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Abstract—The books and articles devoted to the anatomy of the aortic valvar complex are numerous. Until now, however,
little consideration has been given to understanding the anatomy with percutaneous valvar replacement in mind. It is
axiomatic that knowledge of the anatomy of the valve is fundamental in understanding key principles involved in valvar
replacement. Such an appreciation of the anatomy helps better understand the optimal positioning for the prosthetic
valve within the root of the aorta with respect to the coronary arteries, mitral valve, and the conduction system and may
circumvent complications that can arise during its implantation. In this review, therefore, we describe the anatomy of
the trifoliate aortic valvar complex and its implications for percutaneous valvar replacement. (Circ Cardiovasc
Intervent. 2008;1:74-81.)
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The realization that it is now possible to replace the aortic
valve percutaneously has created awareness among car-

diologists of the importance in the anatomy of the aortic
valvar complex. The earliest documented interest in the
anatomy of the aortic valvar complex stems from the Renais-
sance, with the description and drawings by Leonardo da
Vinci (1513). The books and articles devoted to this topic are
numerous.1-4. Until now, however, little consideration has
been given to understanding the anatomy with percutaneous
valvar replacement in mind. There are a number of designs
for valves that can be inserted percutaneously in aortic
position, but thus far most experience has been gained using
the Edwards SAPIEN prosthetic heart valve or the CoreValve
ReValving System.5-7 Implantation is achieved by either a
transfemoral or transapical approach. Generally speaking, the
prosthesis is positioned within the aortic root and, once
deployed, crushes the leaflets of the native valve against the
wall. It is axiomatic that knowledge of the anatomy of the
valve is fundamental in understanding key principles in-
volved in valvar replacement. Such an appreciation of the
anatomy helps better to understand the optimal positioning
for the prosthetic valve within the aortic root with respect to
the coronary arteries, mitral valve, and the conduction sys-
tem, and may circumvent complications that can arise during
its implantation. In addition, the need for accurate knowledge
of the aortic valvar complex is imperative, not only as
percutaneous therapies of the aortic valve become clinically
established but also in the new design and refinements of
current valvar technology. In this review, therefore, we

describe the anatomy of the trifoliate aortic valvar complex
and its implications for percutaneous valvar replacement. The
presence of an aortic valve with 2 leaflets is currently
considered a contraindication to transcatheter implantation of
the aortic valve. This topic, therefore, although of unequivo-
cal importance, has been omitted, in the interest of brevity,
from our discussion of the anatomy of the aortic valvar
complex.

Description of the Type of Transcatheter
Aortic Valve Bioprostheses

Before we embark on a detailed discussion of the anatomy of
the aortic valvar complex and its importance with regard to
transcatheter valve therapy, a description of the 2 most
commonly implanted prostheses is provided.

The Edwards SAPIEN prosthesis consists of a balloon-
expandable, cylindrical frame composed of stainless steel to
which is attached a trifoliate, equine pericardium heart
valve.5,7 A fabric skirt is sewn to the frame and functions to
mitigate paravalvular aortic regurgitation. The anchoring of
the prosthesis and function of the valve are both intra-annular.
This valve is currently available in 2 sizes (Figure 1).

The CoreValve ReValving System consists of a self-
expandable, trilevel frame composed of nitinol to which is
attached a trifoliate, porcine pericardium heart valve.6 The
upper third of the frame (ie, outflow portion) exerts low radial
force and sits within the ascending aorta and functions to
orient the prosthesis in the direction of the aortic root and
blood flow. The middle third of the frame is constrained to
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avoid jailing of the coronary arteries. In addition, this portion
of the prosthesis hosts the valve leaflets and has high hoop
force to resist deformation and thus maintain normal leaflet
function. The lower third of the frame (ie, inflow portion) sits
within the left ventricular outflow tract/annulus of the native
aortic valve and exerts high radial force. A skirt of pericar-
dium borders the lower portion of the valve and, in tandem
with the inflow portion of the valve, acts to create a seal and
prevent paravalvular aortic regurgitation. Although the pros-
thesis is anchored within the annulus, its function is supra-
annular. This valve is currently available in 2 sizes (Figure 1).

Aortic Root
The aortic root is the direct continuation of the left ventricular
outflow tract. It is located to the right and posterior, relative
to the subpulmonary infundibulum, with its posterior margin
wedged between the orifice of the mitral valve and the
muscular ventricular septum (Figure 2). It extends from the
basal attachment of the aortic valvar leaflets within the left

ventricle to their peripheral attachment at the level of the
sinutubular junction.8 Approximately two thirds of the cir-
cumference of the lower part of the aortic root is connected to
the muscular ventricular septum, with the remaining one third
in fibrous continuity with the aortic leaflet of the mitral valve.
Its components are the sinuses of Valsalva, the fibrous
interleaflet triangles, and the valvar leaflets themselves. The
leaflets have a core of fibrous tissue, with endothelial linings
on their arterial and ventricular aspects. Their origin from the
supporting left ventricular structures, where the ventricular
components give rise to the fibroelastic walls of the aortic valvar
sinuses, marks the anatomic ventriculoarterial junction. Signifi-
cantly, in those areas where the leaflets arise from the ventricular
myocardium, their basal attachments are well below the level of
the anatomic ventriculoarterial junction (Figure 3).

“Rings” Within the Aortic Root
When defined literally, an “annulus” is no more than a little
ring. There are several such rings to be found within the aortic

Figure 1. Description of the Edwards
SAPIEN prosthesis and the CoreValve
ReValving System prosthesis. Various
dimensions of the valve prostheses are
summarized in the table. The top and
bottom rows of figures depict the
Edwards SAPIEN prosthesis and the
CoreValve ReValving System prosthesis,
respectively. Drawings demonstrate the
approximate “seating” of the prostheses
within the aortic root, and corresponding
cine angiograms are provided.

Figure 2. The long-axis view of the left
ventricle corresponding with the echo-
cardiographic parasternal long-axis view,
demonstrating the extent of the aortic
root. AV indicates aortic valve.
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root, not all corresponding to discrete anatomic structures.
Furthermore, the annulus described by surgeons is usually the
semilunar crown-like structure demarcated by the hinges of
the leaflets. Thus, the aortic root contains at least 3 circular
rings and 1 crown-like ring.8 The valvar leaflets, of course,
are attached throughout the length of the root (Figure 2). Seen
in 3 dimensions, therefore, the leaflets take the form of a
3-pronged coronet, with the hinges from the supporting
ventricular structures forming the crown-like ring (Figure 4).
The base of the crown is a virtual ring, formed by joining the

basal attachment points of the leaflets within the left ventri-
cle. This plane represents the inlet from the left ventricular
outflow tract into the aortic root. The top of the crown is a
true ring, the sinutubular junction, demarcated by the sinus
ridge and the related sites of attachment of the peripheral
zones of apposition between the aortic valve leaflets. It forms
the outlet of the aortic root into the ascending aorta. The
semilunar hinges then cross another true ring, the anatomic
ventriculoarterial junction, as shown in Figure 3. The overall
arrangement is well seen when the aortic root is opened
subsequent to removal of the valvar leaflets (Figure 4B). This
preparation also shows that the leaflets arise from ventricular
muscle only over part of their circumference. The larger part
of the noncoronary leaflet of the valve, along with part of the
left coronary leaflet, is in fibrous continuity with the aortic or
anterior leaflet of the mitral valve, with the ends of this area
of fibrous continuity being thickened to form the so-called
fibrous trigones. It is these trigones that anchor the aortic-
mitral valvar unit to the roof of the left ventricle. It will be
evident from our description that, although it is traditional to
describe an annulus for the aortic valve, the understanding of
this term will vary markedly depending on which of the
various rings within the root is selected to represent the
annulus. In our opinion, continued use of this term will serve
only to perpetuate disagreement, particularly for those wish-
ing to replace the valve percutaneously.9-14 We prefer to
describe the various components of the valve and describe the
variable diameter of the root at its different parts rather than
nominating any single component as the annulus. The essence
of the anatomic arrangement, nonetheless, is that the leaflets
are supported in crown-like fashion within the cylindrical
root.

Figure 3. Histology of the aortic valvar complex shows the ana-
tomic ventriculoarterial junction. Also note that the basal attach-
ment of the aortic valvar leaflets to the ventricular myocardium
is proximal relative to the anatomic junction.

Figure 4. A, Three-dimensional arrangement of the aortic root,
which contains 3 circular “rings,” but with the leaflets sus-
pended within the root in crown-like fashion. B, The leaflets
have been removed from this specimen of the aortic root, show-
ing the location of the 3 rings relative to the crown-like hinges
of the leaflets. VA indicates ventriculoarterial; A-M, aortic-mitral.

Figure 5. This basal short-axis view shows the closed aortic
valve. The arrows demonstrate the potential hazard of
2-dimensional imaging techniques (echocardiography, contrast
aortography) for measuring the “aortic valve annulus.” Measure-
ments made using the basal attachment of the leaflets do not
transect the full diameter of the outflow tract but instead a tan-
gent cut across the root.
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The normal aortic root has a consistent shape with varying
size, and studies have demonstrated a definable mathematical
relationship between root diameter and clinically measurable
leaflet dimensions.15 In general, measurements of the human
aortic root have revealed that the diameter at the level of the
sinutubular junction exceeds that at the level of the virtual
ring formed by joining together the basal attachments of the
leaflets by up to one fifth.15,16 When studying fixed human
hearts, Reid16 calculated a ratio of the diameters of the inlet
to the outlet of 1 to 1.34. The diameters of inlet and outlet,
when expressed as a percentage of the largest diameter at the
level of the expanded aortic sinuses, have been calculated as
97% and 81%, respectively. It is for these reasons that the
aortic root is sometimes described as a truncated cone.16 It is
also the case that the valvar complex is a dynamic structure,
with the geometric parameters changing continuously during
the phases of the cardiac cycle and in relation to changes in
pressure within the aortic root.17 From diastole to systole, the
change in the diameter at the level of the outlet and at the base
of the valve has been noted to increase by 12% and decrease
by 16%, respectively.18,19

Echocardiographic studies have demonstrated that at the
level of the sinutubular junction, the aortic root is signifi-
cantly larger (ie, defined as 2 standard deviations above the
mean normal values) in patients with aortic stenosis than in
normal patients.20 However, there are purportedly no differ-
ences in the diameters of the annulus or sinuses of Valsalva
between patients with and without aortic stenosis. Further-
more, approximately one fourth of patients with aortic steno-
sis are reported to have sinutubular aortic root diameters
greater than normal, and large diameters at the sinus or
“annular” level occur in �10% of cases. There is a paucity of
literature clearly describing the dimensions of the aortic root
in patients with aortic stenosis compared with patients with-
out aortic stenosis. From a bioengineering point of view, the
modeling of valve prostheses may require consideration of
these changes in aortic root geometry.

For purposes of design of aortic valvar prostheses, geomet-
ric principles based on ratios of “normal” aortic root dimen-
sions need to be respected for their normal function and
durability.19 These design principles may be compromised
during the selection (ie, patient-prosthetic mismatch) or
implantation process and lead to nonstructural dysfunction of
the prosthetic valve.21 For instance, an oversized prosthetic
valve relative to the dimensions of the patient’s aortic root
can result in redundancy of leaflet tissue, thus creating folds.
These folds will generate regions of compressive and tensile
stresses and may alter the function or reduce the durability of
the valve.19 On the contrary, if the valvar prosthesis is too
small for the patient, the inserted prosthesis will prove to be
stenotic. Accurate measurement of the components of the
aortic root and selection of the appropriate sized prothesis
may circumvent these potential issues. On occasion, after
percutaneous implantation of the prosthesis, repeat balloon
dilation of the frame of the prosthesis is performed to reduce
the amount of paravalvar leakage. Until now, significant
adverse effects associated with such practice have not been
observed, although repeat dilation may lead to alterations in

the well-defined geometry of the frame of the prosthesis and
affect the long-term function of the leaflets.

Anatomic Versus Hemodynamic
Ventriculoarterial Junction

As we have shown (Figures 4 and 5), there is a marked
discrepancy between the circular anatomic junction and the
semilunar hemodynamic junction.8 The hemodynamic junc-
tion separates the root into those compartments exposed to
aortic as opposed to left ventricular pressures. By virtue of the
semilunar attachments of the leaflets, portions of the fibrous
aortic root are exposed to ventricular pressures, these being
the superior portions of the interleaflet triangles, whereas
portions of the left ventricle are exposed to aortic pressures,
these being the most basal portions within the sinus of
Valsalva. Of note, when necropsied hearts are examined
subsequent to surgical replacement of the aortic valve, the
circular sewing ring is usually found to be located at the level
of the anatomic ventriculoarterial junction.16

Aortic Valvar Leaflets
The normal aortic valve is trifoliate, and their semilunar
attachments have already been described. Proper functioning
of the valve depends on the proper relationship between the
leaflets within the aortic root. Not only do variations exist
among individuals in the dimensions of the root, but in the
same individual, marked variations can exist in all aspects of
the dimensions of the individual leaflets, including the height,
width, surface area, and volume of each of the supporting
sinuses of Valsalva. A study of 200 normal hearts revealed
that the average width, measured between the peripheral
zones of attachment along the sinus ridge, for the right, the
noncoronary, and the left coronary leaflets was 25.9, 25.5,
and 25.0 mm, respectively.22 Important variations were found
when the absolute width of each leaflet was expressed as a
percentage of the width of adjacent leaflets. Comparisons of
the right coronary and left coronary leaflets, noncoronary and
right coronary leaflets, and left coronary and noncoronary
leaflets varied between 76% and 159%, 62% and 162%, and
62% and 150%, respectively. Comparable variations were
observed for the height. The average height, measured from
the base of the center of the leaflet to its free edge, for the
right coronary, noncoronary, and left coronary cusps was
14.1, 14.1, and 14.2 mm, respectively. When the height of
each individual leaflet was expressed as a percentage of its
width, the right coronary, noncoronary, and left coronary
leaflets varied between 39% and 82%, 34% and 87%, and
34% and 113%, respectively. Of the 200 hearts studied, only
5 hearts were found to have leaflets of equal size. In the same
study, the evaluation of 16 hearts with aortic stenosis revealed
similar findings with respect to the width, height, and surface
area of the leaflets. Other studies have also noted impressive
interindividual and intraindividual variations in geometry of
the leaflets of the valve.23,24

Such individual variations in geometry need to be taken
into account during measurement of the aortic root aimed at
sizing the prosthesis. Such inequalities in the size of the
leaflets can contribute to inaccurate measurements of the
aortic annulus when the definition is based on the distance
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between 2 valvar hinge points on a 2-dimensional image
(Figure 5). Variations in size (ie, height and width) of the
leaflets and the location of the coronary arteries also require
special consideration.

Location of the Coronary Arteries
In the majority of cases, the orifices of the coronary arteries
arise within the 2 anterior sinuses of Valsalva, usually
positioned just below the sinutubular junction.16,25,26 It is not
unusual, however, for the arteries to be positioned superior
relative to the sinutubular junction. In a study of 51 normal
postmortem hearts, the mean distance measured from the
orifice of the left coronary artery to the basal attachment of
the corresponding leaflet was 12.6�2.61 mm, and for the
right coronary artery it was 13.2�2.64 mm.27

In a recent study examining the aortic root with multislice
computed tomography in 169 patients (ie, 150 patients with
no or mild aortic stenosis and 19 patients with moderate or
severe aortic stenosis), the mean distance from the level of the
basal attachment point of the aortic valvar leaflets to the
ostium of the left coronary and right coronary artery was
14.4�2.9 mm and 17.2�3.3 mm, respectively.28 There were
no significant differences in the mean distances between
patients with or without severe aortic stenosis.

Knowledge of the location of the coronary arteries, of
course, is essential for appropriate percutaneous replacement
of the aortic valve. The valvar prostheses are designed such
that a skirt of fabric or tissue is sewn within the stent or frame
to help to create a seal and prevent paravalvar leakage. In
situations in which the coronary arteries take their origin low
within the sinus of Valsalva and/or the prosthesis is placed
too high, the skirt may obstruct their orifices and thus impede
coronary arterial flow. Furthermore, when the valve is de-
ployed, it crushes the leaflets of the native valve against the
aortic wall. The combination of a relatively low-lying coro-
nary artery ostium and a large native aortic valvar leaflet
therefore can obstruct the flow into the coronary arteries
during valvar deployment.29 Thus, measurement of the height
of the takeoff of the coronary arteries is important before
valvar implantation. The width of the sinuses of Valsalva also
needs to meet minimum requirements if the valvar prosthesis
is to be properly accommodated without impinging on the
orifices of the coronary arteries.

Relationship Between the Left Ventricular
Outflow Tract and the Aortic Root

The left ventricular outflow tract is composed of a muscular
component (ie, the muscular ventricular septum) and fibrous
component (ie, the area of fibrous continuity between the
leaflets of the aortic and mitral valves), with the former being
more extensive. The orientation of the outflow tract is known
to change with aging. This change in geometry was examined
in a series of normal human hearts, comparing findings in
individuals aged �20 years with those aged �60 years.30

Several aspects are of note. First, examination of the angle
between the outlet and apical trabecular parts of the ventric-
ular septum showed significant differences. In hearts from
individuals aged �60 years, the angle varied between 90 and
120 degrees. In those from individuals aged �20 years, the

angle varied between 135 and 180 degrees. In these younger
patients, the left ventricular outflow tract represented a more
direct and straight extension into the aortic root. This would
also seem to explain the additional observation that in all of
the elderly hearts, the majority of the circumference of the
aortic inlet projected to the right of a line drawn through the
outlet part of the muscular ventricular septum. In contrast, in
the younger individuals, the majority of the circumference of
the inlet projected either to the right or to the left. Thus, we
can infer that, in elderly patients, the left ventricular outflow
tract may not extend in straight fashion into the aortic root but
rather may show a rightward “dog” leg.

The presence of a subaortic septal bulge and an extension
of this producing asymmetrical septal hypertrophy may create
an obstacle to proper seating of the aortic prosthesis within
the left ventricular outflow tract. The presence of a significant
subaortic bulge or a hypertrophied septum has been consid-
ered by some to be a relative contraindication to the implan-
tation of a certain type of aortic prostheses.

Interleaflet Triangles and Their Relationship
to the Mitral Valve and Membranous Septum
As a result of the semilunar attachment of the aortic valvar
leaflets, there are 3 triangular extensions of the left ventric-
ular outflow tract that reach to the level of the sinutubular
junction.31 These triangles, however, are formed not of
ventricular myocardium but of the thinned fibrous walls of
the aorta between the expanded sinuses of Valsalva. Their
most apical regions represent areas of potential communica-
tion with the pericardial space or, in the case of the triangle
between the right and left coronary aortic leaflets, with the
plane of tissue interposed between the aorta and anteriorly
located sleeve-like subpulmonary infundibulum. The 2 inter-
leaflet triangles bordering the noncoronary leaflet are also in
fibrous continuity with the fibrous trigones, the mitral valve,
and the membranous septum (Figure 6).

Fibrous Trigones
The aortic valve is the cardiac centerpiece. Relative to the
aorta, the mitral valve is located posterior and to the left, the
tricuspid valve is located inferiorly and to the right, and both

Figure 6. This image of the aortic root opened from the left ven-
tricle shows the fibrous continuities between the interleaflet tri-
angles, the fibrous trigones, and the membranous septum. A-M
indicates aortic-mitral.
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valves abut on the posteroinferior margins of the aortic root,
albeit with the atrioventricular separating structures interpos-
ing between the root and the tricuspid valve. The mural (or
posterior) annulus of the mitral valve is C-shaped, whereas
the aortic (anterior) part of the annulus is relatively straight.
The ends of the area of fibrous continuity, as already
emphasized, are thickened to form the left and right fibrous
trigones (Figure 6). The interleaflet triangle between the
noncoronary and left coronary leaflet is part of the area of
fibrous continuity because the aortic-mitral curtain seen from
within the left ventricular outflow tract represents the equiv-
alent of the anterior mitral valvar annulus. Inadvertent place-
ment of the aortic valvar prosthesis too low within the left
ventricular outflow tract may impinge on this leaflet of the
mitral valve and impair its function. The interleaflet triangle
located between the right coronary and noncoronary aortic
leaflets is confluent with the membranous septum. Together,
the membranous septum and the right fibrous trigone form
the central fibrous body of the heart. This is the area within
the heart where the membranous septum, the atrioventricular
valves, and the aortic valve join in fibrous continuity.

The hinge of the septal leaflet of the tricuspid valve
separates the membranous septum into its atrioventricular and
interventricular components (Figure 7). This relationship is
key to understanding the relationship between the aortic valve
and the conduction system.

Relationship Between the Aortic Valve and
the Conduction System

Within the right atrium, the atrioventricular node is located
within the triangle of Koch. This important triangle is
demarcated by the tendon of Todaro, the attachment of the
septal leaflet of the tricuspid valve, and the orifice of the

coronary sinus. The apex of this triangle is occupied by the
atrioventricular component of the membranous septum. The
atrioventricular node is located just inferior to the apex of the
triangle adjacent to the membranous septum, and therefore
the atrioventricular node is in fact in close proximity to the
subaortic region and membranous septum of the left ventric-
ular outflow tract. It is this relationship that allows us to
understand why pathologies involving the aortic valve can
lead to complete heart block or intraventricular conduction
abnormalities. The atrioventricular node continues as the
bundle of His, piercing the membranous septum and pene-
trating to the left through the central fibrous body. On the left
side, the conduction axis exits immediately beneath the
membranous septum and runs superficially along the crest of
the ventricular septum, giving rise to the fascicles of the left
bundle branch. When viewed from the left, the bundle is
intimately related to the base of the interleaflet triangle
separating the noncoronary and right coronary leaflets of the
aortic valve, with the superior part of the bundle intimately
related to the right coronary aortic leaflet, as shown exquis-
itely in the reconstruction made by Tawara in his stellar
monograph (Figure 8).32 This has important implications with
the potential to induce abnormalities of conduction after
percutaneous insertion of a new aortic valve.

Location of Percutaneously Inserted Valvar
Prostheses

Recommendations on the optimal positioning of the prosthe-
ses within the aortic root vary according to the design of the
valve and have changed over time with increasing operator
experience. Depending on the design, the prosthesis is posi-
tioned with its ventricular end �2 to 6 mm below the basal
attachment of the aortic valvar leaflets. If the left bundle
branch exits within 2 to 3 mm below these points, the
potential exists for the prosthesis to overlap and crush the
conduction tissues. Indeed, in a recent report from our center
of 40 patients undergoing transcatheter implantation with the
CoreValve ReValving System, 40% of patients developed
new-onset left bundle branch block.33 Furthermore, the mean

Figure 7. This close-up view of the membranous septum dem-
onstrates its separation into atrioventricular and interventricular
components by the septal leaflet of the tricuspid valve. Note the
close proximity of the subaortic outflow region, the membra-
nous septum, and the right atrium, where the atrioventricular
node is located. Ao indicates aorta; RA, right atrium; RV, right
ventricle; and LV, left ventricle.

Figure 8. This original monograph from Tawara (1906)32 shows
the left bundle branch exiting below the base of the interleaflet
triangle separating the noncoronary and right coronary leaflets
of the aortic valve and fanning out to descend along the septal
surface of the left ventricular myocardium.
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distance from the proximal (or ventricular end) of the frame
of the valve prosthesis to the lower edge of the noncoronary
cusp was significantly greater in patients with new-onset left
bundle branch block than in patients without new-onset left
bundle branch block (10.3 mm [�2.7] versus 5.5 mm [�3.4],
respectively). It was suggested that a more superior position-
ing of the valve prosthesis within the left ventricular outflow
tract may prevent these conduction problems.

What Imaging of the Aortic Valvar Complex
Is Required Before Transcatheter Valvar

Implantation?
A detailed discussion of the requirements for imaging before
transcatheter implantation of the aortic valve is beyond the
scope of this review. The major utility of imaging before the
procedure lies in the measurement of the dimensions of the aortic
valvar complex. The goals, therefore, are to select the appropriate
size of the valve prosthesis and avoid the complications discussed
previously in this review.

The following dimensions should be measured before
implantation: (1) diameter of the ascending aorta; (2) diam-
eter of the sinutubular junction; (3) diameter of the aortic root
at midsinusal level; (4) diameter of the aortic root at the level
of the basal attachment of the aortic valvar leaflets; (5)
diameter of the left ventricular outflow tract; (6) the height
and width of the sinus of Valsalva; (7) the height of takeoff
of the coronary artery ostia with respect to the level of the
basal attachment of the aortic valvar leaflets; and (8) thick-
ness of the ventricular septum.

From the clinical standpoint, the diameters of the root
measured by echocardiography, contrast aortography, multi-
slice computed tomography, or magnetic resonance imaging
can vary markedly. The measurements of the aortic root
obtained by 2 of the most frequently used imaging modalities,
echocardiography and contrast angiography, are limited by
their 2-dimensional nature.

As shown in Figure 3, when seen in long axis, the diameter
of the root varies significantly along its short length. The root
is much wider at the midpoint of the sinuses than at either the
sinutubular junction or the basal attachment of the leaflets.
These differences become relevant when it is remembered
that the attachment of the leaflets extends through all of these
levels. It should also be noted that measurements taken by
echocardiographers from the basal attachment of 1 leaflet to
the comparable point of an adjacent leaflet in the parasternal
long-axis view do not transect the full diameter of the outflow
tract but instead cut a tangent across the root (Figure 5). In
terms of percutaneous replacement, irrespective of the type of
valve inserted, it is this echocardiographic measurement that
has played a crucial role in the selection of the size of
prosthesis to be inserted. Whether or not this is correct is open
for debate, although the clinical outcomes thus far have been
very good.

In contrast, newer modalities such as multislice computed
tomography, 3-dimensional echocardiography, and magnetic
resonance imaging are emerging as attractive modalities for
imaging because they permit precise measurement of the
aortic root at any desired level or plane, and thus they may
provide more accurate measurements of the true dimensions

of the different components of the aortic valvar complex. Of
note, the diameter from the basal attachment of one leaflet to
the basal attachment of an adjacent leaflet can vary depending
on the view or projection used for measurement.

Indeed, in a study of 150 patients with no or mild aortic
stenosis and 19 patients with moderate or severe aortic
stenosis undergoing evaluation of the aortic root with multi-
slice computed tomography, the mean distance from the basal
attachment of one leaflet to the basal attachment of an
adjacent leaflet was 26.3�2.8 and 23.5�2.7 mm on the
coronal and sagittal views, respectively, indicating an oval
shape of the aortic root at this level.28 There were no
significant differences in the diameters of the aortic annulus
or sinus of Valsalva between patients with or without severe
aortic stenosis.

The “gold standard” imaging modality to employ before
transcatheter valvar implantation is currently under debate,
and studies examining this issue are lacking. Nonetheless, it
is recommended to perform, at a minimum, transthoracic
echocardiography and contrast aortography. Although multi-
slice computed tomography is not absolutely indicated, there
is a growing community advocating its routine implementa-
tion, obviously taking into consideration renal insufficiency
and contrast media requirements.

Conclusion
Anatomic knowledge of the aortic valvar complex can be
fundamental in understanding the key principles of its percu-
taneous replacement. First, appreciating the exact origin of
the coronary arteries and the location of the left bundle branch
in relation to the positioning of the prosthesis may help to
minimize the risks of coronary ischemia and abnormalities of
conduction that can occur during valvar implantation. Sec-
ond, knowledge of the limitations of measuring the so-called
annulus by echocardiography, angiography, or multislice
computed tomography may decrease the possibility of
patient-prosthesis mismatch. Finally, an understanding of the
intraindividual and interindividual variations that may exist in
the anatomy of the aortic valvar complex can lead to
refinements in current designs of valvar prostheses.
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Structure and anatomy of the aortic root

Siew Yen Ho*

Cardiac Morphology Unit, National Heart and Lung Institute, Imperial College and Royal Brompton Hospital,
Dovehouse Street, London SW3 6LY, UK

Aims Understanding the anatomy of the aortic root is particularly relevant in the current era of evolving
management strategies including percutaneous and transcatheter therapeutic techniques for valve or
device implantations.
Methods and results This review describes the aortic root as a composite structure of several elements,
not only the valvar leaflets. The valvar leaflets have a unique shape with deep closure lines buttressed
by the nodule of Arantius. The scalloped configuration of the hingelines of the leaflets crosses the ven-
triculo-arterial junction, leaving interleaflet fibrous triangles between the sinuses that are anatomically
aortic but haemodynamically ventricular. The fibrous triangle between the right and the non-coronary
leaflets is the guide to the location of the atrioventricular conduction bundle. The coronary orifices are
located close to the level of the sinutubular junction. Variations in leaflet structure and their arrange-
ments result in valvar stenosis or regurgitation, or both. Often, diseases of the aortic root involve more
than one structural element.
Conclusion The leaflets and their hingelines, aortic sinuses, interleaflets triangles sinutubular junction,
and ventriculo-arterial junction and their structures adjoining the junctions should be taken into
account when considering the aortic root. Owing to its central location, the aortic root is in close proxi-
mity to all the cardiac chambers, the atrial septum, ventricular septum and the atrioventricular conduc-
tion bundle.

KEYWORDS
Aortic valve;

Anatomy;

Aortic stenosis;

Aortic regurgitation;

Bicuspid aortic valve;

Intervention

Structure and anatomy of the aortic root

The term ‘aortic root’ refers to the aortic valve from its po-
sition at the left ventricular outlet to its junction with the
ascending portion of the aorta. Anatomically, this whole
structure is the aortic valve. The normal aortic valve is
more complex than its three semilunar leaflets suggests.
According to Walmsley (1929),1 Henle was the first to intro-
duce the term ‘arterial root’ to replace the term ‘arterial
ring’ since, inherent in the semilunar attachments of the
valvar leaflets, the morphological boundary of the valve
does not correspond to the functional boundary (see
below). To appreciate the anatomy of the aortic valve, it
is necessary to examine its component parts and how they
relate to each other so as to function as a unit. The valve
comprises of the semilunar leaflets with attachments (or
hingelines) to ventricular and aortic walls and the ‘anterior’
mitral leaflet, interleaflet triangles, aortic sinuses (of Val-
salva), and the sinutubular junction. In describing the
aortic root, it is necessary to review its location in relation
to neighbouring structures for a better understanding of
the diseases affecting the aortic root. But, first, there
needs to be clarification of the nomenclature used for

describing the aortic leaflets and their corresponding
sinuses. In plan view, the aortic valve in closed position
shows tri-radiating lines of apposition between adjacent
leaflets reaching to the peripheral commissures, and
encircled by the aortic wall (Figure 1A and B). The aortic
root bulges outwards to form the three sinuses. Two of the
aortic sinuses give rise to the main coronary arteries and
the sinuses are termed right and left coronary sinuses. The
third sinus is conveniently termed the non-coronary aortic
sinus. In anatomic descriptions, however, the sinuses are
named anterior (for right coronary), left posterior (for left
coronary), and right posterior (for non-coronary). In attitu-
dinal orientation, however, the sinuses are in anterior, left
posterolateral, and right posterolateral positions respect-
ively.2 In clinical vernacular, the terms commonly used are
right coronary, left coronary, and posterior. Although ‘pos-
terior’ may be useful in the normally structured heart, it
is not at all useful when the aorta arises in an abnormal po-
sition, e.g. in hearts with complete transposition of the
great arteries. In all hearts, irrespective of location of the
aortic valve relative to the pulmonary valve, the sinuses
that give origin to the coronary arteries are nearly always
the aortic sinuses that are adjacent to the pulmonary
valve. These are described as the ‘facing’ aortic sinuses. It
is exceedingly rare to encounter origin of a coronary
artery from the ‘non-facing’ aortic sinus.3,4 My preference
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is to use the term ‘non-coronary’ instead of ‘posterior’ in
this review, although some may argue that when there is
abnormal origin of both main coronary arteries from the
same aortic sinus, or there is a single coronary artery,
there will then be two non-coronary aortic sinuses!

Location of the aortic root

When the heart is viewed in anterior–posterior projection, it
is clear that the aortic root is the centrepiece of the heart.
Although the pulmonary valve is the most superiorly situated
cardiac valve lying behind the third costal cartilages, the
aortic valve is adjacent but right and posterior to the pul-
monary valve. The plane of the aortic valve tilts inferiorly
at an angle to the pulmonary valve. The nadirs of the
aortic sinuses lie in a plane at an angle of 308 from the hori-
zontal.2 Thus, the arterial surface of the closed leaflets of
the aortic valve is directed not only upwards but also right-
ward at an angle of at least 458 to the median plane.5 Within
the normal aortic root are three bulging aortic sinuses of

Valsalva. These lie within the pericardial sac. By virtue of
its central location in the heart, the aortic root has a
complex relationship to the cardiac chambers (Figure 1B).
Rupture of a sinus of Valsalva aneurysm due to separation
of the intima from the media can lead to a cardiac
chamber or into the pericardial space. Rupture of the non-
coronary aortic sinus can open into the right or left atrium
while rupture of the left coronary aortic sinus can lead to
the left atrium or the pericardial space. In majority of
cases of ruptured aortic sinus, it is the right coronary
aortic sinus that is involved and this can lead to the right
atrium or the right ventricular outflow tract.6 The region
of the aortic wall adjoining the right- and non-coronary
aortic sinuses abut the anterior right atrial wall causing it
to bulge into the atrial chamber. Within the right atrium,
the bulge forms the aortic mound (or torus aorticus), and
can give the false impression of being part of the atrial
septum (Figure 1B). Cardiac interventionists should be
aware of this anatomic relationship when performing trans-
septal puncture or implanting devices to close atrial septal
defects or patent foramen ovale defects.

Guarding the left ventricular outflow tract, the aortic root
also has an intimate relationship with the ventricular
septum and the mitral valve (Figure 1C). In attitudinal orien-
tation, it is apparent that the aortic root leans rightward
slightly, over the ventricular septum, to overly the right ven-
tricle. In the elderly, the relationship between septal crest
and aortic root changes to give a sigmoid-shaped ventricular
septum. This normal variation should be differentiated from
hypertrophic cardiomyopathy.

The curvature of the ventricular septum forms the antero-
superior wall of the left ventricular outflow tract and this
continues smoothly into the left ventricular wall. The
major portion of the septal component is muscular apart
from its upper medial part which is the membranous
septum of the heart. Adjoining the membranous septum is
the fibrous half of the outflow tract that makes up the pos-
terior wall. This is formed by the area of fibrous continuity
between the aortic valve and the aortic (or anterior)
leaflet of the mitral valve (see below) (Figure 1C). The
mitral leaflet hangs like a curtain between the inflow and
outflow tracts of the left ventricle (Figure 2).

Anatomy of the aortic valve

Clinicians, especially surgeons, frequently speak of the
aortic valve having an annulus or ring, as if there is a band-
like circle of fibrous accretions. Anatomically, this is far from
the case. Describing the arterial roots in Quain’s Elements of
Anatomy in 1929, Walmsley1 stated ‘at each of the arterial
openings there is a short tubular zone formed of fibrous
tissue, the proximal and distal borders of which, at its junc-
tions with the ventricular muscle and with the typical arter-
ial wall respectively, are uneven’. He continued by crediting
Henle for drawing attention to ‘this difficulty of defining the
ventriculo-arterial boundary’ and replacing the term ‘arter-
ial ring’ with ‘arterial root’, although the source of Henle’s
works was not specified. McAlpine2 in 1975 again empha-
sized the lack of rings in all four cardiac valves. A footnote
in his Atlas states: ‘Annulus, in Latin, designates a ring, i.e.
a circle. In this work, the word is applied only to the fibrous
attachments of aortic and pulmonary leaflets which, in
reality, constitute only a segment, not of a circle, but of

Figure 1 (A) The muscular sleeve of the right ventricular outlet
(RVOT) has been pulled forward to show the left (L) and right (R)
aortic sinuses that give origin to the main coronary arteries. The
non-coronary (N) aortic sinus is furthest from the pulmonary
trunk. (B) This overview shows the central location of the aortic
root and the relationship of the non-coronary aortic sinus to the
plane of the atrial septum (double-headed arrow). The open
arrow indicates the area of the aortic mound. MV, mitral valve;
TV, tricuspid valve. (C) The aortic root has been opened longitudi-
nally to display the level of the sinutubular junction (open
arrows), orifices of the coronary arteries (small arrows), and the
area of fibrous continuity (broken line) between aortic and mitral
valves. The asterisk marks the pale-coloured area that is the mem-
branous septum.
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an ellipse. A search for a reasonable term has met with
failure. The term annulus, used to designate four fibrous
structures to which the four valves of the heart are
attached, is, in my opinion, ill-founded–no such structures
are to be found.’ Despite these assertions, controversies
remain. In reviewing the aortic root, Berdajs et al.7 insist
an annulus exists ‘at the border between the superior and
basal third of the aortic root wall’ based both on macro-
scopic and microscopic examination.

Clearly, the aortic root is a complex structure that
requires analysis part by part but always remembering
that all the parts contribute to form one functional unit
that is commonly referred to as the aortic valve.

Aortic sinuses and sinutubular junction

The spaces between the luminal surface of the three bulges
on the aortic root and their respective valvar leaflets are
known as the aortic sinuses of Valsalva. Davies considered
the wall of the aortic root the aortic sleeve, distinguishing
it from the aortic wall on account of its histological compo-
sition.8 The sleeve is composed of fibrous tissue but its upper
part bordering with the tubular aorta shows increase in

elastic fibres which blend into the elastic tissue and
smooth muscle in the media of the aortic wall without
discrete histological demarcation. The superior border of
the sinuses is the sinutubular junction (also known as the
supra-aortic ridge) (Figures 1C and 2). On the outside,
the sinutubular junction is where the tubular portion of
the aorta joins onto the sinusal portion. Inside, there is
usually a slightly raised ridge of thickened aortic wall. But,
the sinutubular junction is not perfectly circular. It takes
on the contour of the three sinuses, giving it a mildly
trefoil or scalloped outline (Figure 1A).

Silver and Roberts studied 100 formalin-fixed hearts
from adult patients with normally functioning aortic valves
and found that the luminal area of the aorta at the sinu-
tubular junction increased with age and with heart weight
where increased heart weight was attributed to systemic
hypertension.9 Volume-wise, the sinuses are largest when
the valve closes, serving as reservoirs during ventricular dia-
stole and allows filling of the coronary arteries. The right
sinus is the largest as is its height, with the left sinus
being the smallest on both counts.7,9 Thus, the plane of
the sinutubular junction does not lie parallel to a plane
joining the bases of the sinuses but has a tilt of 11º.10 On
echocardiography, the diameter of the sinutubular junction
is �75% of the maximal sinus diameter.11

When left ventricular pressure exceeds that in the aortic
root, the valvar leaflets are pushed apart and fall back
into their respective sinuses, allowing unimpeded ejection
of blood. The orifices of the coronary arteries are commonly
found close to the level of the sinutubular junction
(Figure 3A).12

Aortic leaflets

Each of the three leaflets of the normal aortic valve has a
free margin and a margin where it is attached in semilunar
fashion to the aortic root. The maximal height of each
leaflet is considerably less than that of its sinus on account
of its scoop-shaped free margin (Figure 3A and B). When
the valve opens, the leaflets fall back into their sinuses
without the potential of occluding any coronary orifice.
The semilunar hingelines of adjacent leaflets meet at the
level of the sinutubular junction, forming the commissures.
The body of the leaflets are pliable and thin in the young,
although its thickness is not uniform. Each leaflet has a
somewhat crimpled surface facing the aorta and a smoother
surface facing the ventricle. The leaflet is slightly thicker
towards its free margin. On its ventricular surface, is the
zone of apposition, known as the lunule, occupying the full
width along the free margin and spanning approximately
one-third of the depth of the leaflet. This is where the
leaflet meets the adjacent leaflets during valvar closure.
At the midportion of the lunule, the ventricular surface is
thickened to form the nodule (of Arantius) that extends
along 60% of the inferior margin of the lunule (Figure 3A).2

With the valve is in closed position, the inferior margin of
the lunules meet together, separating blood in the left ven-
tricular cavity from blood in the aorta. Fenestrations in the
lunules are common, especially in the elderly, but the valve
remains competent because they are above the closure line.
Larger fenestrations that extend beyond the zones of appo-
sition, however, can lead to significant valvar regurgitation.

Figure 2 A and B are two halves of the same heart sectioned long-
itudinally through the left ventricle, left atrium, and aorta to show
the mitral leaflet between inflow and outflow tracts in the left ven-
tricle. The right ventricular outflow tract (RVOT) is antero-superior
to the left ventricular outlet. The three broken lines mark the levels
of the aortic root at the sinutubular junction, at the sinuses, and at
the bases of the aortic leaflets.

Structure and anatomy of the aortic root i5
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With age, the leaflets become thicker and stiffer. In their
study comparing leaflet thickness in normal hearts from
patients in three age groups, ,20, 20–59, and �60 years,
Sahasakul et al.13 found increase in thickness at nodule,
lunule, and middle of leaflet body with age that became
more prominent after 50 years with the nodule becoming
twice the thickness of the lunule. Sclerosis, dystrophic calci-
fication, or commissural fusion can result in a stenotic valve.

According to Davies,8 the total area of the valvar leaflets
is 40% greater than that of the aortic root. But, as noted by
Roberts in 1970, the three leaflets are not perfectly equal in

dimensions.14 Vollbergh and Becker found the right leaflet to
be the largest, whereas, later, Silver and Roberts using pla-
nimetric measurements reported the non-coronary leaflet
had the largest mean area and mean weight.9,15

On histology, each leaflet comprises of a fibrous core
covered by subendothelial fibroelastic layers termed the
arterialis (on the aortic surface) and the ventricularis (on
the ventricular surface). The latter is thickest along the
closing edges of the leaflet. The fibrous core has two com-
ponents: the fibrosa and the spongiosa, bordered by the
arterialis and the ventricularis, respectively. The fibrosa
contains mainly collagen fibres with some elastin. The
larger collagen bundles are aligned circumferentially,
parallel to the free margin, adding to the undulations on
the arterialis aspect. Radially aligned collagen fibres are
found near to the hingeline. The collagen fibres are mainly
type I, providing strength to the leaflet. The spongiosa com-
prises of loose connective tissue rich in proteoglycans and
allows shearing between the adjacent layers. The ventricu-
laris is thinner than the fibrosa and contains more elastin
and less organized collagen fibres. At the lunule and the
free margin of each leaflet, the ventricularis becomes
thicker, especially at the nodule of Arantius where it is a
mass of elastic tissue. It has been demonstrated in the pig
valve that the ventricularis contains a considerable
amount of sheet elastin, whereas the elastin in the fibrosa
is arranged like tubular meshwork that extended circumfer-
entially across the leaflet.16 On studying the mechanics of
the aortic valve, Vesey17 commented that the elastin acts
like a ‘housekeeper’ in restoring the collagen fibres back
to their original state. The core of the leaflet is continuous
with the fibrous wall of the aortic sleeve at the hingelines
where the fibrous tissue is thickened. When the leaflets
are detached from the wall, the semilunar hingelines
appear like raised ridges (Figure 3C).

The ventriculo-arterial junction

Unlike the ‘annulus’, the anatomic ventriculo-arterial junc-
tion is more reminiscent of a circle. It is where ventricular
myocardium terminates and gives way to the wall of the
aortic sleeve. But, on account of the region of aortic-mitral
valvar continuity and the central fibrous body forming the
remaining 60% or so of the ventriculo-arterial junction, the
slightly larger portion of the junction is fibrous. Here,
precise location of the junction is not possible and we can
only extrapolate by completing the circle around the
outflow tract, and making the assumption that there is a
sharp line between myocardium and sleeve (Figure 3C).
Nevertheless, the semilunar hingelines of the valvar leaflets
create an intricate arrangement at this junction. The nadirs
of the hingelines are locates below the ventriculo-arterial
junction. Thus, where the hingelines cross muscle, myocar-
dial segments are included into the aortic sinuses
(Figure 3B). The extent of myocardial inclusion varies from
heart to heart. The right coronary sinus and the anterior
part of the left coronary sinus are involved. The remaining
part of the left coronary sinus and the whole of the non-
coronary sinus do not contain myocardium. In human, myo-
cardium is present in the non-coronary and posterior half of
the left-coronary sinus only when there is persistence of the
left ventriculo-infundibular fold (inner heart curvature) but
this seldom happens. Usually, the fold disappears completely

Figure 3 (A) The ventricular surface of the aortic leaflet has a
nodule (dotted line). Note the height of the leaflet is less than
the height of the sinus. The right coronary orifice is sited just
inferior to the sinutubular junction. (B) This section through a
right coronary aortic sinus shows the musculature in the depth of
the sinus (elastic van Gieson stain). (C) This is the heart shown in
Figure 1C. Following removal of the aortic leaflets, three crescentic
ridges mark the hingelines. The broken line indicates the level of
the ventriculo-arterial junction. Two of the three interleaflet
fibrous triangles (o) are shown. The irregular shape marks the site
of the atrioventricular conduction bundle and left bundle branch.
D and E are superior and right views of the aortic root following
removal of the arterial walls of the sinuses. They display the inter-
leaflet fibrous triangles and hingelines of the leaflets forming a
coronet arrangement.
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resulting in fibrous continuity between aortic and mitral
valves. The area of valvar continuity is thickened at both
ends to form the right and left fibrous trigones; the right
trigone contributing to the central fibrous body of the
heart (see next section).

The anatomic ventriculo-arterial junction, however, does
not coincide with the functional junction, again owing to
the configuration of the semilunar hingelines. First, the ven-
tricular parts within the aortic sinuses become incorporated,
functionally, into the aorta. Second, the parts of the wall of
the aortic sleeve that are in between adjacent leaflets, lie
above the anatomic ventriculo-arterial junction but
become, haemodynamically, a part of the ventricle when
the valve is closed. These triangular-shaped portions
deserve special consideration (see below) (Figure 3C).

Interleaflet fibrous triangles

The semilunar attachments of the leaflets across the ana-
tomic ventriculo-arterial junction and into the aortic
sleeve leave three pieces of wall in between the arcs.
These are the interleaflet fibrous triangles (also described
as interannular trigones or fibrous trigones, intervalvaular
trigone) that project above the ventricular mass like three
prongs of a coronet (Figure 3D and E), in potential communi-
cation with extracardiac space. McAlpine2 has pointed to
these areas as potential sites of aneurysmal formation.
The triangles are thinner and less collagenous than the hin-
gelines or the sinusal walls. The triangle between the left
and right coronary sinuses lies immediately behind the
right ventricular outlet. The triangle between the left-
coronary and non-coronary leaflets is along the area of
aortic-mitral fibrous continuity but its upper part abuts on
the transverse pericardial sinus.18 The triangle between
the right- and non-coronary leaflets adjoins the interventri-
cular part of the membranous septum which, together with
the right fibrous trigone, forms the central fibrous body
(Figure 3C). The latter is the landmark for the site of the
His bundle of the cardiac conduction system. Having pene-
trated the central fibrous body, the atrioventricular conduc-
tion bundle passes between the membranous septum and
the crest of the muscular ventricular septum to bifurcate
into right and left bundle branches. Thus, the interleaflet
triangle between the right- and non-coronary leaflets is a
good guide to the atrioventricular conduction bundle and
the proximal portion of the left bundle branch. The latter,
covered with a fibrous sheath, is often visible in the suben-
docardium of the outflow tract in heart specimens.

The normal functional unit

Considering the aortic root as one functional unit, it is a
three-dimensional structure adjoining distally to the aorta
and proximally to the ventricle, and all parts have to work
in harmony. When there is dysfunction it is unlikely to
involve only a single element, apart from, for example, iso-
lated perforation of the leaflet.

Using 25 perfusion fixed preparations of human aortic
roots, Berdajs et al.7 found the mean circumference to be
65.8 mm at the sinutubular junction and 69.2 mm at the
base of the root. Using only 10 specimens and without
pressure fixation, Kunzelman et al.19 similarly found the sinu-
tubular junction to be narrower than the basal part and the

middle of the sinusal part was the widest. In the living, the
shape of the aortic root changes through the cardiac cycle.
Thubrikar et al.20 found that the diameter at the sinutubular
junction and at the nadirs of the leaflets change continuously
during the cardiac cycle in their experiments on dogs. During
systole the sinutubular junction increases initially as aortic
pressure increases and decreases later as aortic pressure
drops, and the base decreases so the root adopts a cylindrical
shape.21 During diastole the sinutubular junction moves
inwards and the base moves outwards commissures, changing
the cylindrical shape to a more conical shape.

Abnormal/pathological variants

In terms of number of leaflets, the aortic valve can have 1–4
leaflets of variable sizes. Functional abnormality may be
considered in terms of aortic stenosis and aortic regurgita-
tion. In some cases, the valve is both stenotic and regurgi-
tant when the orifice becomes more or less like a fixed
aperture.

The most common variant is the aortic root that has two
leaflets. The bicuspid aortic valve reportedly has an inci-
dence of 1–2% or 0.9–2.5% in the normal population.22,23

The majority are not symptomatic and have no clinical
signs. But, as a group, they tend to have a higher incidence
of sclerosis or calcification on the leaflets leading to them
presenting at a younger age with aortic stenosis compared
to patients with a normal three-leaflet valve. The mor-
phology of the bicuspid aortic valve is variable (Figure 4A
and B).24 The valve leaflets may be nearly equal in size, or
one leaflet may be large and the other much smaller. The
larger leaflet very often has a raphe in the middle marking
the place where the leaflet should have divided during
development. Some bicuspid valves show a cleft in one
leaflet suggesting incomplete separation into two leaflets
during development, whereas others are the consequence
of acquired fusion occurring late in life. These may be distin-
guished from true bicuspid valves by tracing the free edge of
the pseudocommissure towards the sinutubular junction but
it can be difficult in practice. In these valves, three inter-
leaflet triangles and three sinuses may be detected. The tri-
angle underneath the fusion line may be nearly as tall as the
other triangles. In contrast, the triangle lying beneath the
raphe of a bicuspid valve is reduced in height considerably,
contributing to restricting leaflet mobility.25 A minority
have two nearly equal leaflets, two sinuses, and two inter-
leaflet triangles.24 The leaflets of the bicuspid valve are
arranged in either antero-posterior or left–right orien-
tations. Antero-posterior is more common, occurring in
79% of the cases and both coronary arteries take origin
from the anterior sinus that has the raphe.8 In the left–
right arrangement, a coronary orifice can be found in each
sinus, with the raphe always in the right leaflet. The
valvar orifice may also be restricted by the total length of
the free edge of the leaflets. If the leaflets are redundant
along the free edge, the orifice is less likely to be stenotic.22

Calcification of a bicuspid valve begins first along the raphe
and also on the aortic surface of the other leaflet.8

Minor degrees of calcification involving the three-leaflet
aortic valve are common in the elderly. Degenerative
valvar stenosis caused by calcification is more commonly
seen in patients over the age of 65 years (Figure 4C). In
such cases, commissural fusion is absent or minimal except
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leaflets which normally are approximately one-third of the
maximal leaflet height become less and less until a perfect
seal is no longer possible. When this happens and only one
leaflet prolapses, the defect is eccentric. The free edge of
the prolapsed leaflet becomes fibrotic and considerably
thickened. On transthoracic echocardiography, the bicuspid
aortic valve is shown to be more vulnerable to disproportion-
ate increase in root diameter that the valve with three
leaflets.30

Aortic regurgitation due to loss of commissural support
may be exemplified by dissection in the aortic wall immedi-
ately above the commissures allowing one or more cusps to
prolapse into the ventricle but this is rare. More often, dis-
section begins 2–3 cm above the sinutular junction and then
tracks downwards, particularly affecting the right coronary
leaflet.8 Another scenario for lack of support is the presence
of a ventricular septal defect immediately underneath the
aortic valve. Venturi effect on the aortic leaflet, usually
the right leaflet, causes it to prolapse towards the defect.

Conclusions

The aortic root is one unit comprising of several elements.
The elements have been presented, one-by-one, simplisti-
cally in this review but normal function is dependent on
all the elements working together but it does not work in
isolation. Abnormal function of the aortic valve often
affects more than one element of the unit. Furthermore,
the unit does not function in isolation. The structures
adjoining the unit must also be included but, owing to
space limitations, the adjoining ascending aorta and the
ventricular structures are not discussed in detail. In clinical
practice, systemic examination of the aortic root at defined
levels using cross-sectional echocardiography may allow
better planning of treatment strategies for patients.11
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(if available) or use narrow-angled 3D acquisition mode. Last,
select the highest resolution option that accommodates the
volume of interest.

A complete 3D TTE exam requires multiple acquisitions from the
parasternal, apical, subcostal, and suprasternal transducer positions.
Table 2 lists the 2D TTE views from which 3DE data sets should be
acquired. Because the volume-rendered 3D data set can be cropped
to display a variety of intracardiac structures by choosing different
cut planes as an alternative to “view” (referred to heart’s orientation
to the body axis), “anatomic planes” (referred to the heart itself)
can be used to describe image orientation.14 The most frequently
used cropping planes are (1) the transverse plane, a horizontal
plane that runs perpendicular to the long axis of the body dividing
the heart into superior and inferior segments; (2) the sagittal
plane, a vertical plane that divides the heart into right and left
segments; and (3) the coronal plane, a vertical plane that divides
the heart into anterior and posterior segments (Figure 8).

8. Transesophageal 3DE
Examination Protocol
A comprehensive 3DE examination using the matrix TEE trans-
ducer usually starts with real-time imaging modes such as live
and narrow-angled acquisition.15 However, the gated 3DE
modes, including 3D color flow Doppler, should also be used
whenever ECG and respiration gating requirements are permis-
sible, to take advantage of the improved spatial and temporal

resolution of these wide-angled acquisitions. Three-dimensional
TEE data sets acquired using a matrix array include both the
area and depth of the imaging plane, thereby requiring less
probe manipulation for data acquisition compared with a standard
2D TEE examination. Furthermore, unique en face 3DE views with
infinite real-time rotational and cropping plane capabilities, as well
as offline quantitative analyses, should result in accurate diagnoses
and ultimately improved clinical decision making.14,16– 724 Although
a systematic approach to performing a comprehensive 3D TEE
examination is recommended, it is recognized that not all views
may be optimally obtained in all patients and that additional
unconventional views may be required to obtain additional detailed
information in patients with complex pathologies.

Initially, a real-time 3DE and a subsequent gated 3DE data set
should be obtained from the midesophageal views to determine
the overall function of the left and right ventricles and to identify
structural valve abnormalities. Table 3 describes the recommended
views to obtain 3D images of cardiac structures using transesopha-
geal echocardiography. Table 4 demonstrates how to display 3D
TEE images of the cardiac valves from the original 2D TEE views.
Offline analyses of the gated 3DE data set acquired from the
midesophageal five-chamber view can be performed to obtain
quantitative measures of LV global and regional function.

9. Assessment of the LV
Accurate and reproducible quantitative assessment of LV size and
function are pivotal for diagnosis, treatment, and prediction of

Figure 5 Transthoracic 3DE color Doppler images of a functional mitral regurgitation jet. En face view of the asymmetric vena contracta as
seen from the left ventricle (top left). Note that the vena contracta is located along the commissural line. Quantitative assessment of the vena
contracta using the en face plane (bottom left). The data set was cropped to create four-chamber (4CH) and two-chamber (2CH) views of the
vena contracta, which can be shown en face view (top middle and top right) and perpendicular by tilting 908 upward (bottom middle and bottom
right), demonstrating the eccentricity of the vena contracta. AML, Anterior mitral valve leaflet; LVOT, LV outflow tract; PJW, proximal jet width;
VCA, vena contracta area.
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off-axis position may be appropriate to ensure the acquisition of
the entire left ventricle. To guarantee optimal image quality, trans-
ducer frequency and overall gain should be adjusted accordingly.
The best sequence for image optimization is to follow the 2D
images with real-time 3D images—although there is limited value
in real-time imaging of the left ventricle (except for structural
changes such as mass or thrombus), this step is of value to opti-
mize gain settings—which should be typically higher than those
used for 2D echocardiography. Acquisition of the full-volume
data set can be guided by a split-screen display of orthogonal
views, which can itself be used for simultaneous imaging in two
or three planes. The full-volume acquisition should be made
during a breath hold to minimize the risk for breathing (stitch)
artifacts. As discussed above, contrast LV opacification is often
of value.26-29

c. Orientation and Display
There is no general agreement on how the imaging planes should
be displayed. The proposed “apex-down” 3D display has not been
widely adapted for LV imaging, perhaps because LV imaging is
“3D-guided 2D.” The preference of the writing group is to
orient images so that right-sided structures are on the left-hand
side and the apex is up (Figure 9).

d. Analysis Methods
Volume rendering is of primary value for demonstration of struc-
tural abnormalities. Within the left ventricle, these might include
thrombi, masses and septal defects. This approach is of limited
value for the quantification of LV function.

Surface rendering is of primary value for global and regional
functional measurements, including 3D echocardiography–guided
2D imaging for measurement of LV volume, ejection fraction and
mass. Most vendors offer software packages for both online and

Figure 8 Cropping of the heart in the transverse plane, a horizontal plane that runs parallel to the ground dividing the heart into superior and
inferior segments (top left); sagittal plane, a vertical plane that divides the heart into right and left segments (center); and coronal plane, a vertical
plane that divides the heart into anterior and posterior segments (top right). The lower panels present the 3D views that result from these cut
planes.
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Table 2 Protocol for transthoracic 3D
echocardiography

Protocol For Three-Dimensional Transthoracic
Echocardiography

Aortic Valve Left Ventricle/Right
Ventricle

Pulmonic Valve

Parasternal
long-axis view
with and without
color (narrow
angle and
zoomed
acquisitions)

Apical four-chamber
view (narrow and
wide angle
acquisition)Please
note that the image
must be tilted to
place the right
ventricle in the
center of the image
for right ventricular
acquisition

Parasternal right
ventricular
outflow tract
view with and
without color
(narrow angle
and zoomed
acquisitions)

Mitral Valve Interatrial and
Interventricular
Septum

Tricuspid Valve

Parasternal
long-axis view
with and without
color (narrow
angle and
zoomed
acquisitions)

Apical four-chamber
view (narrow angle
and zoomed
acquisitions)

Apical
four-chamber
view with and
without color
(narrow angle
and zoomed
acquisitions)

Apical
four-chamber
view with and
without color
(narrow angle
and zoomed
acquisitions)

Parasternal right
ventricular inflow
view with and
without color
(narrow angle
and zoomed
acquisitions)
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offline quantitative analysis of the left ventricle. Typically, this
process involves segmentation of the 3DE data set into several
equiangular 2D longitudinal planes after initialization of a few ana-
tomic landmarks, such as the mitral annulus and apex, in several
conventional 2D planes. If necessary, manual corrections to the
endocardial borders can be performed,31 after which a semiauto-
mated blood endocardial interface detection algorithm allows
the calculation of cavity contours and display of their changes
during the cardiac cycle providing a volume-versus-time curve
(Figure 10). A surface-rendered cavity cast of the left ventricle is
then constructed, from which LV volume is computed without
geometric assumptions, directly from voxel counts.

Wireframe models are effective for defining sections of the left
ventricle in position and time. These 3DE data can be used to
assess LV synchrony, regional strain, curvature, and wall stress.
However, these steps are computationally intensive and are not
performed in routine practice.

The analysis of regional function is more complex to communi-
cate than global function or even shape. One option is a polar map

display incorporating wall motion scoring; a similar and more
dynamic process may be illustrated using contraction front
mapping (Figure 11), which illustrates the spatial distribution of
contraction and relaxation.

e. Clinical Validation and Application

LV Structural Abnormalities (e.g., Thrombus, Ventricular Septal Defect)
These are assessed using visual assessment and 3DE color flow
mapping.

Global LV Functional Measurements
These include volumes, ejection fraction, LV shape, and regional
and global strain. Of these, LV volumes and ejection fraction are
the closest to clinical application. This measurement of LV
volume and function is rapid, more accurate and reproducible
than with 2DE, and has an accuracy that is similar to magnetic res-
onance imaging, although the variability may be higher as a result of
varying image quality and operator expertise.32 The availability of
LV cavity shape allows the extraction of additional quantitative in-
formation in patients with LV dysfunction (e.g., the 3D sphericity
index).33 The assessment of 2D global strain is an interesting
potential marker of global function; whether this measurement
can be reliably assessed with 3D imaging remains undefined at
present.

Despite the high correlation with magnetic resonance imaging
as the reference technique, several studies using both manual
and semiautomated contour detection have shown significant
underestimation of 3D echocardiography–derived LV
volumes.28,31,34–49 The potential reasons for the underestimation
are numerous, but systematic underestimation of LV volumes by
3D echocardiography compared with magnetic resonance
imaging may be largely explained because 3D echocardiography,
unlike magnetic resonance imaging, cannot consistently differenti-
ate between the myocardium and the trabeculae.32 To minimize
intertechnique differences, tracing the endocardium to exclude tra-
beculae in the LV cavity is recommended for 3D echocardiography.
As well, one-beat acquisitions may not successfully capture true
end-systole, because of the reduced temporal resolution. This
will lead to inaccurate end-systolic volume calculations and
ejection fraction measurements.

The reproducibility of LV volume and function measurements
by 3D echocardiography has been assessed in multiple
studies.31,35,50,51 Most of these studies were part of larger studies
in which series of patients were analyzed twice by one observer
and by a second observer. Less variation is reported than with
2D echocardiography. The best reproducibility was obtained in
studies that selected patients on the basis of good image
quality.52 Differences between observers are less likely to be of
technical origin. Although some differences have been found to
be statistically significant between different baseline settings with
different semiautomated endocardial contour tracing algorithms,
they do not seem clinically relevant. The normal values of LV end-
diastolic and end-systolic volume have not been established by
gender and body size and so are not provided in this document.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 3 Protocol for transesophageal 3D
echocardiography

Protocol For Three-Dimensional Transesophageal
Echocardiography

Aortic Valve Left Ventricle/Right
Ventricle

Pulmonic Valve

608 mid-esophageal,
short-axis view
with and without
color (zoomed or
full-volume
acquisition)

Left ventricle - 08 to
1208
mid-esophageal
views
encompassing the
entire ventricle
(full-volume
acquisition)

908 high-esophageal
view with and
without color
(zoomed
acquisition)

1208 mid-esophageal,
long-axis view
with and without
color (zoomed or
full-volume
acquisition)

Right ventricle - 08 to
1208
mid-esophageal
views with the
right ventricle
tilted to be in the
center of the
image
(full-volume
acquisition)

1208 mid-esophageal,
3-chamber view
with and without
color (zoomed
acquisition)

Mitral Valve Interatrial Septum Tricuspid Valve

08 to 1208
mid-esophageal
views with and
without color
(zoomed
acquisition)

08 with the probe
rotated to the
interatrial septum
(zoomed or full-
volume
acquisition)

08 to 308
mid-esophageal,
4-chamber view
with and without
color (zoomed
acquisition)

408 transgastric view
with anteflexion
with or without
color (zoomed
acquisition)
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by the corresponding presence or absence of the coronary
arteries (left coronary, right coronary, and noncoronary cusps)
(Figure 24). Each semilunar cusp is attached to the aortic wall in
a curved manner, with the basal attachment located in the left ven-
tricle below the anatomic ventriculoaortic junction and the distal
attachment at the sinotubular junction.99 The sinuses of Valsalva
and the sinotubular junction are integral parts of the valvular mech-
anism, such that any significant dilatation of these structures will
result in aortic valve incompetence. Overall, when tracking the
curved path of the aortic leaflet insertion points, the 3D spatial
configuration of the aortic valve resembles a crown.

The common approaches for imaging the aortic valve by 3D
transthoracic echocardiography are from the parasternal and
apical views. Three-dimensional data sets including the aortic
root can be cropped and rotated for a dynamic 3D rendering of
the aortic valve, which can be visualized from both the aortic
and ventricular perspectives, as well as sliced in any desired longi-
tudinal or oblique plane. The aortic perspective of the valve is best
suited for assessing valve morphology, while the ventricular
perspective may best delineate aortic tumors or vegetations or
subvalvular obstructions.

An exact en face alignment of the cut plane to the aortic valve
orifice is sometimes impossible to obtain in the 2D short-axis view,
especially in hearts with aortic root pathology or a horizontal pos-
ition. In addition, the through-plane motion of the aortic annulus
throughout the cardiac cycle due to the active longitudinal excur-
sion of LV base often hampers adequate visualization of the true
aortic valve opening orifice and morphology throughout the
cardiac cycle. With three-dimensional echocardiography, en face
alignment of the cut plane to the aortic annulus orifice is easily

obtained, irrespective of the actual spatial orientation of the
aortic root in the body. Moreover, the 3D en face view allows
comprehensive visualization of the entire aortic valve complex in
motion. Three-dimensional echocardiography also provides add-
itional information on the spatial relationship with surrounding
structures, such as the LV outflow tract and mitral annulus,
without the need for the cumbersome mental reconstruction
applied with 2D echocardiography.

The 2DE parasternal long-axis view of the aortic valve and root
often underestimates LV outflow tract area, as it presumes a circu-
lar shape. Three-dimensional echocardiography enables multiplane
imaging of the aortic valve (e.g., simultaneous display of the valve in
both the long and short axes), demonstrating the true shape of the
LV outflow tract. As well, 3D echocardiography often confirms
normal and abnormal findings when structures visualized in one
plane can be examined in real time by checking a second orthog-
onal plane.

The apical approach allows the en face visualization of the aortic
valve by 3D echocardiography when the parasternal approach is
inadequate. Even though the spatial resolution is lower compared
with the parasternal approach, an accurate assessment of the
aortic valve morphology (number of cusps and mobility, opening
orifice, regurgitant orifice) and LV outflow tract anatomy is pos-
sible from apical images. Gain and thresholding adjustments
ensure an accurate delineation of the aortic valve anatomic
details, while the addition of various color maps increases the
depth perception in three dimensions. However, adequate visual-
ization can be at times difficult by transthoracic 3D echocardiog-
raphy either in normal (with very thin cusps, leading to
significant drop-out of the leaflet bodies) or in heavily calcified

Figure 24 Zoomed 3D TEE image of the aortic valve as seen from the ascending aorta (Ao) in diastole (top left) and systole (top middle) and
from the LV outflow tract (LVOT) in diastole (bottom left) and systole (bottom middle). Note that the aortic valve is oriented with the right
coronary cusp (RCC) located inferiorly irrespective of the perspective. The 3D TEE data set is cropped to display the aortic valve in long-axis
form during diastole (top right) and systole (top, left). LCC, Left coronary cusp; NCC, noncoronary cusp.
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aortic valves, or when the acoustic window is inadequate. Three-
dimensional color Doppler data can be displayed simultaneously
with anatomic information derived from both 3D transthoracic
echocardiography and 3D transesophageal echocardiography,
adding critical data on aortic valve function and integrity.

b. Data Acquisition
Three-dimensional transesophageal echocardiography from upper
esophageal views provides superior spatial resolution and image
quality for aortic valve assessment (Figure 24), and it is the
method of choice when a definite diagnosis cannot be made by
3D transthoracic echocardiography.

Biplane Imaging
A preliminary survey of the aortic valve can be performed using the
2D multiplane modality while manipulating the lateral plane with
and without color flow Doppler to identify the mechanism,
etiology, and severity of aortic valve stenosis or regurgitation.

Real-Time 3D
With transesophageal echocardiography, a 2D image of the aortic
valve at either the 608 midesophageal, short-axis view or the 1208
midesophageal, long-axis view should be obtained. After the 2D
image is optimized, narrow-angled acquisitions can be used to
optimize the 3D image and to examine aortic valve and root
anatomy. After acquisition, when displayed en face, the aortic
valve should be oriented with the right coronary cusp located
inferiorly, regardless of whether the aortic or the LV outflow
tract perspective is presented (Tables 4 and 6).

Focused Wide-Sector Zoom and Full Volume
Once a wide-angled acquisition 3D data set of the aortic root is
obtained, the cropping plane can be aligned parallel to the aortic
valve orifice, as identified from the long-axis view. This results in
a short-axis 3D image of the aortic valve orifice, which can be
used for planimetry. As well, the cutting plane can be moved to
the LV outflow tract, the sinus of Valsalva, or the sinotubular junc-
tion to obtain these respective cross-sectional areas. Last, the
cropping planes can be placed perpendicular as well as parallel
to the aortic annulus to assess supravalvular and subvalvular
anatomy for serial stenoses.

Full Volume with Color Flow Doppler
Color Doppler 3D TEE imaging should also be performed to
detect the initial appearance of flow at the onset of systole.
These color Doppler signals can also be cropped at the valve
level using a parallel plane to estimate the orifice area and the
vena contracta.

c. Clinical Validation and Application

Quantification of Aortic Valve Area
Three-dimensional echocardiography has been used to improve
aortic valve area quantification with either planimetry100-103 or
the continuity equation.104,105 Three-dimensional TTE planime-
tered aortic valve area has been reported to be feasible in 92%

of patients, with measured values correlating well with 2D TEE
planimetry and transthoracic echocardiography–derived continuity
values.106,107 Three-dimensional TTE aortic valve areas were also
found to have better correlation to invasively measured aortic
valve area compared with 2D TEE values.104 This is due to the
decreased operator variability with 3D echocardiography due to
improved identification on 3D echocardiography of the optimal
2D transverse plane on which the aortic valve area is measured.

Beyond using 3D echocardiography to accurately localize the
2D plane from which planimetry of the aortic valve area can be
performed, three-dimensional echocardiography also allows accur-
ate planimetry of the LV outflow tract.108 Three-dimensional echo-
cardiography has demonstrated that this structure is elliptical
rather than round, and similar to 3DE planimetry of the aortic
valve area, 3DE planimetry of the LV outflow tract has been
demonstrated to be more reproducible.109,110 With accurate
measurement of the LV outflow tract, geometric assumptions
used in the continuity equation are avoided, resulting in more
precise estimation of aortic valve areas using 3D echocardiography
over traditional 2DE methods.

Other authors have sought to avoid LV outflow tract values in
the calculation of aortic valve area using the continuity equation.104

This is accomplished using 3DE stroke volume obtained using a
semiautomated endocardial border detection of the left ventricle.
These authors showed that stroke volume obtained using this
method is superior to 2DE and comparable with magnetic
resonance imaging measurements.45

Quantitative Aortic Root Anatomy
Aortic annular diameter was initially reported from computed
tomographic studies to be more oval than round.108,111 On 3D
echocardiography, this is clearly appreciated, and 3DE aortic
annular measurements from the en face views provide more accur-
ate and reproducible measurements compared with 2D echocardi-
ography (Figure 25). Accurate annular measurements have great
implications for percutaneous valve procedures for valve-sizing
purposes, while annular size may also influence the surgical ap-
proach and technique in valve-sparing procedures. Moreover,
there are a number of parameters, which reflect the spatial rela-
tionships of structures in the aortic root, that cannot be measured
by 2D echocardiography. Intercommissural distance and free
leaflet edge lengths, which can be measured by 3D echocardiog-
raphy, are used to choose the tube graft size in valve-sparing
root operations.20 Three-dimensional echocardiography can also
measure the distance between the annulus and leaflet tips to the
coronary ostia, which is crucial for optimal placement of prosthetic
valves by the percutaneous route.

Quantification of Aortic Regurgitation
Using 3DE color Doppler, the exact perpendicular plane to the
aortic regurgitation jet can be identified, from which the area of
the vena contracta can be planimetered.112 This has been shown
to have a good correlation with aortographic grading of aortic re-
gurgitation. As well, geometric assumptions of the vena contracta,
which are invalid when the shape of the regurgitant orifice is non-
symmetric, are avoided with direct measurement, thus improving
measurement precision.113 Three-dimensional echocardiographic
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color Doppler also allows visualization, and measurement of
multiple jets were feasible and correlated morphologically with
surgical findings.113 However, the practical impact is limited,
because this study used electrocardiographically gated 3D color
flow imaging, whereas real-time volume color flow Doppler
imaging is necessary to truly evaluate the feasibility and accuracy
of quantification of aortic regurgitation in three dimensions.

Three-dimensional TTE and TEE assessments of the
aortic valve should be incorporated when available into
the assessment of aortic stenosis and to elucidate the
mechanism of aortic regurgitation. Three-dimensional
transesophageal echocardiography is recommended for
guidance of transcatheter aortic valve implantation.

13. Pulmonary Valve and Root

a. Anatomy and Limitations of 2DE
Assessment
The pulmonary root complex is composed of the pulmonary valve
with its three leaflets, the sinuses of Valsalva, the interleaflet trian-
gles, and the free-standing distal RV muscular infundibulum. The
three pulmonic valve leaflets are identified by their position in re-
lation to the septum and the aortic valve. The two leaflets attached
to the septum are named the left and right leaflets and correspond
to the right and left leaflets of the aortic valve to which they face.
The third leaflet is called the anterior leaflet (or, if mirroring the
aortic valve, the noncoronary leaflet). Assessment of the pulmon-
ary valve by 2D echocardiography is difficult, because the valve
cusps are difficult to visualize on the short-axis view, and usually

only two cusps can be simultaneously assessed. Three-dimensional
echocardiography, through the en face view, allows all three leaf-
lets to be evaluated concurrently, as well as assessment of the
RV outflow tract and main pulmonary artery. This has improved
quantitative assessment of pulmonary regurgitation and stenosis.

The pulmonary valve is better assessed by 3D transesophageal
echocardiography, but on 3D transthoracic echocardiography,
the best possible images can be obtained from the parasternal
approach.114 After optimizing the image of the pulmonary valve
on 2D transthoracic echocardiography, live 3D TTE images of
the valve can be obtained with greater success.

b. Data Acquisition

Biplane
A preliminary survey of the pulmonary valve can be performed
using the 2D multiplane modality while manipulating the lateral
plane with and without color flow Doppler to identify the mech-
anism, etiology, and severity of pulmonary valve stenosis or
regurgitation.

Real-Time 3D
When imaging the pulmonic valve in three dimensions, the TEE
probe can be positioned either at the high esophageal position
at 908 or by obtaining a three-chamber LV–aortic root view at
1208 and then rotating the probe counterclockwise to bring the
pulmonic valve into view. Once the valve is optimally visualized,
with live 3D, the pulmonary valve can be displayed in an en face
view from either the pulmonary artery or the right ventricle.
When displayed in the en face view, the anterior leaflet should

Figure 25 Three-dimensional TEE data set cropped to demonstrate the aorta in long axis (A, top). Using this image, en face views of the
sinotubular junction (A, bottom left), sinus of Valsalva (A, bottom middle), and aortic annulus (A, bottom right) can be obtained for assessment.
Dynamic, automatic tracking of the aortic valve leaflets (B, top left) and annulus (B, top right) can be performed, providing aortic valve area
throughout the cardiac cycle (B, middle left and bottom strip). A model derived from the automated tracking is also produced (middle right).
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Heart valve macro- and microstructure
Martin Misfeld* and Hans-Hinrich Sievers

University of Luebeck, Clinic of Cardiac and Thoracic Surgery,
Ratzeburger Allee 160, 23538 Luebeck, Germany

Each heart valve is composed of different structures of which each one has its own histological profile.
Although the aortic and the pulmonary valves as well as the mitral and the tricuspid valves show
similarities in their architecture, they are individually designed to ensure optimal function with regard
to their role in the cardiac cycle.

In this article, we systematically describe the structural elements of the four heart valves by
different anatomical, light- and electron-microscopic techniques that have been presented. Without
the demand of completeness, we describe main structural features that are in our opinion of
importance in understanding heart valve performance. These features will also have important
implications in the treatment of heart valve disease. They will increase the knowledge in the design of
valve substitutes or partial substitutes and may participate to improve reconstructive techniques. In
addition, understanding heart valve macro- and microstructure may also be of benefit in heart valve
engineering techniques.

Keywords: aortic; mitral; pulmonary; tricuspid valve; histology

1. INTRODUCTION
The heart is a three-dimensional organ of particularly
complicated configuration. The blood streams in two
separate channels of limited space, crossing each
other. By doing this, the heart is in a state of
increscent torsional motion. The four heart valves
play a key role in this sophisticated dynamics as they
enable the blood to flow in a unidirectional way. They
open and close over three billion times during a
normal life. They also have the ability to allow
between 1 and over 20 l of blood per minute to run
through them during rest, exercise, or other physio-
logical or pathological conditions. The aortic,
pulmonary, mitral and tricuspid valves are positioned
in a plane, the so-called ‘base’ of the heart (figure 1).
It is this area which was named by early French
anatomists the ‘fibrous skeleton’ of the heart. It
consists of densely collagenous fibres and remains
almost stationary in contrast to the dynamic move-
ments of the myocardium, leaflets and arteries
(figure 2). The fibrous skeleton is anchored to the
myocardium in a similar way as tendons are attached
to muscles. This design integrates the valves between
the heart chambers and the arteries, and secures
dynamic valve function throughout life.

The positions of the valve orifices as defined by the
fibrous skeleton of the heart also demonstrate the close
relationship of the four heart valves to each other
(figure 3a,b). This has important implications with
respect to the interaction of individual valve dynamics
and has also fundamental importance in the surgical
treatment of valve disease (Yacoub & Cohn 2004).
However, each heart valve itself has its own anatomical
features and histological structures. This allows each

valve to function in its individual environment. In
example, the aortic and pulmonary valves are
challenged by different pressures but positioned in
the same direction as flow. On the other hand, the
atrioventricular valves are exposed to different flow
features as the flow changes its direction when it is
ejected by the ventricles. The mitral and tricuspid
valve design consider these specific flow charac-
teristics. Both valves also show remarkable differences
due to their position in the high- and low-pressure
system of the circuit.

The following article will describe the individual
macro- and microstructure of the four heart valves.
Understanding normal valve structure will be of benefit
for the treatment of valve disease and will provide
important information for surgical treatment of valve
pathology.

2. AORTIC VALVE
The aortic valve (Valva aortae) is part of the aortic root.
The latter one connects the heart to the systemic
circulation and plays a major role in the function of the
heart and cardiovascular system. It also maintains
optimal coronary perfusion and plays a role in the
maintenance of a laminar flow in the vascular system.
Each structure of the aortic root has its individual
histological profile and anatomical architecture. The
crown shape annulus, the three sinuses of Valsalva and
interleaflet triangles, as well as the sinotubular junction,
commissures and the aortic valve leaflets interact with
each other in a certain way to maintain optimal
function. This well-coordinated dynamic behaviour
has been shown to be of importance for specific
flow characteristics, for coronary perfusion and left
ventricular function (Bellhouse & Bellhouse 1968;
Bellhouse et al. 1968; Brewer et al. 1976; Thubrikar
et al. 1980; Yacoub et al. 1999).
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analysis of the different aortic root structures with
regard to contractile and neuronal structures.

(i) Annulus
The aortic valve leaflets are attached to the sinus wall
via a very dense collagenous meshwork known as the
annulus (Missirlis & Armeniades 1977). Cutting
through this structure in the non-coronary sinus,
where no myocardial muscle supports the sinus, gives
the impression of a cartilaginous structure. It is in this
zone where the layers of the leaflets show a specific
arrangement. The ventricular and arterial layer divide
apart, and the intermediate collagenous layer shows a
cuneiform structure. The ventricular layer continues as
the endocardial layer, whereas the arterial layer
continues into the sinus wall. Small vessels are located
in the connective tissue layer. Within the annulus,
elastic and collagenous fibrils are present. In addition,
neuronal structures can also be identified (figure 8).

(ii) Commissures
The force on the closed valve is transmitted to the
annulus primarily by a system of collagen fibres. Most
of these fibres seem to originate at the commissure
level. The collagen fibres of the intermediate layer
are orientated in a radial fashion in the area of the
commissures. Here, they do not only infiltrate the
intima layer of the aortic root; they also radiate into
the media layer where they are anchored (figure 9).
This special arrangement offers optimal transfer of
pressure load of the valve leaflets to the aortic wall
(Peskin & McQueen 1994).

(iii) Interleaflet triangles
The three triangles are not bounded by ventricular
musculature, but by a thinned fibrous wall of the aorta
between the expanded sinuses. The triangle between
the left-coronary and non-coronary sinus forms part of

the aortic–mitral valvular curtain. It is histologically

fibrous and equivalent to the mitral valve leaflet

structure. The triangle between the non-coronary and

the right-coronary aortic sinus is incorporated within

the membranous part of the septum and is also made of

fibrous tissue. In contrast, the triangle between the

right-coronary and left-coronary sinus in the area of the

subpulmonary infundibulum is supported by muscular

tissue and only fibrous at its apex (Yacoub et al. 1999;

Anderson 2000). Recent studies demonstrate that the

interleaflet triangles may express a range of cytoskeletal

1a1a

2

2
2

5

Figure 8. Electron micrograph of annulus tissue. Inside a
network of collagenous fibrils and fibroblasts, a non-myelinated
nerve can be identified. 1a, fibroblast; 2, collagenous fibrils; 5,
non-myelinated nerve (magnification ! 6900).
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Figure 9. Electron micrograph of commissure tissue in the area
of the endothelial cell layer. The endothelial cells are separated
by the basal layer from the elastic fibres and collagenous fibrils.
The endothelial cells show microvilli at their surface, which
increase the overall surface area for an increased exchange of
substances. 2, collagenous fibrils; 3, endothelial cell; 3a, basal
layer; �, microvilli (magnification ! 6900).
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Figure 10. (a) Section through the aortic root showing the
attachment of the leaflet to the annulus. (b) Magnification of
the leaflet demonstrating the three layers. art, arterial side;
ven, ventricular side; si, sinus; va, valvula; me, tunica media
aortae; ad, adventitia; my, myocardium; an, annulus;
F, lamina fibrosa; S, lamina spongiosa; R, lamina radialis;
arrows indicate the transmission zone between the lamina
spongiosa and fibrosa. Scale bars, 144 mm (adapted from
Fastenrath 1995, p. 35).
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and contractile proteins as vimentin, desmin and
smooth muscle a-actin, indicating that these structures
may be involved in the regulation of aortic root
function (Dreger et al. 2003).

(iv) Sinus of Valsalva
Arteries are connected to the heart with so-called
arterial fibre-rings. They show histological and
structural similarities to tendons. These tendon-like
structures do not have well-defined boundaries in the
area of anatomical, structural and embryonic con-
nection of the heart and the aorta. Therefore, the
sinuses are arranged with very different components.
However, the largest part of all of three sinuses is
composed in a similar manner to the three layers of
the aortic wall: tunica intima, tunica media and
tunica externa (adventitia). The inner layer of the
intima is composed of endothelial cells arranged in
the direction of the vessel. The subendothelial
connective tissue is arranged in the same manner as
the endothelial cells. This layer is divided from the
intima by the membrana elastica interna. The media
is composed of circular arranged structures: smooth
muscle cells, elastic fibres, collagen fibres type II and
III and proteoglycans. The adventitia is the external
layer. It is separated from the intima by the
membrana elastica externa. Similar to the intima,
the elements of the externa are arranged in a
longitudinal fashion and composed of collagen fibres
of type I. Although the wall of the sinuses is

principally arranged in this manner, the thickness of

its wall is significantly thinner compared with the

ascending aorta (Sauren et al. 1980).

(v) Sinotubular junction
The sinotubular junction shows the same principal

arrangement of tissue elements compared with the sinuses

and the ascending aorta. However, the diameter of the

wall is thicker than the diameter of the sinus wall. This fact

defines the ridge as the upper part of the aortic root.

(a) (b) (c)

Figure 11. Electron micrograph of the arrangement of collagenous fibrils of the lamina radialis of an aortic valve leaflet at
different magnifications. Arrows indicate non-directional fibrils surrounding helical arranged collagenous fibrils. (a,b) Scale
bars, 8 mm and (c) 3 mm (adapted from Fastenrath 1995, p. 43).

aortic

(a) (b)

ventricular ventricular

Figure 12. Photomicrographs showing immuno-histochemical staining of an aortic valve leaflet with antibodies against smooth
muscle cell alpha-actin. Arrows indicate muscle fibres (a, magnification ! 25; b, magnification ! 40).

Figure 13. Section through the left ventricle demonstrating
the mitral valve apparatus and its relation to the aortic valve
(adapted from Anderson & Becker 1982, p. 72).
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(vi ) Leaflets
The aortic valve leaflets are covered by a continuous
layer of endothelial cells with a smooth surface on the
ventricular side and numerous ridges on the arterial
side. The cells are joined to one another by junctions
similar to those present on endothelial cells elsewhere in
the vascular system. In contrast to the arrangement of
endothelial cells elsewhere, the arrangement of the
endothelial cells is across, not in line with the direction
of flow (Deck 1986). It has been suggested that biaxial
force, rather than shear stresses which occur in all blood
vessels, might be responsible for this arrangement.
Between the ventricular and aortic surfaces, there are up
to five layers of connective tissue: lamina ventricularis,
lamina radialis, lamina spongiosa, lamina fibrosa and
lamina arterialis. There is some confusion about the
nomenclature of the layers. We describe the layers in the
adoption of the nomenclature of Gross and Kugel
(Gross & Kugel 1931), although we define the lamina
ventricularis as an additional layer that can be found
between the lamina radialis and the ventricular endo-
thelium. Over all, three distinct layers, the lamina
radialis, lamina spongiosa and the lamina fibrosa can
easily be identified (figure 10). Within the connective
tissue, the elastic and collagen fibres show a preferential
arrangement and orientation (figure 11). They are
mechanically coupled to each other in a well-defined
honeycomb or sponge-like structure. It has been
suggested that this special arrangement maintains the
collagen fibre orientation and maintain collagen
geometry after external forces have been released
(Scott & Vesely 1995, 1996; Vesely 1998; Adamczyk
et al. 2000). The arterial layer contains coarse bundles of
circumferential collagen fibres, which form the macro-
scopical folds parallel to the free edge of the leaflets. It is
this arrangement of fibres that transfers the load of the
leaflets to the wall of the aortic root (Clark & Finke
1974a,b; Missirlis & Armeniades 1977; Broom 1978;
Peskin & McQueen 1994; Connolly et al. 1997).
Between the extracellular components reside interstitial
cells. Initially described as smooth muscle cells (Bairati
et al. 1978; Bairati & DeBiasi 1981), these cells show
characteristics of fibroblasts and smooth muscle cells
(Filip et al. 1986), and have been therefore designated as
myofibroblasts (Messier et al. 1994). However, having
the same contractile properties as fibroblasts (Brown
et al. 1996) or smooth muscle cells, these cells may play
an active role in the normal function of the aortic valve
and undergo geometric alterations during the cardiac
cycle (figure 12a,b). These findings are supported by the
fact that aortic valve leaflets are supplied by oxygen via
vessels as well as diffusion from the valve surface (Weind
et al. 2000, 2002). Vessel density is thereby dependent
on leaflet thickness and being increased in the hinge
area. The metabolic activity of aortic valve leaflets might
be greater than can be supported by diffusion alone.
This may have important implications for the function
of valve leaflets during the cardiac cycle.

3. MITRAL VALVE
The mitral valve (Valva atrioventricularis sinistra or
Valva bicuspidalis or Valva mitralis) is composed of two
leaflets. Owing to its similarity to the mitre of a bishop it

is termed ‘mitral’ valve. Located between the left
atrium and left ventricle, the mitral valve participates
with its subvalvular apparatus to the geometry of the
left ventricle and plays an important role in left
ventricular performance (Yacoub & Cohn 2004).
During the cardiac cycle, the mitral valve undergoes
dynamic changes in its size and shape (Tsakiris et al.
1978; Ormiston et al. 1981). The structures that
compose the mitral valve are called the annulus,
leaflets, chordae tendinae and the papillary muscles
(figure 13). The latter ones are localized in a poster-
omedial and anterolateral position in the left ventri-
cular cavity. The morphology of the papillary muscles is
very variable in particular the one of the posteromedial
muscle. In the following section, we will focus on the
mitral annulus, leaflets and chordae tendinae.

(a) Macroscopic structure

(i) Annulus
The mitral valve annulus defines the opening area of the
mitral valve. It is composed anteriorly of a fibrous
component, which is localized between the two fibrous
trigones, the trigonum fibrosum dextrum, the central
part of the skeleton of the heart and the trigonum
fibrosum sinistrum. In the anterior part of the annulus,
the fibres show a parallel and circular orientation and
built the more rigid aspect of the mitral annulus (Puff
1965). However, this part is in mild concave form,
because it is directly related to the circular aspect of the
aortic orifice. This has important implications in the
design of mitral valve reconstruction and replacement
substitutes. In contrast to the anterior part, the lateral
and posterior part of the annulus form the more
‘contractile’ part (Yacoub & Cohn 2004). They are
linked to the anterior part of the annulus by the left and
right fibrous trigone. The annulus enables the orifice to
undergo complex changes in its shape during the cardiac
cycle not only in a horizontal, but also in a vertical plane
(figure 14). It has been suggested that this ability has
important implications to stress distribution on the
leaflets and valve function (Salgo et al. 2002).

(ii) Leaflets
The central aspects of the mitral valve are the two
leaflets. The anterior leaflet (aortic leaflet, septal
leaflet or cuspis anterior) is in continuity to the aortic
root. It is the bigger one of the two leaflets and forms
at its ventricular side a part of the left ventricular
outflow tract. The leaflets can be divided into the zone
of attachment to the annulus, the ‘translucent’ zone,
the ‘rough’ zone, where the chordae tendinae are
attached to the ventricular side of the leaflet and into
the free margin (Anderson & Becker 1982). The
posterior leaflet (mural leaflet or cuspis posterior) is
attached to the atrioventricular mitral ring as demon-
strated in figure 15. It is in 91% of cases divided
into three parts (posteromedial or right, intermediate
and anterolateral or left) of which the intermediate
part is wider and higher than the other two (Bezerra
et al. 1992). Although the posterior leaflet is
attached to almost two-thirds of the circumference
and although its area is significantly larger than the
area of the anterior leaflets (Kunzelman et al. 1994a),
it participates to a lesser extent with its plane in the
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Cardiac Surgery in the Adult, 5e

Chapter 2: Surgical Anatomy of the Heart 

OVERVIEW

Location of the Heart Relative to Surrounding Structures

The overall shape of the heart is that of a three-sided pyramid located in the middle mediastinum (Fig. 2-1). When viewed from the heart’s apex,
the three sides of the ventricular mass are readily apparent (Fig. 2-2). Two of the edges are named. The acute margin lies inferiorly and describes
a sharp angle between the sternocostal and diaphragmatic surfaces. The obtuse margin lies superiorly and is much more di�use. The posterior
margin is unnamed but is also di�use in its transition.

FIGURE 2-1

This diagram shows the heart within the middle mediastinum with the patient supine on the operating table. The long axis lies parallel to the
interventricular septum, whereas the short axis is perpendicular to the long axis at the level of the atrioventricular valves.
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Outlet Portion

The outlet component supports the aortic valve and consists of both muscular and fibrous portions. This is in contrast to the infundibulum of
the right ventricle, which consists entirely of muscle. The septal portion of the le� ventricular outflow tract, although primarily muscular, also
includes the membranous portion of the ventricular septum. The posterior quadrant of the outflow tract consists of an extensive fibrous curtain
that extends from the fibrous skeleton of the heart across the aortic leaflet of the mitral valve and supports the leaflets of the aortic valve in the
area of aortomitral continuity (see Fig. 2-5). The lateral quadrant of the outflow tract again is muscular and consists of the lateral margin of the
inner curvature of the heart, delineated externally by the transverse sinus. The le� bundle of the cardiac conduction system enters the le�
ventricular outflow tract posterior to the membranous septum and immediately beneath the commissure between the right and noncoronary
leaflets of the aortic valve. A�er traveling a short distance down the septum, the le� bundle divides into anterior, septal, and posterior divisions.

Aortic Valve

The aortic valve is a semilunar valve that is quite similar morphologically to the pulmonary valve. Likewise, it does not have a discrete annulus.
Because of its central location, the aortic valve is related to each of the cardiac chambers and valves (see Fig. 2-4). A thorough knowledge of
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these relationships is essential to understanding aortic valve pathology and many congenital cardiac malformations.

The aortic valve consists primarily of three semilunar leaflets. As with the pulmonary valve, attachments of the leaflets extend across the
ventriculoarterial junction in a curvilinear fashion. Each leaflet therefore has attachments to the aorta and within the le� ventricle (Fig. 2-29).
Behind each leaflet, the aortic wall bulges outward to form the sinuses of Valsalva. The leaflets themselves meet centrally along a line of
coaptation, at the center of which is a thickened nodule called the nodule of Arantius. Peripherally, adjacent to the commissures, the line of
coaptation is thinner and normally may contain small perforations. During systole the leaflets are thrust upward and away from the center of the
aortic lumen, whereas during diastole they fall passively into the center of the aorta. With normal valvar morphology, all three leaflets meet
along lines of coaptation and support the column of blood within the aorta to prevent regurgitation into the ventricle. Two of the three aortic
sinuses give rise to coronary arteries, from which arise their designations as right, le�, and noncoronary sinuses.

FIGURE 2-29

This dissection in anatomic orientation, made by removing the aortic valvar leaflets, emphasizes the semilunar nature of the hinge points (see
Figs. 2-22 and 2-23). Note the relationship to the mitral valve (see Fig. 2-5).
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By sequentially following the line of attachment of each leaflet, the relationship of the aortic valve to its surrounding structures can be clearly
understood. Beginning posteriorly, the commissure between the noncoronary and le� coronary leaflets is positioned along the area of
aortomitral valvar continuity. The fibrous subaortic curtain is beneath this commissure (see Fig. 2-29). To the right of this commissure, the
noncoronary leaflet is attached above the posterior diverticulum of the le� ventricular outflow tract. Here, the valve is related to the right atrial
wall. As the attachment of the noncoronary leaflet ascends from its nadir toward the commissure between the noncoronary and right coronary
leaflets, the line of attachment is directly above the portion of the atrial septum containing the atrioventricular node. The commissure between
the noncoronary and right coronary leaflets is located directly above the penetrating atrioventricular bundle and the membranous ventricular
septum (Fig. 2-30). The attachment of the right coronary leaflet then descends across the central fibrous body before ascending to the
commissure between the right and le� coronary leaflets. Immediately beneath this commissure, the wall of the aorta forms the uppermost part
of the subaortic outflow. An incision through this area passes into the space between the facing surfaces of the aorta and pulmonary trunk (see
Fig. 2-30). As the facing le� and right leaflets descend from this commissure, they are attached to the outlet muscular component of the le�
ventricle. Only a small part of this area in the normal heart is a true outlet septum because both pulmonary and aortic valves are supported on
their own sleeves of myocardium. Thus, although the outlet components of the right and le� ventricles face each other, an incision below the
aortic valve enters low into the infundibulum of the right ventricle. As the lateral part of the le� coronary leaflet descends from the facing
commissure to the base of the sinus, it becomes the only part of the aortic valve that is not intimately related to another cardiac chamber.

FIGURE 2-30

Dissection made by removing the right and part of the le� aortic sinuses to show the relations of the fibrous triangle between the right and
noncoronary aortic leaflets (anatomical orientation).
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Knowledge of the anatomy of the aortic valve and its relationship to surrounding structures is important to successful replacement of the aortic
valve, particularly when enlargement of the aortic root is required. The Konno-Rastan aortoventriculoplasty involves opening and enlarging the

anterior portion of the subaortic region.4,5 The incisions for this procedure begin with an anterior longitudinal aortotomy that extends through
the commissure between the right and le� coronary leaflets. Anteriorly, the incision is extended across the base of the infundibulum. The
di�erential level of attachment of the aortic and pulmonary valve leaflets permits this incision without damage to the pulmonary valve (Fig. 2-31).
Posteriorly, the incision extends through the most medial portion of the supraventricular crest into the le� ventricular outflow tract. By closing
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ASE/SCA Guidelines for Performing a Comprehensive
Intraoperative Multiplane Transesophageal Echocardiography
Examination: Recommendations of the American Society of
Echocardiography Council for Intraoperative
Echocardiography and the Society of Cardiovascular
Anesthesiologists Task Force for Certification in
Perioperative Transesophageal Echocardiography
Jack S. Shanewise, MD*, Albert T. Cheung, MD†, Solomon Aronson, MD‡,
William J. Stewart, MD§, Richard L. Weiss, MD¶, Jonathan B. Mark, MD#,
Robert M. Savage, MD\, Pamela Sears-Rogan, MD**, Joseph P. Mathew, MD††,
Miguel A. Quiñones, MD‡‡, Michael K. Cahalan, MD§§, and Joseph S. Savino, MD†

*Division of Cardiac Anesthesia and Critical Care, Emory University School of Medicine, Atlanta, Georgia; †Department
of Anesthesiology, University of Pennsylvania, Philadelphia, Pennsylvania; ‡Department of Anesthesia and Critical Care,
University of Chicago, Chicago, Illinois; Departments of §Cardiology and \Cardiothoracic Anesthesiology, The Cleveland
Clinic Foundation, Cleveland, Ohio; ¶Department of Cardiology, University of Pennsylvania Health System, Presbyterian
Medical Center, Philadelphia, Pennsylvania; #Department of Anesthesiology, Duke University Medical Center, Veterans
Affairs Medical Center, Durham, North Carolina; **Department of Cardiology, Washington Hospital Center, Washington,
DC; ††Department of Anesthesiology, Duke University Medical Center, Durham, North Carolina; ‡‡Section of Cardiology,
Baylor College of Medicine, Houston, Texas; and §§Department of Anesthesia, University of California–San Francisco,
San Francisco, California

S ince the introduction of transesophageal echo-
cardiography (TEE) to the operating room in
the early 1980s (1,3,4),1 its effectiveness as a

clinical monitor to assist in the hemodynamic man-
agement of patients during general anesthesia and
its reliability to make intraoperative diagnoses dur-
ing cardiac operations has been well established
(5–26). In recognition of the increasing clinical ap-
plications and use of intraoperative TEE, the Amer-
ican Society of Echocardiography (ASE) established
the Council for Intraoperative Echocardiography in
1993 to address issues related to the use of echocar-
diography in the operating room. In June 1997, the
Council board decided to create a set of guidelines

for performing a comprehensive TEE examination
composed of a set of anatomically directed cross-
sectional views. The Society of Cardiovascular
Anesthesiologists Task Force for Certification in
Perioperative Transesophageal Echocardiography
has endorsed these guidelines and standards of no-
menclature for the various anatomically directed
cross-sectional views of the comprehensive TEE ex-
amination. This document, therefore, is the collec-
tive result of an effort that represents the consensus
view of both anesthesiologists and cardiologists
who have extensive experience in intraoperative
echocardiography.

The writing group has several goals in mind in
creating these guidelines. The first is to facilitate
training in intraoperative TEE by providing a frame-
work in which to develop the necessary knowledge
and skills. The guidelines may also enhance quality
improvement by providing a means to assess the
technical quality and completeness of individual
studies. More consistent acquisition and description

Accepted for publication July 29, 1999.
Address correspondence and reprint requests to Sharon Perry,

CAE, American Society of Echocardiography, 4101 Lake Boone
Trail, Ste. 201, Raleigh, NC 27607.

1 Cahalan MK, Kremer P, Schiller NB, et al. Intraoperative mon-
itoring with two-dimensional transesophageal echocardiography
[abstract]. Anesthesiology 1982;57:A153.
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four-chamber views. The transmitral flow velocity
profile is examined using spectral pulsed wave Dopp-
ler (PWD) to evaluate LV diastolic function in the mid
esophageal four-chamber or mid esophageal long axis
view by placing the sample volume between the tips
of the open mitral leaflets. The sample volume size is
kept as small as possible (3–5 mm) and the Doppler
beam aligned such that the angle between the beam
and the presumed direction of transmitral flow is as
close to zero as possible.

The two transgastric views of the MV are developed
by advancing the probe until the transducer is level
with the base of the LV. The transgastric basal short
axis view provides a short axis view of the MV and is
generally obtained at a multiplane angle of 0 degrees
by further anteflexing the probe and withdrawing
slightly to achieve a plane slightly above (superior to)
the transgastric mid short axis view. Better short axis
cross-sections of the MV often are obtained with the
transducer slightly deeper in the stomach and with
more anteflexion in order to orient the imaging plane
as parallel to the mitral annulus as possible. Often,
however, the cross-section obtained is not perfectly
parallel to the annulus, in which case the probe is
withdrawn to image the posteromedial commissure in
short axis, then advanced slightly to image the antero-
lateral commissure. In these views of the MV, the
posteromedial commissure is in the upper left of the
display, the anterolateral commissure is to the lower
right, the posterior leaflet is to the right of the display,
and the anterior leaflet is to the left. These short axis
views of the MV are very useful for determining which
portion of the leaflet is abnormal or has abnormal flow.
It is also important to examine the transgastric mid short
axis view to detect wall motion abnormalities adjacent to
the papillary muscles or hypermobility at the papillary
muscles indicating rupture of the papillary muscle or its
components. The transgastric two-chamber view is de-
veloped from the same probe position by rotating the
multiplane angle forward to about 90 degrees and is
especially useful for examining the chordae tendinae,
which are perpendicular to the ultrasound beam in this
view. The chordae to the posteromedial papillary muscle
are at the top of the display, and those to the anterolat-
eral papillary muscle are at the bottom. Both of the
transgastric views of the MV are repeated using CFD.

Aortic Valve, Aortic Root, and Left
Ventricular Outflow Tract
The AV is a semilunar valve with three cusps located
close to the center of the heart. The aortic root is not a
specific structure, per se, but includes the AV annulus,
cusps, sinuses of Valsalva, coronary artery ostia, sino-
tubular junction, and proximal ascending aorta. The
LVOT is the outflow portion of the LV just inferior to

the AV. All these structures are examined in detail
with TEE by using four cross-sections.

The mid esophageal AV short axis view (Figure 3h)
is obtained from the mid esophageal window by ad-
vancing or withdrawing the probe until the AV comes
into view and then turning the probe to center the AV
in the display. The image depth is adjusted to between
10 and 12 cm to position the AV in the middle of the
display. Next, the multiplane angle is rotated forward
to approximately 30 to 60 degrees until a symmetrical
image of all three cusps of the aortic valve comes into
view. This cross-section is the only view that provides
a simultaneous image of all three cusps of the AV. The
cusp adjacent to the atrial septum is the noncoronary
cusp, the most anterior cusp is the right coronary cusp,
and the other is the left coronary cusp. The probe is
withdrawn or anteflexed slightly to move the imaging
plane superiorly through the sinuses of Valsalva to
bring the right and left coronary ostia and then the
sinotubular junction into view. The probe is then ad-
vanced to move the imaging plane through and then
proximal to the AV annulus to produce a short axis
view of the LVOT. The mid esophageal AV short axis
view at the level of the AV cusps is used to measure
the length of the free edges of the AV cusps and the
area of the AV orifice by planimetry. CFD is applied in
this cross-section to detect aortic regurgitation and
estimate the size and location of the regurgitant
orifice.

The mid esophageal AV long axis view (Figure 3i) is
developed by keeping the AV in the center of the display
while rotating forward to a multiplane angle of 120 to
160 degrees until the LVOT, AV, and proximal ascend-
ing aorta line up in the image. The LVOT appears to-
ward the left of the display and the proximal ascending
aorta toward the right. The cusp of the AV that appears
anteriorly or toward the bottom of the display is always
the right coronary cusp, but the cusp that appears pos-
teriorly in this cross-section may be the left or the non-
coronary cusp, depending on the exact location of the
imaging plane as it passes through the valve. The mid
esophageal AV long axis view is the best cross-section
for assessing the size of the aortic root by measuring the
diameters of the AV annulus, sinuses of Valsalva, sino-
tubular junction, and proximal ascending aorta, adjust-
ing the probe to maximize the internal diameter of these
structures. The diameter of the AV annulus is measured
during systole at the points of attachment of the aortic
valve cusps to the annulus and is normally between 1.8
and 2.5 cm. The mid esophageal AV long axis view is
repeated with CFD to assess flow through the LVOT,
AV, and proximal ascending aorta and is especially use-
ful for detecting and quantifying aortic regurgitation.

The primary purpose of the two transgastric views
of the AV is to direct a Doppler beam parallel to flow
through the AV, which is not possible from the mid

878 CARDIOVASCULAR ANESTHESIA SHANEWISE ET AL. ANESTH ANALG
ASE/SCA IOE TEE GUIDELINES 1999;89:870–84
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esophageal window. They also provide good images
of the ventricular aspect of the AV in some patients.
The transgastric long axis view (Figure 3j) is devel-
oped from the transgastric mid short axis view by
rotating the multiplane angle forward to 90 to 120 de-
grees until the AV comes into view in the right side of
the far field. Sometimes, turning the probe slightly to
the right is necessary to bring the LVOT and AV into
view.

The deep transgastric view is obtained by advanc-
ing the probe deep into the stomach and positioning
the probe adjacent to the LV apex. The probe is then
anteflexed until the imaging plane is directed superi-
orly toward the base of the heart, developing the deep
transgastric long axis view (Figure 3K). The exact po-
sition of the probe and transducer is more difficult to
determine and control deep in the stomach, but some
trial and error flexing, turning, advancing, withdraw-
ing, and rotating of the probe develops this view in
most patients. In the deep transgastric long axis view,
the aortic valve is located in the far field at the bottom
of the display with the LV outflow directed away from
the transducer. Detailed assessment of valve anatomy
is difficult in this view because the LVOT and AV are
so far from the transducer, but Doppler quantification
of flow velocities through these structures is usually
possible. Multiplane rotation from this cross-section
can achieve images of the aortic arch and great vessels
in the far field in some patients.

Doppler quantification of blood flow velocities
through the LVOT and AV are performed using the
transgastric long axis view or the deep transgastric
long axis view. Blood flow velocity in the LVOT is
measured by positioning the PWD sample volume in
the center of the LVOT just proximal to the AV. Flow
velocity through the AV is measured by directing the
CWD beam through the LVOT and across the valve
cusps. Normal LVOT and AV flow velocities are less
than 1.5 m/s. CFD imaging of the LVOT and AV is
useful for in directing the Doppler beam through the
area of maximum flow when making these velocity
measurements.

Left Atrium, Left Atrial Appendage,
Pulmonary Veins, and Atrial Septum
Given its anatomic location immediately anterior to
the esophagus, the LA is the cardiac chamber that is
most consistently and easily imaged. Examination of
the LA is initiated with the mid esophageal four-
chamber view with the image depth adjusted to ap-
proximately 10 cm to maximize the LA size in the
display. Withdrawing and advancing the probe sev-
eral centimeters generates images of the entire LA
from its most superior to inferior extent. Near its
superior and lateral aspect, the LA is seen to join the

left atrial appendage (LAA). The left upper pulmonary
vein (LUPV), which enters the LA just lateral to the
LAA from an anterior to posterior trajectory, is iden-
tified by withdrawing slightly and turning the probe
to the left. The left lower pulmonary vein (LLPV) is
then identified by turning slightly farther to the left
and advancing 1 to 2 cm. The LLPV enters the LA just
below the LUPV, courses in a more lateral to medial
direction, and is less suitable for Doppler quantifica-
tion of pulmonary venous blood flow velocity being
nearly perpendicular to the ultrasound beam. In some
patients, the LUPV and LLPV join and enter the LA as
a single vessel. The right upper pulmonary vein
(RUPV) is imaged by turning the probe to the right at
the level of the LAA. Like the LUPV, the RUPV can be
seen entering the LA in an anterior to posterior direc-
tion. The right lower pulmonary vein, which enters
the LA nearly at a right angle to the Doppler beam, is
then located by advancing the probe 1 to 2 cm and
turning slightly to the right. The interatrial septum
(IAS) is examined next at the mid esophageal level by
turning the probe slightly to the right of midline and
advancing and withdrawing the probe through its
entire superior-inferior extent. The IAS consists of the
thin fossa ovalis centrally and thicker limbus regions
anteriorly and posteriorly. The IAS is examined with
CFD to detect interatrial shunts. Decreasing the scale
(Nyquist limit) of the CFD is useful for detecting low
velocity flow through an atrial septal defect or patent
foramen ovale. Ten milliliters of saline agitated with a
small amount of air (less than 1⁄4 mL) can be injected
into the RA as positive airway pressure is released to
detect interatrial shunt as well, looking for the appear-
ance of contrast in the LA in fewer than five cardiac
cycles.

From the mid esophageal four-chamber view, the
multiplane angle is rotated forward to approximately
90 degrees to the mid esophageal two-chamber view
to obtain orthogonal images of the LA. In this cross-
section, the LA is examined from its left to right limits
by turning the probe from side to side. The LAA is
seen as an outpouching of the lateral, superior aspect
of the LA. From there, the LUPV is identified by
turning the probe slightly farther to the left. The mid
esophageal bicaval view (Figure 3l) is developed from
the mid esophageal two chamber view by turning the
probe to the right and rotating the multiplane angle
forward to between 80 and 110 degrees until both the
superior vena cava (SVC) and the inferior vena cava
(IVC) come into view. The mid esophageal bicaval
view generally provides an excellent view of the IAS
as well as the body and appendage of the RA and the
vena cavae. It is repeated with CFD to detect flow
across the IAS. Finally, the probe is turned slightly
farther to the right to reveal the RUPV entering the
LA.
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Evolving Concepts of Cardiac Valve Dynamics
The Continuum of Development, Functional Structure, Pathobiology,

and Tissue Engineering

Frederick J. Schoen, MD, PhD

Abstract—Considerable progress has been made in recent years toward elucidating a conceptual framework that
integrates the dynamic functional structure, mechanical properties, and pathobiological behavior of the cardiac
valves. This communication reviews the evolving paradigm of a continuum of heart valve structure, function, and
pathobiology and explores its implications. Specifically, we discuss (1) the interactions of valve biology and biomechanics
(eg, correlations of function with structure at the cell, tissue, and organ levels and mechanical considerations, development,
endothelial cell and interstitial cell biology, extracellular matrix biology, homeostasis, and adaptation to environmental
change); (2) mechanisms of disease (eg, valve cell and matrix pathobiology in congenital anomalies, aortic valve
calcification, and mitral valve prolapse); (3) considerations in replacement and repair (eg, cell/matrix biology of tissue
valve substitutes and their degeneration and durability of repairs); and (4) the potential for tissue engineering approaches
to therapeutic regeneration of the cardiac valves. Opportunities for research and clinical translation are highlighted.
(Circulation. 2008;118:1864-1880.)

Key Words: aortic valve � mitral valve � pathology � prosthesis � tissue engineering

Important conceptual advances, new data, and evolution in our
understanding and application of the principles underlying the

dynamic functional, biological, and mechanical behavior of the
cardiac valves have occurred in recent years. Research in heart
valve biology and disease has been enabled by the availability of
cultures of heart valve cells, computational methodology, the
design and use of in vitro and in vivo experimental systems that
model elements of valve biological and pathobiological activity,
and targeted study of normally functioning and pathological
native and substitute human valves. Collectively, these develop-
ments have facilitated a growing understanding of how short-
and long-term biomechanical valve function at the organ level
relates to tissue and cell structure and normal valve function,
elucidated the pathological anatomy and mechanisms of valvular
dysfunction, fostered improvements in tissue heart valve substi-
tutes and surgical repairs, and informed innovative approaches to
heart valve tissue engineering and regeneration.1–4 In this com-
munication, we highlight key recent insights into heart valve
function and dysfunction and their implications for the preven-
tion, diagnosis, and treatment of clinical heart valve disease,
currently and in the future.

Dynamic Valvular Functional Macrostructure
and Microstructure, Developmental Biology,

and Postdevelopmental Changes
Normal heart valves ensure unidirectional blood flow
throughout the cardiac cycle with minimal obstruction and

without regurgitation. The semilunar valves (ie, the pulmo-
nary valve [PV] and aortic valve [AV]) prevent retrograde
flow back into the ventricles during diastole, and the atrio-
ventricular valves (tricuspid valve [TV] and mitral valve
[MV]) prohibit reverse flow from the ventricle to the atrium
during systole. Heart valves open and close �40 million
times a year and 3 billion times over an average lifetime.

The heart valves are tissue structures whose motions are
driven by mechanical forces exerted by the surrounding blood
and heart. The ability of the valves to permit unobstructed
forward flow depends on the mobility, pliability, and struc-
tural integrity of their leaflets (in the TV and MV) and cusps
(in the PV and AV).

The individual AV cusps attach to the aortic wall in a
crescentic (or semilunar) fashion, ascending to the commis-
sures (where adjacent cusps come together at the aorta) and
descending to the basal attachment of each cusp to the aortic
wall. Behind the cusps are dilated pockets in the aortic root,
called sinuses of Valsalva, which bulge with each ejection of
blood. The AV cusps and their respective sinuses are named
for their relationship to the coronary artery ostia that arise
from them, normally a left, a right, and a noncoronary (cusp
and associated sinus). In the middle of the free edge of each
cusp on the ventricular surface is a fibrous mound called the
nodule of Arantius. Coaptation of the 3 nodules ensures
complete central closure of the valve during diastole. Located
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along the ventricular surface of each cusp, between the free edge
and the closing edge, are 2 crescentic regions, each called a
lunula; these areas contact the corresponding regions of both
adjacent cusps in diastole to effect a competent seal. The
remainder of the cusp (ie, the noncoapting portion) is called
the belly. A defect in or damage to a cusp confined to the
lunula will not promote regurgitation; however, damage to
the cusp in the belly region will permit backflow when the
valve is closed.

As blood decelerates in the aorta at the end of systole,
vortices in the sinuses of Valsalva behind the AV cusps facilitate
valve closure. The competency (ie, ability to prevent reverse
flow) of the semilunar valves (PV and AV) depends on the
stretching and molding of their 3 cusps to fill the orifice during
the closed phase of the cardiac cycle, during which back pressure
from the blood is present in the pulmonary artery or aorta,
respectively. We will see shortly that diastolic coaptation of
the AV cusps is maintained by a mechanism that depends on
a complex, highly differentiated, dynamic tissue macrostruc-
ture and microstructure. The function of the semilunar valves
also depends on the integrity and coordinated movements of
the cuspal attachments and the dynamics of the aortic and
pulmonary root structures. Thus, stiffening or dilation of the
aortic root can hinder movement and/or proper coaptation of
the AV cusps during closure and thereby promote regurgita-
tion. The PV has structure and function analogous to but less
robust than the AV.

Maintaining competency of the atrioventricular valves (TV
and MV) is different than described above and involves a
broader array of anatomic structures.5 Leaflet free margins
are tethered to the ventricular wall by many delicate tendi-
nous cords (chordae tendineae), themselves attached to pap-
illary muscles that are contiguous with the underlying mus-
cular ventricular walls. Thus, normal apposition of MV
leaflets and thus MV competency depend on the coordinated
actions of the annulus (the outer edge of the valve orifice,
where the leaflets attach), leaflets, cords, papillary muscles,
and associated left ventricular wall—collectively, the mitral
apparatus—acting to maintain leaflet coaptation. Left ventric-
ular dilation or a ruptured or fibrotic cord or papillary muscle
can interrupt or distort the tethering of the leaflets and thereby
interfere with MV closure, resulting in regurgitation. TV
function depends on structures largely analogous to those of
the MV.

Because they are sufficiently thin to be nourished by
diffusion from the blood bathing the valves, normal leaflets
and cusps have only scant and inconsistent blood vessels
limited to the proximal portion6; indeed, valvular angiogen-
esis is generally associated with disease.7 Although the valve
leaflets and cusps also have nerves,8 and AV cusps have been
shown to exhibit receptor-mediated contraction,9 probably
modulated by valvular interstitial cells (VICs) (see The Role
of VICs below),10 a functional role for neural elements and
contractile responses has not yet been clarified.

The Functional Role of Valvular
Extracellular Matrix
Healthy native heart valves maintain unidirectional blood
flow via an extraordinarily dynamic functional structure with
sufficient strength and durability to withstand repetitive and
substantial mechanical stress and strain over many years. A
highly responsive, compartmentalized internal microarchitec-
ture of heart valves facilitates the substantial changes in size
and shape of the valve cusps and leaflets that occur during the
cardiac cycle (Figure 1).11 All 4 cardiac valves have a similar
layered architectural pattern: a dense collagenous layer
close to the outflow surface and continuous with valvular
supporting structures, and which provides the primary strength
component, a central core of loose connective tissue, and a layer
rich in elastin below the inflow surface; for the AV, these are
called the fibrosa, spongiosa, and ventricularis, respectively.
The essential functional components of the heart valves
comprise cells, including the valvular endothelial cells
(VECs) at the blood-contacting surfaces and the deep VICs,
and extracellular matrix (ECM), including collagen, elastin,
and amorphous ECM (predominately glycosaminoglycans
[GAGs]) (Table 1).

The AV (which is most frequently diseased, most fre-
quently used in various modes of substitution, and most
widely studied) provides a paradigm for valvular structural
specialization and tissue dynamics across the cardiac cycle
(Figure 2). In diastole, the back pressure (normally
�80 mm Hg) stretches the valve cusps as they appose and
seal the orifice to prevent backflow of blood. The rapid and
reversible deformations of the cusps demand mechanical
responses that are accommodated by the ECM components
enumerated above. The major stress-bearing component is
collagen. Individual collagen fibers can withstand high tensile

Figure 1. AV functional structure at both macroscopic and microscopic levels. a, Outflow aspect of AV in open (left) and closed (right)
configurations, corresponding to systole and diastole, respectively. b, Tissue architecture, shown as low-magnification photomicro-
graph of cross-sectional cuspal configuration in the nondistended state (corresponding to systole), emphasizing 3 major layers: ventric-
ularis (v), spongiosa (s), and fibrosa (f). The outflow surface is at the top. Magnification �100; Movat pentachrome stain (collagen is yel-
low; elastin is black). From Schoen FJ, Edwards WD. Valvular heart disease: general principles and stenosis. In: Silver MD, Gotlieb AI,
Schoen FJ, eds. Cardiovascular Pathology. 3rd ed. New York, NY: Churchill Livingtone; 2001:402–442. Copyright © 2001, W.B. Saunders.
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forces when taut, but collagen cannot be compressed (ie,
buckling occurs, in contrast to the ability of elastin to stretch
and contract). Thus, (1) the changes in shape and size of the
cusps during the cardiac cycle must involve changes in
collagen structure beyond simple stretching and shortening
(such as directional realignment and crimping); (2) the limit
to cuspal stretching and potential prolapse of the cusps into
the left ventricle during diastole is taut, aligned collagen,
particularly in the fibrosa layer; and (3) the relative orienta-
tion of collagen fibers in regions of the cusps determines the
directions in which the tissue has the greatest compliance (ie,
orthogonal to the collagen fiber orientation) or can withstand
the greatest tensile stresses (parallel to the collagen fiber
orientation) (Figure 2a). Moreover, the cyclical internal
rearrangements in collagen (ie, progressive rotational align-
ment of fibers from random to oriented and extension of
microscopic crimp) are extremely sensitive to the instanta-
neous mechanical stresses; the diastolic pattern of collagen
alignment in the plane of the valve tissue is virtually complete
early after closing. Indeed, most collagen alignment occurs as
the back pressure increases from 0 to 4 mg Hg during the
onset of cardiac diastole (Figure 2b). Moreover, the collagen
crimp decreases (ie, collagen is flattened) rapidly as pressure
is applied and is nearly completely (90%) lost at a back
pressure of 20 mg Hg; little further rearrangement occurs
from 4 to 80 mm Hg (Figure 2c).12–15

When the valve is closed, the fully unfolded, taut, and
aligned collagen not only maintains apposition of cusps
without prolapse but also helps to shift the load from the
cusps to the aortic wall. During systolic valve opening, the
tissue of the cusps that was stretched during diastole becomes
relaxed owing to recoil of the elongated, taut elastin. This
decreases surface area, restoring the retracted configuration
of the cusp, which is characterized by both a more random

directional distribution and restored crimp of collagen fibrils.
The GAGs-rich spongiosa facilitates the relative rearrange-
ments of the collagenous and elastic layers during the cardiac
cycle by both its high compliance and the bonds that link it to
the adjacent fibrous layers. Moreover, the strains during
closure and mechanical properties of the AV cusps are
anisotropic (ie, different in the radial and circumferential
directions), with compliance and stretching in the radial
direction greater than that in the circumferential.16 Studies in
which the AV fibrosa and ventricularis have been microdis-
sected apart have demonstrated that not only are the mechan-
ical properties of the several valve layers different, but also
their properties have a layer-specific directionality; ie, the
stiffer fibrosa dominates in the circumferential direction,
whereas the more compliant ventricularis dominates in the
radial direction.17,18 Moreover, there a regional differences in
the mechanical properties of the cusps, ie, the cuspal belly
region is substantially stiffer than the commissural region.19

Human valve cusps are �43% to 55% collagen (predomi-
nantly type I but also some type III, as measured in bovine
valve)20 and 11% elastin (dry weight ratio); together they
comprise �80% of total valvular protein.21

The quantity, quality, and architecture of the valvular
ECM, particularly collagen, elastin, and glycosaminoglycans,
are the major determinants of not only the cyclical functional
mechanics over the second-to-second periodicity of the car-
diac cycle, as described above, but also the long-term (lifetime)
durability of a valve. The macroscopic mechanical stimuli,
both shear and solid stresses that occur during normal
valvular function, are translated into microscopic forces that
affect biological phenomena at the tissue and cellular levels.
The cells of the heart valves sense the local tissue mechanical
environment and, through complex cell-ECM interactions,
transduce forces into molecular changes that mediate normal

Table 1. Key Cellular and ECM Components of the AV

Component Location Putative Function Comments/Key Questions

Endothelial cells Lining inflow and
outflow valve

surfaces

Provide thromboresistance, mediate
inflammation

Uncertain role in transducing shear and modulating VIC
function; demonstrated functional differences

from vascular wall endothelial cells; differences in
inflow side to outflow side functions/responses

largely unknown

Interstitial cells Deep to surface,
throughout all

layers

Synthesize and remodel matrix
elements

Presently considered the major modulator of long-term
valve durability and a key mediator of disease;
probable regional heterogeneity; regulation of

activation, and functional role of contractile potential
poorly understood

Elastin Concentrated in
ventricularis

layer

Extend in diastole, recoil in systole Potential mechanistic role in disease not defined

Glycosoaminoglycans Concentrated in
spongiosa layer

Absorb shear of relative movements
and cushion shock between

ventricularis and fibrosa during
cyclical valve motion

Potential mechanistic role in disease not defined

Collagen Concentrated in
fibrosa layer

Provide strength and stiffness to
maintain coaptation during diastole

Likely the most important structural element; crimp
and orientation/alignment provide directional anisotropy

of properties and accommodate cyclical cuspal
shape changes

Modified from Schoen.11 Copyright © 1997, the Journal of Heart Valve Disease.
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valve function and pathobiology. Indeed, through such mech-
anisms, healthy heart valves are able to maintain homeostasis,
adapt to an altered stress state, and repair injury via connec-
tive tissue remodeling mediated by the synthesis, repair, and
remodeling of the several ECM components. These critical
processes that ensure valve health are themselves dependent
on the viability and active function of valve cells. When
environmental change becomes excessive, clinically signifi-
cant valve pathology may result.

The Role of VICs
Crucial to function are VICs, the most abundant cell type in
the heart valves and distributed throughout all of its layers.
VICs are strongly attached to and synthesize the ECM22; they
express matrix-degrading enzymes (including matrix metal-
loproteinases [MMPs] and their inhibitors [tissue inhibitors of
metalloproteinases]) that remodel collagen and other matrix
components.23 Thus, VICs mediate matrix remodeling and
continuously repair functional damage to collagen and the

Figure 2. AV cuspal internal tissue
dynamics across the cardiac cycle. a,
Schematic representation of architecture
and configuration of collagen and elastin
in systole and diastole. b, Diagram of the
cusp showing the locations of the belly,
commissure, and nodulus, regions of
coaptation, and small-angle/light-
scattering results for the AV cusp at 0, 4,
and 90 mm Hg transvalvular pressures.
The color fringes represent the local
degree of fiber alignment. At back pres-
sures beyond �4 mm Hg, no further
changes in fiber alignment are observed.
c, Rapidly diminishing collagen creep as
the transvalvular pressure increases. Less
than 10% creep remains beyond
�20 mm Hg transvalvular pressure. a,
Modified from Schoen.11 Copyright ©
1997, the Journal of Heart Valve Disease.
b and c, From Sacks and Yoganathan.15

Copyright © 2007, the Royal Society.
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other ECM components. VICs comprise a diverse and dy-
namic population of resident cells that can modulate along a
spectrum of phenotypes regulated by environmental
conditions.

Although most VICs in the normal valve are quiescent and
fibroblast-like, VICs are highly plastic and may transition
from one phenotypic state to another during valvular ho-
meostasis, response to injury adaptation, and pathology (Fig-
ure 3). The 5 distinct VIC phenotypes include embryonic
progenitor endothelial/mesenchymal cells (eVICs), quiescent
VICs (qVICs), activated VICs (aVICs), postdevelopmental/
adult progenitor VICs (pVICs), and osteoblastic VICs (ob-
VICs).24 The transition from a quiescent to an activated
phenotype may be reversible under some circumstances. The
characteristics of each of these phenotypes are summarized in
Table 2 and will be discussed below.

Adult heart valve VICs in situ have characteristics of
fibroblasts; they are quiescent (ie, are qVICs), with very low
levels of �-smooth muscle actin (�-SMA) and MMPs.

Indeed, we found that only 2% to 5% of normal adult VICs in
situ express �-SMA, as evidence of activation, and show
myofibroblastic differentiation (similar to the cells involved
in stereotypic physiological wound healing25). In contrast,
previous studies demonstrate that 50% to 78% of cells isolated
from intact heart valves and cultured in vitro are �-SMA
positive.26,27 This suggests that removal of cells from the
environment of the intact valve or their manipulation may
stimulate/activate VICs.

VIC phenotypes change with age and environmental con-
ditions in normal valves. For example, VICs are activated
during intrauterine valvular maturation, by abrupt changes in
the mechanical stress state of valves, and in disease states
such as MV prolapse (see Myxomatous Degeneration of the
MV [MV Prolapse] below). Cyclic stretch induces ex vivo
remodeling of AV tissue.28 Moreover, either induced me-
chanical stretch29 or transforming growth factor-� (TGF-�)
treatment of isolated VICs from mature valves increases their
synthetic activity, and the effects of stress and TGF-� on

Figure 3. VIC structure and phenotypic
heterogeneity. a, Transmission electron
photomicrograph of fresh porcine AV at
0 mm Hg transvalvular pressure (charac-
teristic of the systolic configuration), dem-
onstrating the fibroblast morphology of
VICs (arrow), the dense, surrounding
closely apposed collagen with wavy
crimp, and the potential for VIC-collagen
and VIC-VIC interactions. Bar�5 �m. b,
Spectrum of VIC phenotypes. VIC func-
tions can be conveniently organized into
5 phenotypes: eVICs, qVICs, aVICs,
pVICs, and obVICs. b, Modified from
Liu et al.24 Copyright © 2007, American
Society for Investigative Pathology.
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cultured aortic VICs are synergistic.30 Because the macro-
scopic mechanical state of the valve is likely transmitted to
the VICs through their interactions with the surrounding
ECM, considerable interest exists in the effects of mechanical
forces on VIC function, the mechanisms of response of VICs
to their physical environment (mechanotransduction), and the
mechanical properties of isolated VICs.31,32 The remodeling
potential of PV and AV interstitial cells appears to be
different.33 Whether VICs in different regions of an AV have
different functional properties is unknown, but recent evi-
dence suggests regional heterogeneity of synthetic response
in VICs from the MV.34,35

The Role of VECs
The blood-contacting surfaces of the valves are lined by
endothelial cells. At a basic structural and functional level,
VECs resemble endothelial cells elsewhere in the circulation.
Nevertheless, evidence is increasing that VECs are phenotyp-
ically different from vascular endothelial cells in the adjacent
aorta and elsewhere in the circulation, which is consistent
with the increasing recognition of more widespread endothe-
lial heterogeneity across circulatory sites,36 and the possibility
that VECs may interact with VICs to maintain the integrity of
valve tissues.37 For example, in response to fluid shear stress,
porcine aortic VECs align perpendicular to flow, whereas
endothelial cells from the nearby aorta align parallel to
flow,38 and the transcriptional gene expression profile of
aortic wall and aortic VECs is different when these different

cells are exposed to the same mechanical environment.39

Furthermore, recent evidence indicates that different tran-
scriptional profiles are expressed by the endothelium on the
opposite (ie, aortic and ventricular) faces of a normal adult
pig AV, and some investigators have hypothesized that these
differences may contribute to the typical predominant local-
ization of pathological AV calcification near the outflow
surface.40

Development, Maturation, and Maintenance of the
Cardiac Valves
Recent studies have clarified how valves form in the atrio-
ventricular canal and ventricular outflow tracts, mature in the
fetus, and adapt, maintain homeostasis, and change through-
out life. Elegant studies in zebra fish, chickens, and mice have
isolated key molecular pathways in normal cardiac develop-
ment and demonstrated that disruption of key pathways lead
to abnormal valves.41,42 Members of the TGF-� superfamily
(including TGF-� and bone morphogenetic protein 2), vas-
cular endothelial growth factor and its receptors, the nuclear
factor of activated T cells (NFATc) transcription factor,
Notch, Wnt/�-catenin, and other pleiotropic signaling path-
ways have been shown to be particularly important regula-
tors. Moreover, a wide spectrum of human congenital heart
disease, including abnormalities involving the inflow and
outflow tracts of the heart and their respective valves, are
clearly related to aberrant transcriptional events, signaling,
and other molecular events in cardiac development, whose
critical normal functions have been elucidated in animal
models.43

During normal development of the heart, the heart tube
consists of endocardium and myocardium separated by an
acellular ECM called cardiac jelly. After the completion of
heart looping, the valve cusps/leaflets originate from mesen-
chymal outgrowths known as endocardial cushions, the
precursors of valves and the cardiac septa.44,45 A subset of
endothelial cells in the cushion-forming area, driven by
signals from the underlying myocardium, change their phe-
notype to that of mesenchymal cells and migrate into the
cardiac jelly to form VICs (ie, the aforementioned eVICs).
This phenotypic/functional transformation of embryonic pro-
genitor endothelial/endocardial cells to mesenchymal cells is
termed transdifferentiation or epithelial-to-mesenchymal
transformation (EMT). During EMT, a complex process
involving �100 genes, the activated endothelial cells lose
cell-cell contacts, gain mesenchymal markers such as
�-SMA, and reduce their endothelial markers as they invade
into the cardiac jelly. Human cardiac morphogenesis is
complete in 8 to 10 weeks.

Several lines of evidence suggest that VICs in adult valves
may be continuously replenished via circulating endothelial
or mesenchymal cell precursors derived from the bone
marrow and subsequent EMT (ie, the aforementioned
pVICs). These precursors contribute to vascular healing and
remodeling under physiological and pathological condi-
tions.46 For example, in recent experiments using green
fluorescent protein expressing hematopoietic stem cells im-
planted into lethally irradiated congenic mice, green fluores-
cent protein–expressing cells found within the heart valves

Table 2. Characteristics of VIC Phenotypes

Cell Type Location Function

eVICs Embryonic cardiac
cushions

Give rise to resident qVICs, possibly
through an activated stage; EMT
can be detected by the loss of
endothelial markers and gain of

mesenchymal markers

qVICs Heart valve leaflet Maintain physiological, normal valve
structure and function and inhibit

angiogenesis in the leaflets

pVICs Bone marrow,
circulation, and/or
heart valve leaflet

Enter valve or are resident in valve
to provide aVICs to repair the heart
valve, may express CD34, CD133,

and/or S100

aVICs Heart valve leaflet �-SMA containing VICs with
activated cellular repair processes
including proliferation, migration,

and matrix remodeling; respond to
valve injury caused by pathological

conditions and abnormal
hemodynamic/

mechanical forces

obVICs Heart valve leaflet Mediate calcification,
chondrogenesis, and osteogenesis
in the heart valve; secrete alkaline

phosphatase, osteocalcin,
osteopontin,

bone sialoprotein

CD34 and CD133 are stem cell markers; S100 is an intracellular calcium-
binding protein. Modified from Liu et al.24 Copyright © 2007, American Society
for Investigative Pathology.
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demonstrated at least some synthetic functions characteristic
of VICs.47 Moreover, bone marrow–derived myofibroblasts
have been demonstrated in adult human heart valves.48

The role of ECM components in mediating the creation and
remodeling of the endocardial cushions into mature valves is
poorly understood.49 Nevertheless, the glycosaminoglycan
hyaluronan is recognized to have multiple functions in EMT
and subsequently in valve development,50 and periostin, an
ECM protein that influences matrix remodeling via cell
migration, adhesion, and collagen formation, has recently
been demonstrated to be an important mediator of post-EMT
valvular maturation.51

Moreover, several lines of evidence suggest that cardiac
morphogenesis and function are closely linked and that the
molecular pathways of embryonic heart valve development
are regulated in part by mechanical forces.52–54 For example,
microdissection and implantation of polymorphic beads in the
inflow or outflow tract of the zebra fish heart, which lowers
the shear stress across the endocardial cushions and valves,
leads to abnormal valve phenotypes,55 and a genetic mutation
in the cardiofunk (cfk) gene that encodes a sarcomeric actin
and causes poor contractility and blood flow in zebra fish
leads to abnormal cushion/valve formation.56 Insights derived
from the study of tissue mechanical properties during valve
morphogenesis may inform studies of valve regeneration.53,57

Postdevelopmental Evolution and Adaptation of
the Cardiac Valves
Dynamic changes in ECM architecture and VIC phenotype,
proliferation, and apoptosis continue throughout human fetal
and postnatal development and indeed throughout life and in
response to altered environmental conditions (Figure 4). The
effects of these changes on cyclical function and potentially
valve degeneration are currently being explored.

Comparative studies of human valves obtained from
second- and third-trimester fetuses, neonates, children, and
adults have shown that valve structure evolves over a life-
time, reflecting both a progressive adaptation to hemodynam-
ic conditions and ongoing synthesis and architectural changes
in ECM (Figure 4a and 4b).58 Second- and third-trimester
fetal valves have proliferating VICs, a nascent ECM, and
�-SMA–positive cells, indicative of myofibroblasts. Fetal
VICs show an activated myofibroblast-like phenotype (�-
SMA expression), abundant embryonic myosin, and MMP
collagenases, indicating an immature/activated phenotype
engaged in matrix remodeling, and fetal VECs express
intercellular adhesion molecule-1 and vascular cell adhesion
molecule-1, markers of an activated endothelial phenotype.
VIC density, proliferation, and apoptosis are high in fetal
valves and low in adult valves; indeed, cell density in adult
valves is reduced to �10% of that in fetal valves. In contrast
to a largely myofibroblast-like aVIC phenotype engaged in
matrix remodeling in fetal valves, adult valves have a
fibroblast-like qVIC phenotype. At birth, the abrupt change
from fetal to neonatal circulation is associated with increased
aVIC (�-SMA–positive VICs), consistent with abrupt
changes in the mechanical regimen stimulating VIC activa-
tion. Collagen content increases from early to late fetal
stages. The trilaminar architecture characteristic of valves

appears late in gestation. Moreover, collagen fibers became
progressively more aligned with increasing age (ie, more
characteristic of the diastolic phase of the cardiac cycle),
suggesting that an ongoing “creep” of AV structure occurs
during life, consistent with a measured progressive loss of
mechanical compliance of the AV with increasing age.59

Normal and pathological cardiac valves also respond to
environmental conditions, such as mechanical loading, by
cell activation and matrix remodeling. For example, in
conditions of disease (eg, myxomatous MV [Figure 5a]),60

adaptation (early pulmonary-to-aortic autograft [Figure 5b]),61

or remodeling (tissue-engineered valves62), VICs have an
activated (ie, myofibroblast-like) phenotype (aVICs). More-
over, after return of a stable equilibrium mechanical state
achieved by adaptive ECM remodeling, VICs return to their
normal fibroblast-like quiescent phenotype (qVICs), as ex-

Figure 4. Evolution of tissue architecture and cell phenotypes in
cardiac valves during fetal maturation and postnatal adaptation
through senescence. a, ECM composition of human cardiac
valves from fetus to adult. Second-trimester fetal valves are
composed mostly of glycosaminoglycans with low elastin and
collagen. Third-trimester fetal valves have a bilaminar structure
that contained elastin in the ventricularis and increased unorga-
nized collagen in the fibrosa. The trilaminar structure becomes
apparent in children’s valves but remains incomplete compared
with normal adult valves. Top, Movat pentachrome; bottom,
picrosirius red under circular polarized light. Magnification
�200. b, Activated interstitial cells in utero undergo evolution to
a more quiescent phenotype during postnatal life. VIC in first-
trimester valves expressed the �-SMA–positive phenotype,
attributed to myofibroblasts and high levels of SMemb and
MMP-1, markers of activation, compared with negligible expres-
sion of these proteins in adult valves. b, Percentage of intersti-
tial cells positive for marker, either �-SMA, SMemb (a fetal
marker), MMP-1, or MMP-13. *Significant differences in protein
expression in adult valves. From Aikawa et al.58 Copyright ©
2006, the American Heart Association.
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under investigation.142–144 Although such therapy is conceiv-
able, a greater understanding of the regulatory mechanisms of
endothelial progenitor cell mobilization, homing migration,
adhesion, and (trans)differentiation will be necessary to
realize such a strategy.

The possibility of therapeutic regeneration of the heart
valves is indeed exciting; however, it is clear that immense
technical, regulatory, and other challenges remain before this
form of therapy is validated as sufficiently safe and effective
to warrant translation to clinical use. Some of these chal-
lenges have been summarized in a separate communication.3

Conclusions
There has been considerable and ongoing progress in under-
standing the dynamic pathophysiological basis of heart valve
function and adaptation; the pathological basis, pathobiology,
and genetic aspects of common valvular lesions; and novel
approaches to engineered tissue valve repair and therapeutic
regeneration. Such progress exemplifies the integrated func-
tional roles of valvular matrix, resident cells, and their
mechanical and chemical environment. The key concepts that
unify the dynamic pathobiology of heart valves and the
mechanisms of heart valve disease can be used to improve
biological valve substitutes and potentially enable heart valve
regeneration.
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Special Report

Calcific Aortic Valve Disease: Not Simply a
Degenerative Process

A Review and Agenda for Research From the National Heart and Lung
and Blood Institute Aortic Stenosis Working Group

Executive Summary: Calcific Aortic Valve Disease – 2011 Update

Nalini M. Rajamannan, MD*; Frank J. Evans, PhD; Elena Aikawa, MD, PhD;
K. Jane Grande-Allen, PhD; Linda L. Demer, MD, PhD; Donald D. Heistad, MD;

Craig A. Simmons, PhD; Kristyn S. Masters, PhD; Patrick Mathieu, MD;
Kevin D. O’Brien, MD; Frederick J. Schoen, MD, PhD; Dwight A. Towler, MD, PhD;

Ajit P. Yoganathan, PhD; Catherine M. Otto, MD

Calcific aortic valve disease (CAVD) encompasses the
range of disease from initial alterations in the cell

biology of the leaflets to end-stage calcification resulting in
left ventricular outflow obstruction. The first detectable
macroscopic changes in the leaflets, seen as calcification, or
focal leaflet thickening with normal valve function, is termed
aortic valve sclerosis, but it is likely that the initiating events
in the disease process occur much earlier. Disease progres-
sion is characterized by a process of thickening of the valve
leaflets and the formation of calcium nodules—often includ-
ing the formation of actual bone—and new blood vessels,
which are concentrated near the aortic surface. End-stage
disease, eg, calcific aortic stenosis, is characterized patholog-
ically by large nodular calcific masses within the aortic cusps
that protrude along the aortic surface into the sinuses of
Valsalva, interfering with opening of the cusps. There is no
disease along the ventricular surface. For decades, this
disease was thought to be a passive process in which the valve
degenerates with age in association with calcium accumulation.
Moreover, although CAVD is more common with age, it is not
an inevitable consequence of aging. Instead, CAVD appears to
be an actively regulated disease process that cannot be charac-
terized exclusively as senile or degenerative.

The National Heart, Lung, and Blood Institute convened a
group of scientists from different fields of study, including
cardiac imaging, molecular biology, cardiovascular pathol-
ogy, epidemiology, cell biology, endocrinology, bioengineer-

ing, and clinical outcomes, to review the scientific studies
from the past decade in the field of CAVD. The purpose was
to develop a consensus statement on the current state of
translational research related to CAVD. Herein, we summa-
rize recent scientific studies and define future directions for
research to diagnose, treat, and potentially prevent this
complex disease process.

Normal Aortic Valve Anatomy and Function
Key Structure-Function Correlations
Heart valves permit unobstructed, unidirectional forward
flow through the circulation. Valve components must accom-
plish the second-to-second movements necessitated by the
cardiac cycle and must maintain sufficient strength and
durability to withstand repetitive and substantial mechanical
stress and strain over many years. The functional require-
ments of the heart valves are accomplished by a specialized
set of cells and heterogeneous extracellular matrix, arrayed in
a spatially specific and differentiated tissue structure, that are
temporally dynamic and highly responsive to the external
biomechanical environment.1

The aortic valve (AV) provides a paradigm for valvular
structural specialization and tissue dynamics, as viewed by
echocardiography and bioreactor models (Figure 1A). The
direction of flow during systole allows the valve cusps to
open as the blood flows across the open AV leaflets. The inflow
surface is located along the direction of flow, as indicated in

From the Division of Cardiology and Pathology: Feinberg School of Medicine, Chicago IL (N.M.R.); National Heart, Lung, and Blood Institute of the
National Institutes of Health, Bethesda MD (F.J.E.); Cardiovascular Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA
(E.A.); Rice University, Houston TX (K.J.G.-A.); David Geffen School of Medicine at UCLA, Los Angeles, CA (L.L.D.); Cardiovascular Center and
Department of Internal Medicine, University of Iowa Carver College of Medicine, Iowa City, IA (D.D.H.); Institute of Biomaterials and Biomedical
Engineering, University of Toronto, Toronto, ON, Canada (C.A.S.); Department of Biomedical Engineering, University of Wisconsin, Madison, WI
(K.S.M.); Institut Universitaire de Cardiologie et de Pneumologie de Québec, QC, Canada (P.M.); University of Washington, Seattle, WA (K.D.O.,
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matrix-degrading enzymes (including matrix metalloprotei-
nases and their inhibitors) that mediate and regulate remod-
eling of collagen and other matrix components. VICs com-
prise a diverse, dynamic, and highly plastic population of
resident cells.6 They modulate function among phenotypes in
response to changes in stimulation by the mechanical envi-
ronment or by certain chemicals during valvular homeostasis,
adaptation, and pathology. Adult heart valve VICs in situ
have characteristics of resting fibroblasts; they are quiescent,
without synthetic or destructive activity for extracellular
matrix. VICs are activated during intrauterine valvular mat-
uration, by abrupt changes in the mechanical stress state of
valves, and in disease states, and VICs continuously repair a
low level of injury to the VECM that occurs during physio-
logical functional remodeling of AV tissue.7 The Table6

demonstrates the phenotypic transitions of the VIC cells,
which are critical for normal development, homeostasis, and
function of the AV, and likely mediate the development of
valve calcification. Once activated, VICs can differentiate
into a variety of other cell types,3 including myofibroblasts
and osteoblasts, although valve osteoblasts may respond to
cellular signals differently than skeletal osteoblasts.

Valvular Endothelial Cells
VECs resemble endothelial cells elsewhere in the circulation
in some respects. However, they are phenotypically different
from VECs in the adjacent aorta and elsewhere in the
circulation.8 VECs probably interact with VICs to maintain
the integrity of valve tissues and potentially mediate disease.
Evidence indicates that different transcriptional profiles are
expressed by VECs on the opposite (ie, aortic and ventricular)
faces of a normal adult pig AV, and some investigators have
hypothesized that these differences may contribute to the
typical localization of early pathological AV calcification,
predominantly near the outflow surface secondary to inhibi-
tors along the inflow surface.9 Studies indicate that abnormal
hemodynamic forces (such as hypertension,10 elevated
stretch,11 or shear stresses11) experienced by the valve leaflets
can cause tissue remodeling and inflammation, which may
lead to calcification, stenosis, and ultimate valve failure.

Normal Cardiac Valve Development
VIC and VEC phenotypes, critical for maintaining valve
function, change throughout life in response to environmental
stimuli, as demonstrated in recent studies using quantitative
histological assessment of human semilunar valves obtained
from fetuses, neonates, children, and adults.7,12 VECs express
an activated phenotype throughout fetal development (eg,
vascular cellular adhesion molecular-1, intercellular adhesion
molecule-1). Numerous signaling pathways have been pro-
posed and tested in the critical pathways that promote
endothelial-mesenchymal transition in the valves.12 In addi-
tion, VIC density, proliferation, and apoptosis are signifi-
cantly higher in fetal than adult valves. A trilaminar archi-
tecture appears by 36 weeks of gestation, but remains
rudimentary in comparison with that of adult valves. These
data of the natural history of cell and matrix changes in valve
development extend the paradigm that cardiac valves can
adapt to pathological conditions, which suggests similar
molecular mechanisms in physiological and pathological cell
activation.

Pathobiology of CAVD
Calcific AV stenosis has characteristic pathological features
of an osteoblast phenotype.13 The calcific process begins deep
in the valvular tissue, near the margins of attachment. In
advanced disease, the nodules extend through the outflow
surfaces of the cusps and are nearly transmural. An early
morphological stage of the calcification process is called AV
sclerosis. In the later stage, AV stenosis, the functional valve
area is decreased sufficiently to cause measurable obstruction
to outflow and a significant gradient from the left ventricle to
the aorta.

Lipids also play an important initiating role in the cell
signaling of vascular and valvular calcification.14 Surgical
pathological studies have shown the presence of oxidized
low-density lipoprotein (LDL) in calcified valves.15,16 Pa-
tients with homozygous familial hypercholesterolemia pro-
vide an opportunity to test the hypothesis that lipids play a
role in the development of calcific aortic stenosis, because
these patients have extremely elevated levels of LDL choles-

Table. In Vitro Valvular Interstitial Cell Phenotypes

Cell Type Location Function

Embryonic progenitor
endothelial/mesenchymal
cells

Embryonic cardiac cushions Give rise to resident qVICs, possibly through an activated stage.
EMT can be detected by the loss of endothelial and the gain of

mesenchymal markers

qVICs Heart valve leaflet Maintain physiological valve structure and function and inhibit
angiogenesis in the leaflets

pVICs Bone marrow, circulation,
and/or heart valve leaflet

Enter valve or are resident in valve to provide aVICs to repair
the heart valve, may be CD34-, CD133-, and/or S100-positive

aVICs Heart valve leaflet a-SMA-containing VICs with activated cellular repair processes
including proliferation, migration, and matrix remodeling.

Respond to valve injury attributable to pathological conditions
and abnormal hemodynamic/ mechanical forces

obVICs Heart valve leaflet Calcification, chondrogenesis, and osteogenesis in the heart
valve. Secrete alkaline phosphatase, osteocalcin, osteopontin,

bone sialoprotein

VIC indicates valvular interstitial cell; EMT, endothelial-mesenchymal transition; �-SMA, smooth muscle actin.
Reprinted from Liu et al,6 with permission from the publisher. Copyright © Elsevier, 2007.
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Anatomy

DEVELOPMENT OF THE HEART: (3) FORMATION OF THE
VENTRICULAR OUTFLOW TRACTS, ARTERIAL VALVES,

AND INTRAPERICARDIAL ARTERIAL TRUNKS
Robert H Anderson, Sandra Webb, Nigel A Brown, Wouter Lamers, Antoon Moorman

In the first part of our review of cardiac development,1 we explained the changes occurring dur-

ing the transformation of the solitary primary heart tube into the primordiums of the definitive

heart, describing how this involved the processes of looping, and subsequent formation from the

primary tube of the components of the atriums and ventricles. In the second part of our review,2

we then accounted for the steps involved in separation of the atrial and ventricular chambers,

emphasising that the processes were more complicated than the simple formation of partitions

within the respective atrial and ventricular primordiums.

The subject of this, our third review, is the transformation of the initially solitary outflow portion

of the heart tube into the intrapericardial parts of the aorta and the pulmonary trunk, their arte-

rial valves and sinuses, and the subarterial ventricular outflow tracts. In our first review, we sum-

marised some of the problems that continue to plague the understanding of the development of

these outflow structures. Thus, initially the entirety of the primary heart tube contained within the

confines of the pericardial cavity possesses a myocardial phenotype. Yet, in the definitive heart, the

walls of the intrapericardial arterial trunks, along with the sinuses of the arterial valves, and small

parts of the subarterial ventricular outlets, have an arterial or fibrous phenotype. The steps involved

in the changes of the walls from the myocardial to the arterial and fibrous phenotypes have yet to

be clarified. And then, cushions, or ridges, of endocardial tissue initially fuse to divide the entirety

of the solitary outflow segment into the presumptive systemic and pulmonary outlets. With subse-

quent development, these cushions lose their septal function, as the arterial valves and trunks,

along with the subpulmonary muscular infundibulum, develop as free-standing structures with

their own discrete walls within the pericardial cavity. Again, to the best of our knowledge, no sat-

isfactory solution has yet been given to explain the loss of septal function of these cushions. It is

also well recognised that migrations of cells from extracardiac sources, such as the neural crest,

make significant contributions to the components of the definitive outflow tracts.3 4 The routes of

migration, nonetheless, and the degree of persistence of the extracardiac cells within the heart,

have still to be clarified. Recently, separately and in collaboration, we have made studies and

reviews of these processes, using animal models,5 6 and comparing the findings with the arrange-

ment in the human heart.6 7 It is on the basis of these recent works5–7 that we have constructed this

review of development of the outflow tract.

c INITIAL DEVELOPMENT OF THE SOLITARY OUTFLOW TRACT

In our first review, we explained how cells from the primary cardiac crescent, formed bilaterally

within the embryonic disc, migrated into the cervical region of the developing embryo to form the

primary heart tube. We also explained how, with further growth, cells from a second cardiogenic

area, located posterior to the dorsal wall of the developing pericardial cavity, migrated into the car-

diac region. The cells from this secondary heart field8–10 populate the outflow tract and the aortic

arches (fig 1). There is also evidence that they contribute to the developing right ventricle, in part

from the evidence shown in fig 1, and also because markers placed at the cranial end of the initial

straight heart tube (fig 2A) are eventually, subsequent to looping, found at the level of the inter-

ventricular foramen (fig 2B). We described the subsequent formation of the right ventricle, and its

separation from the left ventricle, in our second review. We are concerned here with the changes

occurring in the outflow tract. Subsequent to looping of the primary heart tube, this component

extends from the distal end of the developing right ventricle to the boundaries of the pericardial

cavity (figs 3 and 4).

As is seen in the scanning electron micrographs from the mouse heart (fig 3), subsequent to

looping, the outflow tract possesses a characteristic dog-leg bend in its course from the right ven-

tricle to the margins of the pericardial cavity. This bend divides the outflow tract into proximal and

distal portions. The arrangement seen in the mouse heart, and reached during the 10th day of

development, when the mouse has from between 40–45 somites, occurs in the developing human

in the 12th through the 14th Carnegie stages.11

Heart 2003;89:1110–1118
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posterior wall of the aorta sac (the “aorto-pulmonary

septum”) connects the developing aorta with the artery of the

left fourth arch, which becomes the arch of the aorta. At the

same time, the fusion of the cushions with the posterior mes-

enchyme also places the developing pulmonary trunk in con-

tinuity with the artery of the left sixth arch, which continues

to run as a major channel to the dorsal aorta—the future arte-

rial duct. The changes in the walls of the now divided distal

segment of the outflow tract take place with great rapidity so

that, by the end of the 16th Carnegie stage, although the

cushions are still recognisable as separate entities in the

proximal outflow tract (fig 10B), the distal outflow tract has

transformed into the separating intrapericardial parts of the

aorta and the pulmonary trunk, with no evidence now visible

of the fused distal cushions themselves. Instead, both the

arterial trunks distal to the dog-leg bend have begun to

develop walls with an arterial phenotype (fig 9).

At this stage, therefore, the cushions have fused down to the

level of the dog-leg bend (fig 10A). The rods of condensed

mesenchyme derived from the neural crest have now

themselves fused at the level of the dog-leg bend, where they

form a characteristic whorl (fig 10A). Prongs of condensed

mesenchyme, again derived from the neural crest, can be

traced from the whorl into the proximal parts of the cushions,

which as yet have still to fuse to divide the most proximal part

of the outflow tract (fig 6 and fig 10B).

FURTHER SEPARATION OF THE PROXIMAL
OUTFLOW TRACT
By the 18th Carnegie stage, the original dog-leg bend in the

outflow tract has become transformed into the developing

sinutubular junction. At this stage, just before closure of the

embryonic interventricular foramen, the walls of the distal

outflow tract have become completely arterialised, and devel-

oping fibroadipose tissue now interposes between the separate

walls of the intrapericardial components of the aorta and the

pulmonary trunk (fig 11, 12, and 13). Proximal to the dog-leg

bend, however, it is still possible to recognise the cushions that

are septating this part of the outflow tract. The prongs of con-

densed mesenchyme derived from the neural crest are still

prominent, and the entirety of the tract is still encased with an

encircling myocardial wall (fig 12). Significant changes are by

now taking place in the cushions contained within the

myocardial wall. In addition to the cushions that have fused to

separate the proximal outflow tract into prospective aortic and

Figure 7 This section, in the sagittal plane, comes from a human
embryo at Carnegie stage 15. It shows how the proximal outflow
tract is supported exclusively by the developing right ventricle, which
at this stage has no direct connection with the developing right
atrium (dotted line). Note the proximal parietal cushion (star) in the
outflow tract. The distal outflow tract extends to the margin of the
pericardial cavity (arrow) and its parietal wall is becoming infiltrated
by a densely stained population of cells from the pharyngeal
mesenchyme (triangle), with the phenotype of the wall closest to the
aortic sac beginning to adopt an arterial rather than myocardial
pattern.

Figure 8 This section, from the same human embryo as shown in
fig 7, shows the arrangement of the distal outflow tract. The
endocardial jelly has now become organised into cushions,
positioned superiorly and inferiorly (stars), which approach each
other across the lumen. A further population of densely stained cells,
this time derived from the neural crest, is beginning to infiltrate the
cushions. Note the arteries to the fourth (4) and sixth (6) pharyngeal
arches arising from the aortic sac, and the left pulmonary artery
running within the mediastinal mesenchyme. The wedge of
mesenchyme between the fourth and sixth arch arteries (arrow) is the
so-called aorto-pulmonary septum.

Figure 9 This transverse section through the outflow tract of a
human embryo at Carnegie stage 16 shows the differences in
maturation between the distal and proximal parts. The distal part has
now been separated into the aorta (AO) and pulmonary trunk (PT),
the latter continuing into the left sixth aortic arch (6). Note that the
right sixth arch (arrow) has now almost involuted. Note also the
origin of the right pulmonary artery from the left arch. The cushions
that initially septated the distal outflow tract are now no longer
recognisable (star), and the walls of the intrapericardial arterial
trunks are now developing their arterial phenotype. The proximal
outflow tract, in contrast, still possesses a muscular wall, and has
cushions in its lumen.
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pulmonary components, two further intercalated cushions

have grown in the opposite quadrants of the common outflow

tract (fig 6). Formation of cavities in the fused distal parts of

the proximal cushions, along with similar cavitation in the

intercalated cushions, now produces the primordiums of the

arterial valvar leaflets and sinuses. These structures, therefore,

are formed in the most distal part of the proximal outflow

tract, immediately upstream relative to the developing sinutu-

bular junction (figs 11 and 12). Sections taken in the short

axis of the developing sinuses show that the cavitation of the

cushions leaves the central luminal part of each cushion to

form the arterial valvar leaflets, with the peripheral part arte-

rialising to form the wall of the supporting valvar sinuses (fig

13). The rightward and inferior of the intercalated cushions,

initially positioned anteriorly (fig 6), forms one sinus of the

aortic valve, while the opposite leftward and superior interca-

lated cushion, initially positioned posteriorly (fig 6), forms the

non-adjacent sinus of the pulmonary valve. The adjacent

sinuses and valvar leaflets, in contrast, are excavated from the

fused distal parts of the proximal cushions, with each of the

two fused cushions forming one sinus and leaflet of the aortic

valve, together with the adjacent sinus and leaflet of the pul-

monary valve (fig 13). At this stage, nonetheless, the original

myocardial wall of the proximal outflow tract continues to

encase both developing valves. The developing coronary arter-

ies have to pierce this myocardial cuff so as to gain access to

the adjacent aortic valvar sinuses (fig 13). Between the 18th

(figs 11 and 12) and the 20th (fig 13) Carnegie stages, it

becomes possible to discern the plane of cleavage that is

developing between the aortic and pulmonary roots, this

following the track of the prongs of condensed mesenchyme

that extended into the proximal outflow tract from the whorl

initially formed at the dog-leg bend.

By the 20th stage, the most proximal parts of the cushions

have also fused. Within this most proximal part of the outflow

tract, however, notably different processes are taking place.

Whereas the initial musculature of the walls of the distal out-

flow tract has disappeared very rapidly as the arterial trunks

achieve their arterial phenotype, and while the muscular cuff

surrounding the distal part of the proximal outflow tract also

disappears, albeit far more gradually, muscular tissue is now

being added to the outflow tract in its most proximal portion.

This occurs by the process now known as

“myocardialisation”.13 The myocardial cells in the walls of the

proximal outflow tract grow into the most proximal parts of

the cushions as they fuse, converting the endocardial septum

into a muscular partition (fig 14). As shown in fig 10, initially

the most proximal parts of the outflow cushions are attached

parietally and septally within the roof of the developing right

ventricle. Thus, as the cushions fuse and muscularise, they

span the outlet from the right ventricle, which initially

supports both developing outflow tracts. With continuing

Figure 10 These sections are from
the same human embryo, at Carnegie
stage 16, as shown in fig 9. The left
hand panel (A) sections the outflow
tract at the dog-leg bend, which is
becoming converted into the
sinutubular junctions. Note on the
aortic side (AO) that the wall has an
arterial phenotype. The cushions have
fused at the level of the junction
(dotted line), and the central whorl of
densely stained mesenchyme is
obvious (large arrow), with one of its
prongs extending into the parietal
cushion (small arrow). The wall of the
pulmonary trunk (PT) retains its
myocardial phenotype. The right
hand panel (B) shows the proximal
outflow tract, in which the cushions
have still to fuse (star). Note the ends
of the prongs of condensed
mesenchyme, coloured purple in the
reconstruction shown in fig 6, within
both cushions (green arrows).

Figure 11 This sagittal section is from a human embryo at
Carnegie stage 18. It shows the changes now occurring in the
proximal portion of the outflow tract. The dog-leg bend now marks
the site of the sinutubular junctions (red dotted line). The
intrapericardial part of the aorta (AO) now has its own discrete
walls. The distal part of the proximal outflow tract, just below the
sinutubular junctions (between red brackets) has now been divided
into the developing aortic (AOV) and pulmonary (PV) valves. The
condensed mesenchyme now fills the mass of fused cushions (star),
with one prong (red arrow) running within the cushion tissues. The
proximal outflow tract (blue bracket) still retains its myocardial
phenotype. Note the origin of the pulmonary vein (white arrow)
inferiorly from the left atrium (LA), and the left sinus horn (LSH) with
its own walls in the left atrioventricular groove.
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The surgical anatomy of the aortic root

Robert H. Anderson*

Cardiac Unit, Institute of Child Health, University College, 30 Guilford Street, London WC1N
1EH, UK

There is still no consensus on the best way to describe the anatomy of the aortic root.
Different surgeons use the term ‘annulus’ to describe different parts of the components of
the aortic valve. There is also lack of agreement within the surgical literature with regard to
the nature of the ventriculo-aortic junction. In this review, I describe the components of the
aortic valve, and its supporting ventricular structures, as seen by the anatomist. The essence
of the valvar complex is the semilunar attachments of the valvar leaflets. These extend from
their basal attachments within the left ventricle to their distal attachments at the sinutubular
junction. The extent of the leaflets defines the length of the root. Within this length, the
semilunar lines of attachments of the leaflets cross the anatomic ventriculo-aortic junction,
the latter being the circular line marking the transition from ventricular to arterial walls. The
posterior part of this line is made up of fibrous continuity between the leaflets of the aortic
and mitral valves. Because the semilunar lines of attachment cross this anatomic junction,
crescents of ventricular wall are incorporated at the base of each arterial valvar sinus, whilst
triangles of arterial wall are incorporated between the zones of apposition of the valvar
leaflets as they extend to become attached at the sinutubular junction. The overall, three-
dimensional arrangement of the leaflets takes the form of a crown. It is questionable whether
this crown is best described as an ‘annulus’, just as it is questionable whether the leaflets
should be described as ‘cusps’, or only the peripheral parts of the zones of apposition
between the leaflets as the ‘commissures’. Only time, and usage, will answer these
questions.

Keywords: Leaflets; Commissures; Annulus; Aortic valve

Introduction

It is axiomatic that surgeons operating on the aortic
root, if they are to perform at maximal efficiency, need
fully to understand the structure of the components
of the aortic valve. Equally, they need to be able to
relate the valve to the surrounding cardiac structures.
The latter aspect is the more important since, with the
aortic root forming the centrepiece of the heart (Photo

* Corresponding author: Tel.: q44-171-9052295; fax: q44-171-
9052324
E-mail: r.anderson@ich.ucl.ac.uk

1), its components are related to all the other cham-
bers of the heart.

Despite the obvious need for such information, it
remains the fact that there is still no consensus as
how best to describe the component parts of the root
w1x. In particular, the enigmatic ‘annulus’ is defined
and described in markedly different fashions w2, 3x.
Indeed, in a recent contribution to the Multimedia
Manual w4x, the ‘annulus’ is not mentioned until the
discussion. The structure thus described, whatever it
is, is then introduced without any anatomic definition.
In this review, I will describe the arrangement of the
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Photo 1. This section through the heart, replicating the parasternal
long axis echocardiographic cut, shows how the aortic root is the
centrepiece of the heart. The root extends from the basal attach-
ments of the valvar leaflets within the ventricle (yellow arrows) to
the sinutubular junction (red dotted line). The compass shows the
orientation relative to the remaining thoracic organs.

Photo 2. This close-up of the section illustrated in Photo 1 shows
the extent of the aortic root, and reveals the semilunar attachments
of the valvar leaflets supported by the right coronary and non-cor-
onary aortic valvar sinuses. The red dotted line again shows the
sinutubular junction, which is the distal extent of the root, whilst the
red arrow shows the basal attachment of the right coronary aortic
valvar leaflet, marking the proximal extent of the root. As shown by
the yellow arrow, the anatomic ventriculo-aortic junction is in the
middle part of the root, and is crossed by the hinge-lines of the
valvar leaflets (see Photo 3).

Photo 3. The aortic root has been opened from behind and spread
apart, so that the full width of the cylinder can be seen. The aortic
valvar leaflets have then been removed, revealing the semilunar
nature of their attachments. The purple dotted line shows the ana-
tomic ventriculo-aortic junction, which is the union between the
ventricular musculature and the aortic wall at the bases of the left
and right coronary aortic valvar sinuses (�1, �2), but between the
aortic wall and fibrous continuity with the mitral valve at the base
of the non-coronary sinus (�3). Note how the semilunar attach-
ments incorporate muscle at the base of the coronary aortic sinus-
es, but fibrous tissue within the ventricle as the hingelines extend
distally to reach the sinutubular junction (red dashed triangle).

aortic root as seen by the anatomist, albeit with some
illustrations orientated to match the views obtained by
the surgeon. My emphasis will be on the semilunar
attachments of the aortic valvar leaflets, and their rela-
tionships to the aorta and its ventricular support w5–
7x. In their own contribution to the Manual, Lausberg
and Schäfers w4x rightly emphasise the importance of
the aorto-ventricular junction. They fail, however, to
tell the reader whether they refer to the junction
between the left ventricular structures and the aortic
valvar sinuses, this representing the anatomic junc-
tion, or the semilunar lines of attachment of the
arterial valvar leaflets, this locus representing the hae-
modynamic ventriculo-arterial junction. As I have
shown previously w5x, it is recognition of the distinc-
tion between these two junctions that is the key to
understanding.

What is the aortic root?

The aortic root, representing the outflow tract from the
left ventricle, provides the supporting structures for
the leaflets of the aortic valve, and forms the bridge
between the left ventricle and the ascending aorta.
The root itself, surrounding and supporting the leaf-
lets, has length in that it extends from the basal
attachments of the leaflets within the left ventricle to
the sinutubular junction (Photo 2). The discrete ana-
tomic ventriculo-aortic junction is a circular locus
within this root, formed where the supporting ventric-
ular structures give way to the fibro-elastic walls of
the aortic valvar sinuses. This discrete ring, however,
is markedly discordant with the morphology of the
attachment of the leaflets of the aortic valve. Indeed,

it is crossed at several points by the hingelines of the
valvar leaflets. These lines, semilunar in structure,
extend throughout the root, running from their basal
attachments within the left ventricle to their distal
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Photo 8. This dissection has been made first by removing the free-
standing subpulmonary infundibulum, and then by removing the tri-
angle between the two coronary aortic sinuses. As can be seen,
the tip of the triangle ‘points’ to the tissue plane between the back
of the infundibulum and the aortic root.

Schematic 2. The cartoon shows an idealised aortic root. The
attachments of the valvar leaflets, shown in red, extend through the
entire length of the root, from the sinutubular junction, in blue, to
the virtual basal ring, shown in green, and produced by joining
together the basal attachments of the leaflets. The crown-like
attachments of the leaflets cross the anatomic ventriculo-aortic
junction, shown in yellow.

valvar components. The supravalvar components, the
aortic sinuses, are primarily aortic in structure, but
contain structures of ventricular origin at their base.
The supporting subvalvar parts are primarily ventric-
ular, but extend as thin-walled fibrous triangles to the
level of the sinutubular junction. The sinutubular junc-
tion itself forms the discrete distal boundary of the
root. The valvar leaflets are attached peripherally at
this level, and hence, the junction is an integral part
of the valvar mechanism. Any significant dilation at the
level of the sinutubular junction will produce valvar
incompetence. It is moot, therefore, whether stenosis
at this level should be labelled as ‘supraaortic’, since
the sinutubular junction is just as crucial a component
of the overall valvar mechanism as are the leaflets and
their supporting sinuses w8x. Anatomically, the sinu-
tubular junction is no more than the distal extent of
the overall valvar complex.

Is there a valvar annulus?

The answer to this question, the major ongoing
conundrum for the cardiac surgeon, depends very

much on the structure nominated to represent the
‘annulus’. If we take refuge in the dictionary, and seek
etymological origins, then we find that an annulus is
no more than a little ring. In this regard, it is certainly
the case that the entirety of the aortic root can be
removed from the heart, and can be slipped on the
finger in the form of a ring. As far as I am aware,
however, no surgeon defines the entirety of the root
as the aortic valvar annulus. Most surgeons seem to
nominate the remnants of the removed valvar leaflets
as their annulus w3, 9x. As I have described, however,
by virtue of their semilunar position, these structures
are supported in crown-like fashion when viewed in
the three-dimensional context of the overall aortic root
(Schematic 2). Other surgeons, in contrast, define the
virtual basal ring constructed by joining together the
most proximal parts of each leaflet as the ‘annulus’
w2x. It is certainly this diameter that is typically ana-
lysed by the echocardiographer when providing
measurements of the diameter of the purported struc-
ture (Schematic 3).

In view of these ongoing discrepancies, it is my own
belief that the aortic root would be best understood if
divorced from the concept of the ‘annulus’. This is
unlikely to happen. We need to understand, therefore,
that the aortic root itself is cylindrical, with the valvar
leaflets supported within the root in crown-like, rather
than circular, fashion (Schematic 2). We should also
take note that there can be marked differences in
diameter of its component parts, not only in the nor-
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Schematic 3. The cartoon shows how measurement of the basal
ring provides information relating only to the entrance of the aortic
root. To provide full details, measurements should be taken also of
the diameter of the sinutubular junction, and at mid-sinusal level.
None of these measurements take account of the diameter at the
anatomic ventriculo-aortic junction.

Photo 9. The cavities of the heart have been cast in blue for the
right side, and red for the left side. As can be seen, when positioned
in attitudinally appropriate fashion, the aortic root is posterior and
to the right of the pulmonary valve.

mal patient, but particularly in the setting of disease
w10, 11x.

The relationships of the aortic root

When viewed in attitudinally correct orientation w12,
13x, the aortic root is positioned to the right and pos-
terior relative to the subpulmonary infundibulum (Pho-
to 9).

The subpulmonary infundibulum itself is a complete
muscular funnel, supporting in uniform fashion the
leaflets of the pulmonary valve. The leaflets of the aor-

tic valve, in contrast, are attached only in part to the
muscular walls of the left ventricle, since so as to fit
the orifices of both aortic and mitral valves within the
circular profile of the left ventricle, there is no muscle
between them in the ventricular roof. The aortic root,
furthermore, is wedged between the orifices of the
two atrioventricular valves (Photo 4). As already dis-
cussed, the root is related to all four cardiac cham-
bers. These relationships can be well recognised in
the clinical situation. The proximity of the root to the
anterior interatrial groove is now appreciated by those
who have inserted devices via catheters to close
defects of the oval fossa, only to find the arms of the
devices eroding into the aorta. The relationship to the
subpulmonary infundibulum is well demonstrated by
the spread of bacterial infection from the valve, or by
aneurysmal dilation of the right coronary aortic sinus
of Valsalva. The most important surgical relationship,
nonetheless, is probably to the atrioventricular node
and the penetrating atrioventricular bundle. The node,
located in the wall of the right atrium at the apex of
the triangle of Koch, is relatively distant from the root.
As the conduction axis penetrates through the central
fibrous body, however, it is positioned at the base of
the interleaflet triangle between the non- and right
coronary aortic sinuses (Photo 9). Having penetrated
through the fibrous plane providing atrioventricular
insulation, the bundle then branches on the crest of
the muscular ventricular septum, the left bundle
branch fanning out on the smooth left ventricular side,
whilst the cord-like right bundle branch penetrates
back through the muscular septum, emerging on the
septal surface in the environs of the medial papillary
muscle. In this position, therefore, the muscular axis
responsible for atrioventricular conduction should be
relatively distant from most surgical manoeuvres car-
ried out to replace or repair the aortic valve and its
supporting structures (Schematic 4).

Clinical implications

There are several inferences from the complex inter-
play of ventricular and arterial structures which make
up the aortic root that are important in the clinical con-
text. I have already emphasised that, when seen in
long axis section, the diameter of the root varies
markedly through its short length. The root is much
wider at the midpoint of the sinuses than at either the
sinutubular junction or at the basal attachment of the
leaflets, whilst the basal diameter can be up to one-
fifth wider than the outlet at the sinutubular junction
w10, 11x. This becomes of significance when consid-
ering measurements of the ‘annulus’. As already dis-
cussed, as I understand the situation, most surgeons
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Schematic 4. The cartoon shows the location of the atrioventricular
conduction axis as it would be seen by the surgeon looking down
through the aortic root.

consider the crown-like hinges of the leaflets to rep-
resent this structure, and these extend through all
three levels of the root. Proper values can only be
provided when measurements are made at the bottom
of the valvar attachments, at the widest point of the
sinuses, and also at the sinutubular junction (Sche-
matic 3). When considering this feature in the context
of cardiac surgery, it is obviously necessary to remove
the native valvar leaflets along their semilunar attach-
ments during the process of valvar replacement.
Some prostheses then used for the purposes of
replacement have a truly circular sewing ring. Should
the stitches used for securing this ring be placed with-
in the semilunar remnants of the removed valvar leaf-
lets, then there will be some distortion when the valve
is ‘seated’, albeit that this does not usually compro-
mise its subsequent function. When autopsied hearts
are examined subsequent to valvar replacement, the
circular sewing ring is usually found to be located at
the anatomic ventriculo-arterial junction w6x. It is an
appreciation of the normal discrepancy between this
junction and the haemodynamic junction which is the
key to understanding the clinical anatomy of the aortic
root. Whether it is appropriate to describe the semi-
lunar attachments as the valvar ‘annulus’ then
depends very much on philosophies concerning com-
munication and the usage of words.

Words and how we use them

For better or worse, it is now an inescapable fact that
American English has become the ‘lingua franca’ of
the scientific world. It is surprising, therefore, that in

the field of cardiac surgery we employ so many words
in a fashion that is foreign to their vernacular use.
Consider the word ‘cusp’. If we consult any dictionary,
we find that this means a point, or an elevation. This
is how the word is used appropriately in anatomy to
describe the surfaces of the molar teeth. Is it appro-
priate, however, to use this word to describe the com-
ponents of the skirts of tissue that guard the
atrioventricular and ventriculo-arterial junctions? In
my opinion, these structures, serving the same func-
tion at both junctions, are best described as leaflets.
Then consider the current use of ‘commissure’. When
defined literally, this is the zone of apposition between
adjacent anatomic structures, and is used in this fash-
ion to describe the junctions of bones in the skull, or
the lines of opening and closing of the eyes and
mouth. When used in the setting of the cardiac valves,
therefore, the ‘commissure’ should account for the
entirety of the zones of apposition between the valvar
leaflets. Currently, we use the word to describe only
the peripheral ends of these zones of apposition.
What, then, of the ‘annulus’? As already discussed,
this is no more than a little ring. Is the crown-like con-
figuration of the semilunar valves and their supporting
sinuses best described as an annulus? Only time will
tell.
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Human Semilunar Cardiac Valve Remodeling by Activated
Cells From Fetus to Adult

Implications for Postnatal Adaptation, Pathology, and Tissue Engineering

Elena Aikawa, MD, PhD; Peter Whittaker, PhD; Mark Farber, MS; Karen Mendelson, MS;
Robert F. Padera, MD, PhD; Masanori Aikawa, MD, PhD; Frederick J. Schoen, MD, PhD

Background—The evolution of cell phenotypes and matrix architecture in cardiac valves during fetal maturation and
postnatal adaptation through senescence remains unexplored.

Methods and Results—We hypothesized that valvular interstitial (VIC) and endothelial cell (VEC) phenotypes, critical for
maintaining valve function, change throughout life in response to environmental stimuli. We performed quantitative
histological assessment of 91 human semilunar valves obtained from fetuses at 14 to 19 and 20 to 39 weeks’ gestation;
neonates minutes to 30 days old; children aged 2 to 16 years; and adults. A trilaminar architecture appeared by 36 weeks
of gestation but remained rudimentary compared with that of adult valves. VECs expressed an activated phenotype
throughout fetal development. VIC density, proliferation, and apoptosis were significantly higher in fetal than adult
valves. Pulmonary and aortic fetal VICs showed an activated myofibroblast-like phenotype (�-actin expression),
abundant embryonic myosin, and matrix metalloproteinase-collagenases, which indicates an immature/activated
phenotype engaged in matrix remodeling versus a quiescent fibroblast-like phenotype in adults. At birth, the abrupt
change from fetal to neonatal circulation was associated with a greater number of �-actin–positive VICs in neonatal
aortic versus pulmonary valves. Collagen content increased from early to late fetal stages but was subsequently
unchanged, whereas elastin significantly increased postnatally. Collagen fiber color analysis revealed a progressive
temporal decrease in thin fibers and a corresponding increase in thick fibers. Additionally, collagen fibers were more
aligned in adult than fetal valves.

Conclusions—Fetal valves possess a dynamic/adaptive structure and contain cells with an activated/immature phenotype.
During postnatal life, activated cells gradually become quiescent, whereas collagen matures, which suggests a
progressive, environmentally mediated adaptation. (Circulation. 2006;113:1344-1352.)

Key Words: cells � collagen � remodeling � tissue engineering � valves

An understanding of extracellular matrix (ECM) architec-
ture and cellular changes that occur in cardiac valves

during fetal development, maturation, and aging would pro-
vide mechanistic insights into the pathogenesis of congenital
and acquired valve abnormalities, aid assessment of thera-
peutic strategies for valve disease, and assist in the develop-
ment of regenerative and tissue-engineered approaches to
valve repair and replacement. Although the mechanisms of
valvulogenesis in early cardiac development have been elu-
cidated,1–5 subsequent cellular and ECM maturation, remod-
eling, and growth processes, particularly in humans, remain
unexplored.

ECM in general and collagen in particular play a crucial
role in valve function and durability. Indeed, valves must

accommodate substantial changes in hemodynamic environ-
ment and structure throughout a lifetime. Furthermore, val-
vular interstitial (VIC) and endothelial cell (VEC) functions
likely influence ECM synthesis and remodeling. For exam-
ple, activated myofibroblast-like VICs are critical to collagen
metabolism and are altered in some valve diseases, including
myxomatous degeneration of the mitral valve.6 We recently
showed that large populations of VICs undergo phenotypic
modulation to become activated myofibroblasts and return to
quiescent fibroblasts during adaptive remodeling in response
to changing environmental conditions, which we have ob-
served in long-term pulmonary autografts and in tissue-
engineered valves.7–9 We therefore tested the hypothesis that
phenotypic changes in valvular cells, determined by altered
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tation of fibers within the region analyzed, rather than
orientation relative to a specific direction (Figure 6D).

Elastin was measured as a black-positive area with Movat
pentachrome stain and expressed as a percent of the area of
the ventricularis layer. Elastin content was negligible at 14
weeks’ gestation (0.7�0.1%). The first discernable fibers
appeared on the ventricular aspect in the base of the cusps at
the end of the third trimester (3.8�0.5%). Total elastin
content increased in children’s valves (8.2�2.2%) and was
higher yet in adult semilunar valves (25.1�3.9%; P�0.05;
Figure 7A). Adult aortic valves had more elastin
(32.3�2.7%) than pulmonary valves (17.9�2.7%, P�0.001;
Figure 7B).

Discussion
This study focused on the evolution in cell phenotypes and
ECM remodeling with valve maturation. We demonstrated
that fetal valves possess a dynamic/adaptive structure and
contain cells with an activated/immature phenotype. During
postnatal life, activated cells gradually become quiescent,
whereas collagen matures through increased fiber thickness
and alignment, which suggests a progressive, environmen-
tally mediated adaptation.

Semilunar Valve Architecture Changes Throughout
Development and Into the Postnatal Period
The fetal circulation differs from that of adults owing to
shunts that equalize left and right ventricular pressures: the
foramen ovale between the right and left atrium and ductus
arteriosus between pulmonary artery and aorta. Thus, fetal
semilunar valves and the aorta and pulmonary trunk are

subjected to equal pressures, which progressively increase
during gestation.21

The present study revealed that fetal, second-trimester
semilunar (aortic and pulmonary) valves lacked distinguish-
able layers, were composed primarily of proteoglycans, had
no detectable elastin, had small amounts of disorganized
collagen, and were histologically identical (likely because of
a similar physiological environment during development22).
Valvular ECM elements accommodate repetitive shape and
dimension changes throughout the cardiac cycle and must
adapt to different mechanical stresses throughout life. There-
fore, it is not surprising that pressure increases during
gestation increased collagen and elastic fiber content and
increased collagen fiber alignment (Figures 1 and 6). Never-
theless, fetal valve structure differed, even late in gestation,
from that of adult valves, which have a trilayered architecture
with a highly specialized and functionally adapted ECM
(Figure 1). These observations suggest that valvular cusp
morphogenesis continues throughout development and into
the postnatal period. After birth, the foramen ovale closes and
the ductus arteriosus occludes, which results in separation of the
pulmonary and systemic circulations. Lower pressure in the
pulmonary circulation is eventually reflected in adult pulmonary
valve cusps that are more delicate than the aortic, whereas higher
pressure in the systemic circulation produces thicker aortic
cusps,7 with dense collagen fibers arranged parallel to the free
edges of the cusp, predominantly on the arterial aspect, and more
elastic fibers on the ventricular side (Figure 7B).

Turnover of Valve Interstitial Cells Is High
During Fetal Development and Continues at a
Low Rate Postnatally
During valve morphogenesis and development, cells of the
cardiovascular system differentiate and proliferate and can
migrate over large distances while they produce, degrade, and
remodel ECM. Cells originating in the neutral crest, for
example, migrate to the cardiovascular system and are critical
to the formation of several structures, including the semilunar
valves.23 During valve formation, cardiac cushions appear as
localized expansions of ECM, known as cardiac jelly. Endo-
thelial cells then invade the cushions, transform into mesen-
chymal cells,1 and eventually form the inflow (mitral and
tricuspid) and outflow (aortic and pulmonary) valves, a
process aided in part by cell proliferation24 and apoptosis.25

The present study demonstrates that fetal valves have much
higher cellular densities than adult valves, associated with an
increased cell proliferation-to-apoptosis ratio. VIC density
was highest in the second trimester, �10-fold higher than in
adult valves, and decreased progressively throughout gesta-
tion and postnatally. Fetal VIC proliferation indices were
likewise greater than those of adult valves. Lincoln and
colleagues24 demonstrated decreased proliferation indices in
chicken embryo valve primordia (calculated as the number of
bromodeoxyuridine-positive nuclei/total nuclei), which sup-
ports the present finding that valve maturation is accompa-
nied by decreased proliferation. We speculate that the higher
rates of apoptosis in the late gestational period may reinforce
the decreased cell proliferation at that interval to more rapidly
and effectively arrest cuspal growth. The present study also

Figure 7. Quantitative assessment of elastin content in cardiac
valves. A, Elastin content was low in fetal valves. Total elastin
content increased in adolescent valves and reached a maximum
in adults. *Significant differences in elastin content (P�0.001);
no difference was found between early and late fetal valves. B,
Adult aortic valves had more elastin (black) than pulmonary
valves. Inflow surface at upper right. Movat pentachrome. Mag-
nification �200.
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demonstrates that valvular cell turnover is high during fetal
development and continues at a low rate postnatally (Figure
2C) and that the total number of cells decreases substantially
throughout life (Figure 2A), a fact that might account for
slower or incomplete valve remodeling in older adults and
predisposition to clinically important valve degeneration.

Activated Myofibroblasts Mediate Collagen
Metabolism During Valve Maturation
We also demonstrated VIC plasticity throughout gestational
valve maturation, in contrast to the resting VIC population of
normal adult valves and their predominantly fibroblast-like
phenotype.8 We observed that a large number of fetal VICs
exhibited an �-SMA–positive phenotype attributed to
myofibroblast-like cells (Figure 3). Diseased valves also
contain numerous myofibroblast-like VICs that express
�-SMA, which suggests a role for myofibroblasts in valvular
connective tissue remodeling.7,8 Moreover, we found that
fetal VICs had abundant SMemb (nonmuscle myosin pro-
duced by embryonic or activated cells), MMP-1/collage-
nase-1, and MMP-13/collagenase-3, which indicates an acti-
vated/immature phenotype compatible with matrix
remodeling. Despite the well-established role played by
MMPs in pathological processes, including myxomatous
mitral valve degeneration6 and atherosclerosis,10,15 their role
in remodeling normal valves and in fetal valve development
remains unknown. We found more MMP-1 and MMP-13 in
fetal valves, particularly late in gestation, than in adult valves,
whereas collagen content increased during valve maturation.
This inverse relationship suggests a critical role for MMP-
family collagenases in collagen metabolism in cardiac valve
development. A significant increase in collagen fiber thick-
ness and alignment occurred between childhood and adult-
hood, whereas collagenase expression was negligible; how-
ever, whether this is due to prolonged exposure to mechanical
forces or reflects completion of cell- and enzyme-associated
remodeling is unknown.

Activated Myofibroblasts Undergo Phenotypic
Modulation at Birth and Become a Quiescent
Fibroblast-Like Cell Type During Adulthood
Previous studies reported that altered mechanical forces8,26

and injury27 are associated with phenotypic changes of
valvular cells. Of particular interest in the present study was
the way in which valves responded to abrupt change in blood
pressures and other hemodynamic conditions at birth after
separation of the single fetal circulation into isolated pulmo-
nary and systemic circulations. Therefore, we also focused on
comparison between fetal and neonatal pulmonary and aortic
valves. Blood pressure in the fetal aorta and pulmonary artery
is approximately 50/15 mm Hg. At birth, pulmonary pressure
falls to 30/15 mm Hg; however, arterial pressure increases to
70/40 mm Hg. We found that the change from fetal to
neonatal circulation correlated with reduced VIC activation
(�6%) in neonatal pulmonary valves versus aortic valves
(�21%; Figure 4).28 Whether these changes might also be
stimulated by changes in local blood oxygen content is
unknown. In children’s valves, the numbers of activated VIC
were similar in both pulmonary and aortic locations, which
suggests tissue adaptation to pulmonary and systemic
circulations.

Endothelial Cells Express an Activated Phenotype
Throughout Fetal Development, a Phenotype
Distinct From Adult Valves
Observations suggest that valvular endothelium is unique
compared with other types of endothelial cells (particularly
aortic and cardiac microvascular endothelium).29 The endo-
thelium regulates vascular tone, inflammation, thrombosis,
and vascular remodeling.30 Structurally intact endothelial
cells can respond to pathophysiological stimuli by adjusting
their usual functions and by expressing newly acquired
properties, a process termed “endothelial activation.” Acti-
vated endothelial cells produce a variety of biologically
active products, including cytokines, growth factors, proteo-
lytic enzymes, and adhesion molecules. Normal endothelial

Figure 8. Schematic representation of
natural history of cardiac valve remodel-
ing by interstitial cells. Schematic sum-
mary of cardiac valve remodeling in fetal
valves according to the findings of the
present study. Activated/immature cell
phenotypes and collagen remodeling in
gestation were followed after birth by
decreased cell activation and eventually,
in adults, by quiescence. These cellular
changes were accompanied by
increased collagen fiber thickness and
alignment. Thin lines represent thin,
immature collagen fibers; thick lines rep-
resent thick, mature collagen fibers.
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function is characterized by a balance of these factors and the
cells’ ability to respond appropriately to stimuli. The present
study demonstrated physiological activation of endothelial
cells that consistently expressed high levels of SMemb,
MMP-1, MMP-13, ICAM-1, and VCAM-1 in fetal and
children’s valves. In contrast, adult valves had negligible
expression of these molecules (Figure 5).

Clinical and experimental evidence suggests that valve
leaflet endothelium is protected from inflammatory and
immune-mediated injury by reduced expression of adhesion
molecules, including VCAM-1, which is abundant in cardiac
microvascular endothelium of rejected orthotopic heart trans-
plants and in pig hearts after transplantation into baboons.31

The present study demonstrates consistent ICAM-1 and
VCAM-1 expression by human fetal VECs during mid to late
gestation. Furthermore, ICAM-1 and VCAM-1 expression
has been found in surgically removed diseased valves32,33 and
in vitro,34 which suggests that other factors, such as hemo-
dynamic forces, may contribute to protection from inflamma-
tory cell infiltration. Nevertheless, understanding endothelial
adhesion molecule function in vivo in the presence of
complex blood flow patterns requires further investigation.

Study Implications
The present study provides a natural history of cell and matrix
changes in valve development, maturation, and adaptation
(summarized in Figure 8) and extends the paradigm, previ-
ously suggested by us, that cardiac valvular tissue can adapt
to environmental conditions, particularly mechanical load-
ing.8 Specifically, under equilibrium conditions, VICs are
quiescent and ECM is well adapted. We hypothesize that
when stimulated by mechanical loading, VICs become acti-
vated and mediate connective tissue remodeling to restore a
normal stress profile in the tissue. When equilibrium is
restored, cells return to quiescence. The present study dem-
onstrates that fetal VIC activation occurs throughout devel-
opment, analogous to the valve changes that occur in patho-
logical conditions and after surgical substitution.6,7 Thus,
analogous molecular mechanisms likely direct both physio-
logical and pathological interstitial cell activation. Further-
more, our characterization of human semilunar valve VIC and
VEC phenotypes and dynamic ECM changes from fetus to
adult also indicates potential markers of cell activation/
maturation and matrix alterations (eg, MMP-1, MMP-13,
embryonic myosin, VCAM-1, and ICAM-1). These mole-
cules are overexpressed during fetal valve development,
several valvular diseases, and surgical transplantation and in
tissue-engineered valves7–9 and therefore may represent tar-
gets for molecular imaging to noninvasively monitor biolog-
ical processes during healing and remodeling. Moreover, the
progressive age-associated decrease in cell number and active
capacity for remodeling may be an important clue in under-
standing senile valve degeneration.

Conclusions
We demonstrated that fetal valves possess a dynamic/adap-
tive structure and contain activated/immature cells. More-
over, the valvular cells that were activated in utero undergo
phenotypic changes at birth and gradually become quiescent,
whereas collagen matures through increased fiber thickness

and alignment. This suggests a progressive adaptation to the
prevailing hemodynamic environment. Knowledge of cell
and matrix changes during fetal valve maturation may aid in
the development of therapy for valve disease and assist in the
design and evaluation of tissue-engineered valves.35–37
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81CHAPTER 4: Functional Anatomy of the Heart

Rheumatic involvement of the mitral valve causes chordal shortening 
and thickening without annular dilatation. Rheumatic mitral stenosis 
is produced by chordal and commissural fusion, often with calcification, 
whereas rheumatic mitral insufficiency results from scar retraction of 
leaflets and chords.14 Chronic postinfarction mitral regurgitation is asso-
ciated with left ventricular dilatation and scarring of a papillary muscle 
and its subjacent ventricular free wall. Leaflet tethering and annular dil-
atation cause malcoaptation of the contact surfaces of the mitral leaflets. 
Acute postinfarction mitral regurgitation can be associated with partial 
or complete rupture of a papillary muscle, usually the posteromedial one. 
Three-dimensional imaging of the atrial (surgical view) and ventricular 
(interventional cardiologist fluoroscopic view) surfaces of the mitral 
valve is now possible with echocardiography (see Chap. 15). 

Anatomically important structures during percutaneous or surgical 
mitral valve repair or replacement include the left circumflex coronary 
artery, which courses within the left AV groove near the anterolateral 
commissure, and the coronary sinus, which courses within the left atrio-
ventricular groove adjacent to the annulus of the posterior mitral leaflet17 
(see Fig. 4–21A).

 ■ AORTIC VALVE
The aortic valve, like the pulmonary valve, is composed of three 
components (ie, annulus, cusps, and commissures). In contrast to the 
mitral and tricuspid valves, the two semilunar valves have no tensor 
apparatus (ie, chordae tendineae or papillary muscles). The commis-
sures form tall, peaked spaces between the attachments of adjacent 
cusps (Figs. 4–28 and 4–29) and attain the level of the aortic sinotubu-
lar junction, the ridge that separates the sinus and tubular portions of 
the ascending aorta (originally described by da Vinci as the “supraortic 
ridge”)14 (see Fig. 4–29). The functional aortic valve orifice can be at 
the sinotubular junction or proximal to it.17

The three half moon–shaped (semilunar) aortic cusps form pocket-
like tissue flaps that are avascular. In only approximately 10% of 
hearts are they truly equal in size. In 67% of hearts, either the right or 
posterior cusp is larger than the other two.17 Just below the free edge 
of each cusp is a biscalloped ridge-like closing edge (see Fig. 4–29). 
At the center of each cusp, the closing edge meets the free edge and 
forms a small fibrous mound, the nodule of Arantius14 (see Fig. 4–29). 
Between the free and closing edges, to each side of the nodule are two 
crescent-shaped areas known as the closing surface or lunulae, which 
represent the sites of cusp apposition during valve closure.14 Lunular 
fenestrations, near the commissures, are common and increase in size 
and incidence with age14 (Fig. 4–30). However, owing to their position 
distal to the closing edge, they rarely produce valvular incompetence.17 
When viewed from above, the linear distance along the closing edge 
of a cusp is much greater than the straight-line distance between its 
two commissures14 (see Fig. 4–28). This extra length of cusp tissue is 
necessary for nonstenotic opening and nonregurgitant closure of the 
valve.14 A virtual line connecting the bases of each cusp forms the basal 

FIGURE 4–23. This oblique short-axis view of the heart shows the triangular-shaped tricuspid orifice 
(TV) and the elliptical mitral orifice (MV) at midleaflet level� The anterior tricuspid and anterior mitral leaf-
lets (A) separate the inflow and outflow tracts of the right and left ventricles, respectively, and are parallel 
to one another� PV, pulmonary valve�

FIGURE 4–24. Mitral valve, viewed from left atrial aspect� Minor commissures (*) divide the posterior 
leaflet into four scallops (arrows)� A, anterior; C, major commissures; P, posterior�

FIGURE 4–25. Gross anatomy of the mitral valve and papillary muscles–chordal apparatus, as dem-
onstrated in an excised and unfolded valve� Each commissure overlies a papillary muscle� Arrows point to 
minor commissures� A, anterior leaflet; ALPM, anterolateral papillary muscle; P, posterior leaflet; PMPM, 
posteromedial papillary muscle�
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83CHAPTER 4: Functional Anatomy of the Heart

ring, although the true ventriculoarterial junction is just distal to it. The 
diameters of the basal ring and sinotubular junction are usually simi-
lar and represent the narrowest portions of the aortic root.6 Accurate 
measurements of these regions are critical to success of transcatheter or 
surgical aortic valve replacement.

Lunular fenestrations (see Fig. 4–30), depending on their severity, may 
preclude the ability to perform valve-sparing aortic root replacement in 
patients with aortic root aneurysms. In hearts from adults with bicuspid 
valves and other congenital aortic valve disease, the annular diameter 
is usually enlarged. In contrast, patients with normal aortic cusps and 
central aortic regurgitation show enlargement at the level of the sinotu-
bular junction.6 A prebypass intraoperative transesophageal long-axis 
view of the left ventricular outflow tract is used to measure the aortic 
valve annular diameter prior to replacement by a homograft. In doing 
so, precious bypass time is saved while the homograft is being prepared.6 
Disease processes that produce commissural fusion such as rheumatic 
valvulitis or decrease cusp mobility such as fibrosis or calcification can 
lead to aortic stenosis.14 In contrast, those disorders that decrease cusp 
size, such as rheumatic valvulitis, or that cause aortic root dilatation 
can lead to aortic regurgitation.14 Combinations of these processes can 
produce combined stenosis and regurgitation.

The commissure between the right and posterior aortic cusps 
overlies the membranous septum (Fig. 4–31) and contacts the com-
missure between the anterior and septal leaflets of the tricuspid valve 
(see Fig. 4–42). The commissure between the right and left aortic 
cusps contacts its corresponding pulmonary commissure and overlies 
the infundibular septum (see Fig. 4–12D). The intervalvular fibrosa, 
at the commissure between the left and posterior aortic cusps, fuses 
the aortic valve to the anterior mitral leaflet.14,17

The central location of the aortic valve (see Fig. 4–21) provides 
the electrophysiologist with a unique vantage point from which 
arrhythmias in the right or left ventricular outflow tract, right or left 
atrium, can be ablated.8 During surgical or transcatheter aortic valve 
replacement, the anterior mitral leaflet, left bundle branch, or coro-
nary ostia can be injured inadvertently.17 Annular abscesses caused 
by infective endocarditis involving the aortic valve can burrow into 
adjacent structures and thereby produce endocarditis of the other 
valves; conduction disturbances with septal involvement: aortoatrial, 
aortopulmonary artery, or aortoventricular fistulas; pericarditis; or 
fatal hemopericardium.14 

A B

FIGURE 4–28. Each cusp of a semilunar valve is pocket-shaped� The aortic valve is viewed from above 
in simulated closed (A) and open (B) positions, showing the three commissures (arrows)� Note that the 
length of the closing edge exceeds the straight-line distance between the commissures�

FIGURE 4–29. An opened aortic valve shows the right (R), left (L), and posterior (P) cusps� The dashed 
line marks the closing edge� Between the free and closing edges of each cusp are two lunular areas, repre-
senting the surfaces of apposition between adjacent cusps during valve closure� The commissures (*) attain 
the level of the aortic sinotubular junction (STJ)� Conus, conus coronary ostium; LC, left coronary ostium; LV, 
left ventricle; N, nodule of Arantius; RC, right coronary ostium�

FIGURE 4–30. Aortic cusp fenestrations (arrows) occurring in the lunular regions near the commissures� 
This is a common age-related degenerative finding and normally accounts for little or no aortic valve 
regurgitation�

FIGURE 4–31. The commissure between the right and posterior aortic cusps (arrow) overlies the 
transilluminated membranous septum (arrowhead)� A, anterior mitral leaflet; Ao, ascending aorta; LV, left 
ventricle; P, posterior aortic cusp; R, right aortic cusp�
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101CHAPTER 4: Functional Anatomy of the Heart

ANATOMY NOT ADDRESSED AND  
QUANTUM COMPUTING
Fine-detailed anatomy such as that of the conduction system and micro-
vasculature is not readily available to the usual anatomic dissection by 
computer-based imaging. Additionally, tissue histology or molecular 
biological assessment is not obtained routinely by imaging. At the 
other end of the spectrum, 3D gross anatomic dissection of contiguous 
structures is also normally not available (eg, how does metastatic cancer 
throughout the system relate to a primary tumor in the gut?).

These and other macroscopic and microscopic dissections await 
the future of increasingly sophisticated computer technology and 
information management. Both pathologic and living tissues someday 
will be dissected and analyzed not by destructive cutting but by higher 
dimensional imagery. Today’s computers have introduced the infor-
mation era. Information has become a commodity expanding our abil-
ity to access useful data. It is possible that we will soon evolve into the 
“Quantum Era,” where all that has been discussed in this chapter plus 
gross and microscopic anatomy will be possible within an electronic 
environment. Reality will be expressed as base parts or characteristics 
(eg, quanta, molecules, pixels) and reformatted in 3D or 4D geometry 
relative to the desired information. Gross anatomy, physiology, tissue 
characteristics, and even histopathology will be dissected and presented 
as a quantifiable geometric image. The concept of a living autopsy may 
become a reality.
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Leonardo da Vinci is the archetype of 
the Renaissance man, but since his day 
he has been seen primarily as a painter 

who dabbled in the sciences. Leonardo would 
not have recognized this image: his scientific 
studies were as important to him as his art. 
Of all his investigations — which included 
optics, geology, botany and hydrody-
namics — the field that engaged him 
most was human anatomy. 

Eighty-seven of Leonardo’s finest 
sheets of anatomical study from the 
UK Royal Collection’s total of more 
than 550 by the artist are to go on 
show from May at the Queen’s Gallery 
in London. They range from a fetus 
in the uterus to the vertebral column, 
and will constitute the largest-ever 
exhibition of Leonardo’s anatomical 
work, and the first in the United King-
dom since 1977. 

The exhibition represents two cam-
paigns of intense work around 1490 
and between 1507 and 1513, during 
which Leonardo dissected around 
30 human corpses. He fully intended 
to publish his findings, and had he 
done so, he would have transformed 
the study of anatomy in Europe. 
Many of the bodily structures that 
he depicted would not be described 
again for centuries. But Leonardo’s 
perfectionism, his difficulties in rec-
onciling his observations with estab-
lished beliefs about physiology, and 
simple bad luck prevented him from 
bringing his work to a conclusion.

We know little about Leonardo’s 
early life. The illegitimate son of a 
notary and a peasant girl, he was 
born in 1452 near the town of Vinci 
in Tuscany, Italy. He learned to read 
and write but his arithmetical skills 
were shaky, and although he taught himself 
Latin as an adult, he was never comfortable 
with the language of most contemporary 
scientific writings. He was to portray this 
as an advantage — claiming that he was a 
“disciple of experience” unencumbered by 
ancient belief — but in reality his position 
outside the scientific–philosophical main-
stream would deny him the range of contacts 
and resources that his peers enjoyed.

In his twenties, Leonardo joined the paint-
ers’ guild in Florence and worked in the 

studio of the innovative sculptor and painter 
Andrea del Verrocchio, where he picked up 
the rudiments of engineering. Then, in the 
1480s, Leonardo moved to Milan, where his 
range of interests widened at a remarkable 
rate and he began to compile material for a 
treatise on the theory of painting. 

Leonardo had come to see painting as a 
scientific activity, in which every effect (light 
and shade, colour, perspective) and form 
should be based on a true understanding of 
nature. The human body was the principal 
subject of the Renaissance artist and Leon-

ardo soon realized 
that he would have 
to devote a separate 
treatise to it. It was not 
sufficient to study the 
permanent anatomy 

of the body: Leon-
ardo also wanted to 
learn how an individ-
ual’s appearance from 
moment to moment 
was related to the 
workings of the mind, 

so that a painting would reveal the 
emotions of the protagonists and 
the human drama of the scene.

Leonardo thus aimed to under-
stand the perception of reality 
through the senses, the struc-
ture of the mental faculties and 
how the nerves configure the 
muscles and bones. How could 
he even begin to investigate 
these topics? Human dissection 
was not banned, as is often sup-
posed; indeed, a papal bull of 
1482 expressly permitted it. But 
Leonardo was a mere craftsman, 
and — then as now — a craftsman 
could not simply acquire a corpse 
and start cutting it up. Instead, 
he was reliant at first on animal 
dissection, traditional belief and 
simple speculation. 

In 1489, Leonardo obtained a 
human skull. He sectioned it to 
investigate its internal structure, 
recording his findings in exquisite 
drawings in a notebook annotated 
in his habitual mirror writing 
(Fig. 1). But the shape of the skull 
(and by implication of the brain) 
failed to provide Leonardo with 
any useful information about the 
relationship between mind and 
body. The gulf between Leon-
ardo’s ambitions and his achieve-
ments brought his first wave of 
anatomical research to a halt. In his 

mural The Last Supper, finished in the 1490s, 
the disciples’ poses and expressions convinc-
ingly capture their varied emotions, but owe 
nothing to his anatomical investigations.

Leonardo returned to the subject years 
later, in the wake of a commission to paint a 
huge battle scene in the Palazzo della Signo-
ria in Florence. In preparation for the project 
he executed many drawings of male muscu-
lature, some so detailed that they can only 
have been based on flayed bodies. Leonardo 
was then in his fifties and one of the most 

Leonardo da Vinci: 
Anatomist
The Queen’s Gallery, 
London. 4 May – 
7 October 2012.
www.royalcollection.
org.uk

Figure 1 | The skull sectioned (1489), one of Leonardo da Vinci’s 
earliest anatomical studies, did not yield the insights that he craved.

MEDIC INE

Leonardo’s anatomy years
A London exhibition will expose the Renaissance master’s staggering medical 
discoveries, which languished unpublished for centuries, explains Martin Clayton.

 NATURE.COM
For a video about 
Leonardo’s 
anatomical studies:
go.nature.com/cxnnqn

R
O

YA
L 

C
O

LL
EC

TI
O

N
 T

R
U

ST
/©

 H
M

 Q
U

EE
N

 E
LI

ZA
B

ET
H

 II
 2

0
1
2

3 1 4  |  N A T U R E  |  V O L  4 8 4  |  1 9  A P R I L  2 0 1 2

BOOKS & ARTSCOMMENT

© 2012 Macmillan Publishers Limited. All rights reserved

Z
Textbox
12. Clayton2012 (quoted)

Z
Textbox
12. Clayton2012



Figure 2 | With The muscles of the shoulder and arm, and the bones of the foot (c.1510–11), Leonardo sought to explore the dynamic interplay of 
bodily elements that underlay the poses of human models in his paintings .
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celebrated artists in Italy; at this point in 
his career, he seems to have had little dif-
ficulty in obtaining permission to dissect 
human corpses. 

In the winter of 1507–08, Leonardo wit-
nessed the peaceful demise of an old man in 
a hospital in Florence, and wrote in his note-
book that he performed a dissection “to see 
the cause of so sweet a death”. He attributed 
it to a narrowing of the coronary vessels, and 
wrote the first clear description of atheroscle-
rosis in medical history. He also described the 
pathology of cirrhosis of the man’s liver, which 
he found to be “desiccated and like congealed 
bran both in colour and substance”.

The dissection of the old man marked 
the beginning of five years of intense ana-
tomical investigation, and in 1510–11 

Leonardo seems to have collaborated with 
Marcantonio della Torre, the professor of 
anatomy at the University of Pavia. 

Marcantonio provided ready access to 
human material, and Leonardo may have 
dissected up to 20 corpses that winter. He 
concentrated on the bones and muscles, 
analysing their structure in purely mechani-
cal terms, and the results were spectacular 
(Fig. 2). Perhaps encouraged by the profes-
sional anatomist, Leonardo illustrated every 
bone except those of the skull, and most of 
the major muscle groups. The completion 
of his treatise was within reach, and on one 
drawing he wrote: “This winter of 1510 I 
believe I shall finish all this anatomy”. 

But it was not so. In 1511, Milan descended 
into military turmoil. Marcantonio died of 

the plague, and Leonardo retired to the coun-
try villa of his assistant, Francesco Melzi. 

With the loss of his supply of human mate-
rial, Leonardo reverted to the study of ani-
mal anatomy — most impressively the ox’s 
heart, which differs little in structure from 
that of a human. Leonardo described the 
ventricles and atria with great accuracy, and 
analysed the structure and functioning of the 
valves in minute detail. In a brilliant experi-
ment, he made a glass model of the aortic 
valve (Fig. 3), through which he pumped 
water mixed with grass seeds to study the 
vortices in the widening of the aortic root. 
He deduced that these vortices were crucial 
in closing of the valve — a finding that was 
confirmed only in the twentieth century.

Leonardo had an almost perfect under-
standing of the physiology of the human 
heart. But he had no inkling of the circu-
lation of the blood, and the existence of 
one-way valves was incompatible with the 
ancient belief that the heart simply churned 
blood in and out of the ventricles, thus gen-
erating heat and ‘vital spirit’. Unable to rec-
oncile what he had observed with what he 
believed to be true, Leonardo reached an 
impasse. He became trapped in describing 
the motion of the blood through the valves 
in ever more detail. And there, it seems, his 
anatomical work came to an end.

There is no sign that Leonardo attempted 
to collate his research for publication. On his 
death in 1519 he left his papers to Melzi, and 
although the anatomical studies were men-
tioned by all Leonardo’s early biographers, 
their dense and disorganized content was 
barely comprehended. Unpublished, the 
studies were effectively lost to the world. 
Elsewhere, anatomical exploration gained 
pace, and in 1543 Andreas Vesalius published 
his epochal De humani corporis fabrica (On 
the fabric of the human body), a model of 
what Leonardo’s treatise could have been. 

The 150 surviving sheets of Leonardo’s 
anatomical studies reached England in the 
seventeenth century and eventually made 
it into the Royal Collection, bound into an 
album with 450 of his more artistic draw-
ings. But it was not until 1900 that they were 
finally published and understood. By then, 
their power to affect the progress of anatom-
ical knowledge had long passed.

Leonardo’s paintings changed the course 
of European art; but his anatomical investi-
gations, the finest of their age, were essen-
tially unknown. This exhibition will give an 
unprecedented chance to assess this most 
paradoxical of scientists. ■ 

Martin Clayton is Senior Curator of Prints 
and Drawings at The Royal Library, The 
Royal Collection, Windsor Castle, Windsor, 
Berkshire, SL4 1NJ. 
e-mail: martin.clayton@royalcollection.
org.ukFigure 3 | The findings recorded in The aortic valve (c.1512–13) went unconfirmed for more than 400 years.  
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The anatomy of the aortic root�

Denis Berdajs∗, Patonay Lajos∗ and Marko Turina†

∗Department of Anatomy, Embryology and Histology, Laboratory for Applied and Clinical
Anatomy, Semmelweis University Budapest, Budapest, Hungary and †Clinic for Cardiovascular
Surgery, University Hospital Zürich, Zürich, Switzerland

Objective: Since the aortic root preserving methods are spreading in heart surgery, the impor-
tance of aortic root anatomy is increasing. The surgical and anatomical descriptions of the
aortic root are not always congruent. Therefore, the present study focuses on the surgical
aspects of the aortic root anatomy.

Methods: We measured the distances between the three commissures, the distances
between the basal point of the sinus and the sinotubular junction and the heights of the
sinuses. The circumference of the sinotubular junction and the annuli fibrosi were also
obtained. In addition, the volume of every sinus was directly measured. Finally both vertical
and horizontal histological sections of annuli fibrosi were made.

Results: All measured parameters were averaged and the standard deviation (SD) was calcu-
lated, except in the case of the tilt angle. The distance for the right sinus commissures was
18.82 mm (SD 1.93 mm), and that of the non- and left coronary sinus were 17.43 (SD 2.06)
and 15.21 (SD 1.88) mm, respectively. The mean height of the right, non- and left coronary
sinus were 19.45 (SD 1.91), 17.68 (SD 1.77) and 17.45 (SD 1.39) mm, respectively. These
differences between the height of the sinuses determines a mean tilt angle of 5.47° for the
sinotubular junction and aortic root base. The mean circumference of the aortic root base and
of the sinotubular junction was 69.20 (SD 6.93), and 65.82 (SD 8.31) mm, respectively. Mean
volumes of the right, non- and left coronary sinuses were 1.6 (SD 0.34), 1.33 (SD 0.27) and
1.04 (SD 0.23l) ml. According to the histological sections we can say that the histological
border of the annuli fibrosi is positioned at the interleaflate triangles.

Conclusion: According to the measured data we can state that all parameters follow the
pattern in which the right sinus structures had the greatest dimensions followed by the non
coronary sinus, and finally the left coronary sinus. The tilt angle for aortic root base and
sinotubular junction, and the difference in the diameters could be of hemodynamic and of
surgical relevance  2002 The International Society for Cardiovascular Surgery. Published by
Elsevier Science Ltd. All rights reserved
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Introduction
The aortic root is ordinarily presented as a structure
which is bordered superiorly by the sinutubular ridge

�Presented at the 50th International Congress of the European
Society for Cardiovascular Surgery, 20–23 June 2001, Budapest,
Hungary.
Correspondence to: Denis Berdajs, Department of Anatomy Embry-
ology and Histology, Laboratory for Applied and Clinical Anatomy,
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and inferiorly by the aortic root base and comprises
three similar leaflets, three sinuses of Valsava, inter-
valvular triangles and the origins of the coronary
arteries. According to the anatomical literature [1]
the annulus fibrosus is defined as the border line at
the level of the aortoventricular transition. This sim-
plified and irregular description of the aortic root is
no longer tenable at the time when the aortic root
preserving methods, aortic valve conservations and
annuloplasty are becoming increasingly important.
During the description of the correct anatomy of the
aortic root it was reported by different authors that
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Heart Valve Development:
Endothelial Cell Signaling and Differentiation

Ehrin J. Armstrong and Joyce Bischoff
Vascular Biology Program and Department of Surgery, Children’s Hospital Boston, Harvard Medical
School, Boston, Mass

Abstract
During the past decade, single gene disruption in mice and large-scale mutagenesis screens in
zebrafish have elucidated many fundamental genetic pathways that govern early heart patterning and
differentiation. Specifically, a number of genes have been revealed serendipitously to play important
and selective roles in cardiac valve development. These initially surprising results have now
converged on a finite number of signaling pathways that regulate endothelial proliferation and
differentiation in developing and postnatal heart valves. This review highlights the roles of the most
well-established ligands and signaling pathways, including VEGF, NFATc1, Notch, Wnt/β-catenin,
BMP/TGF-β, ErbB, and NF1/Ras. Based on the interactions among and relative timing of these
pathways, a signaling network model for heart valve development is proposed.
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Cardiovascular malformations are the most common congenital anomaly, occurring in four to
six infants for every 1000 live births.1 Defects in cardiac valves and associated structures are
the most common subtype, accounting for 25% to 30% of all cardiovascular malformations.2
A number of congenital valve defects occur as part of well-defined clinical syndromes,
including Down syndrome (numerous cardiac cushion defects), LEOPARD syndrome
(pulmonic stenosis), chromosome 22 microdeletion syndromes (truncus arteriosus), Holt-
Oram, and Noonan syndrome (pulmonic stenosis). In some cases, including Holt-Oram and
Noonan syndrome, the genetic defect has now been convincingly identified.3,4 In
approximately 25% of cases, however, defects in cardiac cushion development occur separate
from any defined syndrome or genetic cause.5

In adults, valvular heart disease remains a major cause of morbidity and mortality;
approximately 82,000 valve replacements are performed each year in the USA.6 Possible
therapeutic approaches for these adult heart valve diseases include promoting endogenous
repair pathways or using autologous progenitor cells for tissue engineered heart valves.7 An
increased molecular understanding of the processes controlling heart valve development and
remodeling will continue to suggest new therapeutic modalities.8

This review is divided into three parts. First, an anatomic description of heart valve
development provides orientation for the molecular events that occur during formation of the

© 2004 American Heart Association, Inc.
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heart valves. Second, the major cell signaling pathways implicated in heart valve development
are reviewed, with an emphasis on the key role played by endothelial cell proliferation and
differentiation. Third, we suggest a model that integrates these major signaling pathways into
a signaling network for control of cardiac cushion formation and remodeling.

Anatomic Overview of Heart Valve Development
The heart tube is composed of an outer layer of myocardium and an inner lining of endocardial
cells, separated by an extensive extracellular matrix (ECM) referred to as the cardiac jelly.
After rightward looping of the heart, the cardiac jelly overlying the future atrioventricular canal
(AVC) and outflow tract (OT) expands into swellings known as cardiac cushions.9 The
formation of the cardiac cushions is a complex event characterized by endothelial-
mesenchymal transdifferentiation (EMT) of a subset of endothelial cells that are specified in
the cushion-forming regions to delaminate and invade the cardiac jelly, where they
subsequently proliferate and complete their differentiation into mesenchymal cells (Figure 1).
10

In a poorly understood process, the cushions protrude from the underlying myocardium,
forming thin, tapered leaflets with a single endothelial cell layer and a central matrix comprised
of collagen, elastin, and glycosaminoglycans.11 These delamination and remodeling events
depend on further cell differentiation, apoptosis, and ECM remodeling. The final AVC (mitral
and tricuspid) valves are derived entirely from endocardial cushion tissue.12 The end stages in
development of the OT (aortic and pulmonic) valves are more controversial. A population of
neural crest cells derived from the branchial arches migrates to the distal OT and is required
for aortopulmonary septation.13 Recently, cell lineage analysis of neonatal Tie2-Cre×Rosa26R
mice demonstrated the endothelial origin of resident cells throughout the leaflets of aortic and
pulmonic valves, as well as the AVC valves.14

Signaling Pathways and Proteins Implicated in Heart Valve Development
One of the most informative tools for studying EMT has been an ex vivo cushion explant
system, whereby myocardium and endocardium of the developing cushion are explanted onto
a type I collagen gel.15 Cells explanted with this technique recapitulate EMT, allowing
quantitation of the extent of EMT after experimental manipulation. This system established
key steps governing EMT, including the role of soluble factors within the ECM,16 the
requirement of myocardium in the induction of EMT, and that endocardium from the
cushionforming region is uniquely capable of responding to a myocardial-derived
differentiation signal.17

During the past decade, tissue explant studies have been complemented by an increasing
number of mouse single gene “knockout” experiments that resulted serendipitously in specific
disruption (either hypoplasia or hyperplasia) of cardiac cushion formation. These signaling
pathways are now converging on a select few signaling “modules”; preliminary results have
suggested temporal ordering of the signaling pathways, as well as interactions between
signaling modules.18,19 Dozens of gene disruptions have now been shown to alter valve
phenotypes20,21; this review discusses only the best characterized pathways implicated in
endothelial cell proliferation and differentiation within the developing cardiac cushions.
Although the emphasis is on endothelium, it should be noted that the overall process of EMT
and eventual leaflet formation is dependent on the interaction among myocardium,
extracellular matrix, and endothelium.
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the precise cellular and biochemical mechanisms that orchestrate these events. The goal then
will be to determine the extent to which these mechanisms can be applied to the treatment of
congenital valve defects and/or heart valve disease in adult life.
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Case Report

Noneccentric closure in a case of bicuspid aortic valve
creating diagnostic dilemma

RK Gokhroo*, Devendra Singh Bisht**,
Deepak Padmanabhan**, Sajal Gupta**

*Professor & Head, **DM resident, ***senior resident
Department of Cardiology, J.L.N Medical College, Ajmer

Summary

We present an echo case report of bicuspid aortic valve in which M mode tracing though
aortic valve in parasternal long axis (PLAX) view shows central closure line. To the best of our
knowledge M mode tracing in case of bicuspid aortic valve usually shows an eccentric closure
line and central closure line is very unusual to find.

Keywords : echocardiography, bicuspid aortic valve.

Introduction

M-mode echocardiography of the aortic valve is
performed in conjunction with two-dimensional
imaging by targeting the M-mode beam through the
aortic leaflets being displayed in the two-dimensional
cross sectional v iew.

Two-dimensional imaging of the normal aortic
valve in the PLAX view demonstrates two leaflets (right
and noncoronary), while the parasternal short axis
(PSAX) demonstrates a symmetrical structure with three
uniformly thin leaflets that open equally, forming a
circular orifice during systole. During diastole, the
normal trileaflet valve form a three pointed star ("upside
down Mercedes-Benz emblem") with a slight thickening
or prominence at the central closing point formed by
the aortic leaflet nodules known as the nodules of
Arentius.

M-mode echocardiogram across normal aortic valve
in PLAX view shows right coronary cusp above and
noncoronary cusp below with a central closure line
because of equal cusp size.

CASE 1
An 18 year old girl referred to our centre for

evaluation of systolic murmur. General physical

Address for Correspondence :
Dr. R.K. Gokhroo, Institute of  Cardiology, J.L.N Medical College, Ajmer-305 001

examination was normal, v ital parameters showed
Pulse=76bpm regular, Blood pressure (BP) =110/80mm
of Hg, respiratory rate 16/min. Cardiovascular system
examination revealed normal first & second heart sound
and grade III/VI ejection systolic murmur at aortic
area. Respiratory system and abdominal examination
are within normal limit.

During echocardiographic examination M mode
tracing at aortic valve (figure 2) shows a central closure

 

 

 

Direction of ultrasound beam 

Fig. 1 : Hypothetical diagram showing 3D orientation
of  cardiac valve cusps.
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Chapter 5

The Echocardiographic Examination

The ability to record high-quality echocardiographic images and obtain accurate

Doppler flow recordings are essential determinants of the overall value of the

echocardiographic examination. As such, echocardiography is highly operator

dependent. It is difficult to overemphasize the critical role of the person who

performs the imaging. Echocardiography can also be regarded as a partnership

between the individual who obtains the data and the one who interprets the

study. To obtain a comprehensive and accurate echocardiogram, the operator

must understand the anatomy and physiology of the cardiovascular system, have

a thorough knowledge of the ultrasound equipment to optimize the quality of the

recording, know the specific diagnostic questions that are being asked, and be

able to apply the technology to the individual patient so that optimal imaging

can be achieved.

Echocardiography is a highly versatile technique that can be applied in variety of

clinical settings. Patients are usually referred for an echocardiogram to

investigate symptoms or abnormalities found on a physical examination, to

evaluate a known or suspected clinical condition, or to screen a subject for the

possibility of disease. The value of the diagnostic information depends on the

quality of the study and the likelihood that the results will provide new

information that will have an impact on the patient's management or well-being.

Guidelines have been published jointly by the American Heart Association, the

American College of Cardiology, and the American Society of Echocardiography

that critically evaluate the strength of evidence for the use of echocardiography

in various clinical situations. Throughout this book, the recommendations

provided by these guidelines are highlighted. These guidelines are based on the

weight of evidence that supports the utility of the test and the consensus of a

panel of experts. The recommendations concerning the use of echocardiography

use the following classification system:

Class I: Conditions for which there is evidence and/or general agreement

that a given procedure is useful and effective.

Class II: Conditions for which there is conflicting evidence and/or a
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thereby complicating the quantitative determination of severity. Other related factors that must be evaluated

include the presence and extent of proximal aorta dilation, coexisting mitral valve disease, a measurement of

pulmonary artery pressure, and coexisting coronary artery disease.

The qualitative diagnosis of aortic stenosis relies heavily on two-dimensional echocardiography. By observing the

opening and closing of the valve in systole and diastole, respectively, the presence or absence of valvular stenosis

can be determined with confidence. In normal subjects, the aortic valve cusps appear thin and delicate and may be

difficult to visualize (Fig. 10.3 ). In the long-axis view, the cusps open rapidly in systole and appear as linear

parallel lines close to the walls of the aorta (Fig. 10.4 ). With the onset of diastole, they come together and are

recorded as a faint linear density within the plane of

P.272

P.273

the aortic anulus. Because the velocity of valve motion during opening and closing is high relative to the frame rate

of most echocardiographic systems, the normal aortic valve is usually visualized either fully opened or closed but

rarely in any intermediate position. In the basal short-axis view, the three aortic cusps can be visualized within the

anulus during diastole (Fig. 10.5 ). The three lines of coaptation can be recorded, normally forming a Î¥ (sometimes

referred to as an inverted Mercedes-Benz sign). With the onset of systole, the cusps open out of the imaging plane,

providing a view of the aortic anulus. The short-axis perspective is most helpful to determine the number of cusps

and whether fusion of one or more commissures is present. In patients who are difficult to image, normal leaflets

are so delicate that they are hard to visualize, generally an indication that they are morphologically normal.

FIGURE 10.1. Examples of congenital forms of aortic valve disease are illustrated. A: A short-axis view

demonstrates a bicuspid aortic valve. B: A quadricuspid aortic valve is shown from transesophageal

echocardiography. LA, left atrium; RA, right atrium; RVOT, right ventricular outflow tract.
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“Anatomic evaluation of the aortic valve is based on a combination of short- and long-axis 

images to identify the number of leaflets, and to describe leaflet mobility, thickness, and cal‐ 
cification” 
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