toward the right leaflet, again achieving sup-
port from the muscular part of the ventricular septum. As
previously mentioned, the zones of apposition themselves
ascend as they extend to be attached peripherally at the sino-
tubular junction; below each peripheral attachment, there is
a fibrous interleaflet triangle that forms part of the ventricu-
lar outflow tract [65].

It should be noted that variations may exist in all dimen-
sions of individual leaflets, including: (1) height, (2) width,
(3) surface area, and (4) volume of their supporting sinuses
of Valsalva [31]. Vollebergh et al. reported that the average
widths (measured between the peripheral zones of attach-
ment along the sinus ridge) for the right, the nonadjacent,
and the left coronary leaflets were 25.9, 25.5, and 25.0 mm
respectively, in an investigation of 200 normal hearts [66]. It
was also described that the average heights (measured from
the base of the center of the leaflet to their free edges) for the
right coronary, nonadjacent, and left coronary cusps were
14.1, 14.1, and 14.2 mm, respectively. Such variations in the
leaflet dimensions of healthy valves highlight the need to
focus on the anatomy and function of each leaflet when
developing prosthesis for either the surgical or transcatheter
treatment of aortic valve pathologies.

7.9  The Pulmonary Valve

Due to its relative location within the infundibular muscula-
ture (at the distal portion of the right ventricular outflow
tract), the pulmonary valve is considered, in an anatomical
sense, a more simple valvar structure than the aortic

Fig.7.21 Nomenclature for
the individual leaflets of the
aortic and pulmonary valves.
The traditional naming system
is displayed to the left and the
updated attitudinally correct
nomenclature to the right

Left
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valve (Fig. 7.20). The left and the right leaflets of the aortic
valve face lie adjacent to the pulmonary trunk, and this rela-
tive anatomic orientation has been used to name the
pulmonary valve leaflets: the right and left facing leaflets and
the nonfacing leaflet (Fig 7.21) [1]. Anatomically, the com-
missure of both the right and left leaflets is supported by the
supraventricular crest of the right ventricle, which separates
the pulmonary valve from the tricuspid valve. Further, the
opposite edge of the valve (i.e., the nonfacing leaflet is sup-
ported by the anterior wall of the infundibulum) is, in gen-
eral, the most anterior part of the heart [1].

Pulmonary valve replacement is considered to be less
challenging than aortic valve replacement due to the lower
pressure gradient across the valve and the relative ease of
access to the valve annulus. The ease of complete valve
removal from the cardiac base has led to the use of an auto-
graft replacement for the aortic valve in some congenital
heart patients. Even so, information on the valve is less abun-
dant and reports on variations in valve dimensions are less
comprehensive. Capps et al. report the mean diameter of the
valve as 25.4+3.2 mm in a study comparing the size of the
aortic and pulmonary valve to the overall body surface area
(Table 7.6) [67]. It should be noted that these measurements
were taken on valves removed postmortem using a Hegar
dilator without annular dilation. By the authors’ admission,

Table 7.6 Postmortem mean pulmonary and aortic diameters

(previously Anterior)
Non-Facing

Measured anatomical feature Data (mm) Sample size
Mean annular diameter [28] 25.4+3.2 n=3997
Mean aortic annular diameter [28] 22427 n=3370
Pulmonary
Valve
Right
Right Coronary
Artery Ostium

Left Coronary Right
Artery Ostium Coronary
Left
Coronary Non-Adjacent

(previously Non-Coronary)
Aortic Valve
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this sizing presents limitations regarding the material proper-
ties of the pulmonary annulus differing significantly from the
aortic [67]. As such, these measurements should be used as a
rough guideline. The alternate methodology explains the dif-
ference in aortic measurements reported here from those
measured at end systole in vivo by Schultz et al. and Tops
et al. [20, 68], as shown in Table 7.5.

7.10 Valve Co-location with Other Cardiac
Structures

When performing cardiac valve surgeries and/or contem-
plating novel percutaneous approaches to valvar repairs, it
is vital to have a strong anatomical appreciation of the asso-
ciated structures, i.e., those cardiac structures that surround
the valves. The anatomical features surrounding the mitral
and tricuspid valves are displayed in Figs 7.22 and 7.23.
The position and course of the coronary vasculature is key
to the clinical anatomy of both the mitral and tricuspid
valves. The great coronary vein, continuing as the coronary
sinus, circles the mural leaflet of the mitral valve [35, 69].
The circumflex artery, having branched from the main stem
of the left coronary artery, courses in concert with the
venous channel, usually running much closer to the hinge of
the mural leaflet. In the majority of individuals with domi-
nance of the right coronary artery, the circumflex artery
does not extend through the full length of the left side of the

Fig.7.22 Graphic
representation of the
co-location of the mitral valve
to the coronary sinus, the left
circumflex artery, and the
aortic valve

Non-Coronary
Leaflet of
Aortic Valve

Left Ventricu Iar_/

Outflow Tract

inferior atrioventricular groove [35]. In the minority of indi-
viduals with left coronary arterial dominance, in contrast,
the artery is directly related to the entirety of the mural leaf-
let, usually continuing into the floor of the triangle of Koch,
where it gives rise to the artery supplying the atrioventricu-
lar node. In many individuals, the circumflex artery crosses
underneath the coronary sinus at variable distances [33, 35,
69-71]. Both arterial and venous structures, therefore, are at
risk when surgical procedures are performed on the mural
leaflet of the mitral valve. Such considerations are particu-
larly relevant when employing complex reconstructive
techniques [35]. The proximity of the aortic valve is of
importance when considering surgical procedures to the
aortic leaflet of the mitral valve (Fig. 7.22). The interleaflet
triangle between the left coronary and non-coronary (non-
adjacent) aortic leaflets is directly related to the saddlehorn
of the mitral valvar annulus. This feature should be remem-
bered if sutures are to be placed to either side of the saddle-
horn to prevent damage to the aortic valvar leaflets [35].
The tricuspid valve is bordered within the atrioventricular
junction by the right coronary artery, but is less related to
venous structures, the small cardiac vein being a relatively
insignificant structure [7].

The atrioventricular node and its zones of transitional
cells are closely related to the septal hinge of the tricuspid
valve, with the slow pathway into the node being a con-
stituent part of the vestibular atrial myocardium in this
region. At the apex of the triangle of Koch [7, 35], the spe-

Atrium
Aortic Leaflet
of Mitral Valve

Coronary Sinus

Circumflex Artery

Mural Leaflet of
Mitral Valve



7 Detailed Anatomical and Functional Features of the Cardiac Valves

Fig.7.23 Graphic
representation of the
relationship between the
cardiac conduction system
(i.e., the location of the
atrioventricular node within
the triangle of Koch) and the
tricuspid valve when viewed
from the right atrium

cialized cardiomyocytes of the atrioventricular node bun-
dle themselves together and pierce the central fibrous body
to become the penetrating atrioventricular bundle, or the
bundle of His (Fig. 7.23). Although closely related again to
the hinge of the septal leaflet of the tricuspid valve, and at
potential risk whenever surgery is performed within the
right atrium or through the tricuspid valve, the atrioven-
tricular node should be sufficiently distant not to pose a
threat to those operating on the mitral valve. The bundle of
His, having passed through the membranous septum,
divides on the crest of the muscular ventricular septum into
the left and right bundle branches. These components are at
greater risk during procedures on the aortic rather than the
atrioventricular valves.

The most important anatomical structure related to the
pulmonary root is the first perforating branch of the anterior
interventricular artery; this artery is avoided during the Ross
procedure. Note should also be taken of anomalous coronary
arteries either coursing between the arterial roots or extend-
ing across the right ventricular infundibulum. Being located
in the most anterior aspect of the heart, the pulmonary root is
also directly adjacent to the sternum; thus, sternal compres-
sion may alter the performance of any prosthesis placed in
the pulmonary annulus [4].

The anatomical orientation of the aortic valve is consid-
ered much more challenging; thus, the remainder of this
section will focus on this valve. One of the most important
and complex structures in proximity to the aortic valve is
the cardiac conduction system. As mentioned previously,
the atrioventricular node is located within the triangle of
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Koch, situating the atrioventricular node in close proxim-
ity to the subaortic region of the left ventricular outflow
tract, helping to explain why the treatment of pathologies
involving the aortic valve may lead to either a complete
heart block or to an intraventricular conduction abnormal-
ity [31]. Further, as the atrioventricular conduction axis
reaches the crest of the muscular ventricular septum, it
then branches, with the left bundle branch cascading down
the left ventricular septal surface, as illustrated so ele-
gantly by Tawara over a century ago [72] (Fig 7.24).Thus,
it is important that this anatomical relationship be consid-
ered when planning the repair and/or replacement of the
aortic valve, as the interaction of a specific percutaneous
prosthesis or the errant placement of sutures during surgi-
cal valve implantation can induce adverse effects on the
conduction system and result in the patient requiring car-
diac rhythm management.

In addition to the conduction system, an intimate knowl-
edge of the aortic valve’s proximity to both the coronary
arteries and the mitral valve helps to minimize procedural
complications.

In particular, the main stem of the left coronary artery can
be remarkably short, bifurcating into the left anterior
descending and circumflex arteries in close proximity to the
root [4]. In the instance of transcatheter valve deployment,
the prosthesis typically will crush the leaflets of the native
valve against the aortic wall. Consequently, the combination
of a relatively low-lying coronary artery ostium and a large,
heavily calcified native aortic leaflet can lead to obstruction
of the flow into the coronary arteries [31].
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Fig.7.24 Tawara’s
anatomical diagram of the left
bundle branch showing the
conduction system exiting
from the base of the aortic
valve between the
nonadjacent and right
coronary leaflets. It then
branches out and descends
along the septal endocardial
surfaces of the left ventricular
myocardium [9, 25]

7.11  Common Clinical Imaging

of the Cardiac Valves

Due to its relatively high availability, ease of use, and mini-
mal side effects to the patient, the standard 2D cross-sectional
Doppler echocardiogram is considered as the most common
imaging modality applied to assess the relative function and
anatomical position of the cardiac valves [43, 73]. Clinically,
both the mitral and tricuspid valves are commonly imaged
via the parasternal long-axis view, allowing the echocardiog-
rapher to assess the following valve criteria [73]:

* Size and shape of the annulus

* Mobility of the leaflets, in particular, whether they pro-
lapse or show flail or restricted motion (assessment will
also include exclusion of thickening calcification, myxo-
matous degeneration, clefts, fusions along zones of appo-
sition, perforations, vegetations, or abnormal shelves or
membranes)

* Length and thickness of the tendinous cords and whether
they are fused or ruptured

* Number, structure, and function of the papillary muscles

e Whether the function of the left ventricle is normal, is
globally deranged, or shows evidence of regional abnor-
malities of motion of the walls

Examples of standard 2D cross-sectional Doppler echo-
cardiograms of the mitral and tricuspid valve can be seen in
Fig. 7.25.

Tas Wl

| Membranous septum

The aortic valve can be readily viewed with echo from the
apical, parasternal long-axis, and suprasternal views,
whereas the pulmonary valve is usually imaged from the
parasternal long-axis view (Fig. 7.26), allowing the echocar-
diographer to assess the following valve criteria [73]:

* Relative size and shape of the annulus.

e Number and mobility of the leaflets, in particular whether
they show restricted motions. This assessment will also
include exclusion of thickening calcification, fusions
along zones of appositions, and/or leaflet damage.

For a comprehensive description of the echocardiographic
techniques used to image and assess both healthy and diseased
atrioventricular valves, the readers are referred to the Textbook
of Clinical Echocardiography by Otto [74] and recommenda-
tions for clinical evaluation of stenosis by Baumgartner et al.
[75] and regurgitation by Zoghbi et al. [76].

7.12 Summary

The atrioventricular and semilunar valves are highly complex
anatomical structures. Their overall function and/or subse-
quent dysfunction can be due to abnormalities or failures
within any of their respective subcomponents. Today, the
detailed assessment of their anatomy and function, to deter-
mine optimal treatments approaches, provides critical informa-
tion required by cardiologists, internationalists, and/or cardiac
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Fig. 7.25 Common echocardiographic parasternal long-axis and api-
cal sections which show the leaflets of the mitral and tricuspid valves.
The sub-valvar apparatus can clearly be seen tethering the leaflets to the
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ventricular free wall. AO aorta, LA left atrium, LV left ventricle, RA
right atrium, RV right ventricle

Fig. 7.26 Parasternal long-axis section through the aortic root (left
panel) shows the closed aortic valve, while the short-axis section shows
all three leaflets of the valve. AO aorta, LA left atrium, LV left ventricle,

surgeons. Further, it is the detailed understanding of the valve
features that will aid in the development and deployment of
future clinical therapies, e.g., valvar repairs or replacement via
either surgical or minimally invasive (transcatheter) means.
Although the anatomies of each valve type are similar, it
should be noted that unique pathological changes can affect
each valve resulting in differing approaches to disease assess-
ment and treatment. Ultimately, a detailed understanding of
the atrioventricular and semilunar valve anatomy will aid phy-
sicians and engineers alike in the development and deploy-
ment of future clinical therapies for the treatment of congenital
and degenerative diseases affecting these valves. Furthermore,
the use of common anatomical descriptions of these anatomi-

RA right atrium, RV right ventricle, RVOT right ventricular outflow
tract, PV pulmonary valve, TV tricuspid valve

cal structures (defined as attitudinally correct anatomy) by
anatomists, clinicians, and medical device designers is recom-
mended for the successful and expedient communication of
ideas and information in the modern world of medicine.
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