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Preface

Structural insufficiency of cardiac valves is the basic and featured cardiac pathology. Heart
valves allow unidirectional and unobstructed passage of blood without regurgitation, trau‐
ma to blood elements, thromboembolism and excessive stress concentrations in the leaflet
and supporting tissue. The ultrastructural histo-architecture of the valvular tissue is the ba‐
sis of mechanical properties of heart valves. New technologies for diagnosis, new research
for genetic structure, new definitions for the nature of malformations and malfunctions, new
classifications for pathologic types and new surgical approaches to replace dysfunctional be‐
havior will improve the survival of patients with these pathologies. This book tries to detail
pathophysiology, general forms and also specific types of structural valvular insufficiencies.

Professor Dr Kaan Kırali
Director of Kartal Koşuyolu YIEA Hospital

Istanbul, Turkey
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Abstract

The heart valves allow unidirectional and unobstructed passage of blood without 
regurgitation, trauma to blood elements, thromboembolism, and excessive stress con-
centrations in the leaflet and supporting tissue. In order to achieve this, the heart valves 
rely of their unique macroscale anatomy, histoarchitecture and ultrastructural features 
that allow them to accommodate repetitive changes in shape and dimension through-
out the cardiac cycle. This chapter is focused on the structure-function relationship of 
the heart valves, with particular focus on the aortic and mitral valves, discussing how 
the biochemical, histoarchitectural and anatomical features influence valvular function 
during the cardiac cycle and how valvular function dictates valvular architecture and 
ECM constitution. The chapter examines the structure-function relationship of valvular 
tissue by correlating its microscale histoarchitecture and biochemical constitution to its 
mesoscale biomechanics and macroscale function during the cardiac cycle. Moreover, the 
chapter examines the influence of pathological alterations on the histoarchitectural and 
biochemical characteristics of the valves on their biomechanical behavior.

Keywords: heart valves, histoarchitecture, biochemistry, biomechanics, 
structure-function

1. Introduction

Connective tissues comprise a network of interweaving fibers with polysaccharide ground
substance immersed in a pool of ionic fluid. Cells are attached to the fibers and are responsible
for replenishing the extracellular matrix (ECM) macromolecules and the ground substance
that carry out the physical function. The ECM contains three major classes of macromolecules,
including structural proteins, such as collagen, elastin and fibrillin, specialized proteins, such

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 1

Structure-Function Relationship of Heart Valves in
Health and Disease

Sotirios Korossis

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78280

Provisional chapter

DOI: 10.5772/intechopen.78280

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Structure-Function Relationship of Heart Valves in 
Health and Disease

Sotirios Korossis

Additional information is available at the end of the chapter

Abstract

The heart valves allow unidirectional and unobstructed passage of blood without 
regurgitation, trauma to blood elements, thromboembolism, and excessive stress con-
centrations in the leaflet and supporting tissue. In order to achieve this, the heart valves 
rely of their unique macroscale anatomy, histoarchitecture and ultrastructural features 
that allow them to accommodate repetitive changes in shape and dimension through-
out the cardiac cycle. This chapter is focused on the structure-function relationship of 
the heart valves, with particular focus on the aortic and mitral valves, discussing how 
the biochemical, histoarchitectural and anatomical features influence valvular function 
during the cardiac cycle and how valvular function dictates valvular architecture and 
ECM constitution. The chapter examines the structure-function relationship of valvular 
tissue by correlating its microscale histoarchitecture and biochemical constitution to its 
mesoscale biomechanics and macroscale function during the cardiac cycle. Moreover, the 
chapter examines the influence of pathological alterations on the histoarchitectural and 
biochemical characteristics of the valves on their biomechanical behavior.

Keywords: heart valves, histoarchitecture, biochemistry, biomechanics, 
structure-function

1. Introduction

Connective tissues comprise a network of interweaving fibers with polysaccharide ground 
substance immersed in a pool of ionic fluid. Cells are attached to the fibers and are responsible 
for replenishing the extracellular matrix (ECM) macromolecules and the ground substance 
that carry out the physical function. The ECM contains three major classes of macromolecules, 
including structural proteins, such as collagen, elastin and fibrillin, specialized proteins, such 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



as fibronectin and laminin, and glycosaminoglycans (GAGs) and proteoglycans. The ECM is 
involved in many normal and pathologic processes, playing an important role in tissue devel-
opment and pathology, and mechanotransduction of the cells [1]. The ground substance is a 
hydrophilic gel that fills the spaces between the cells and the ECM. Dense connective tissues 
contain a small amount of ground substance and the cells are mostly fibroblasts. Loose con-
nective tissues contain significantly more ground substance. Ground substance in normal con-
nective tissues is clear and colorless and its composition varies with the tissue. It has a dense 
consistency similar to that of maple syrup, due to the presence of GAGs and proteoglycans.

The structure and hence the properties of a tissue are dependent on the chemical and physical 
nature of its constituents and their relative amounts. For example, nervous tissue consists almost 
entirely of cells, whereas bone is composed of collagen fibers and calcium phosphate minerals 
with minute quantities of cells and ground substance. Depending on the functional requirements 
on a particular tissue, the organization of its ECM macromolecules, cells and ground substance, 
as well as its resulting mechanical properties, vary. The simplest structure from the point of view 
of the collagen fibers consists of parallel fibers, as in tendons and ligaments. The 2D and 3D net-
works of the skin are more complex, whereas the structure of blood vessels and heart valves are 
the most complex ones. This chapter describes the basic biochemistry and function of the major 
structural proteins, collagen and elastic fibers, as well as the major GAGs and proteoglycans, 
present in the ECM of the heart valves, and illustrates their physiological and pathological sig-
nificance. In addition it examines the structural basis, organization and structure-function rela-
tionship of valvular tissue, with particular focus on the aortic and mitral valves, by correlating its 
microscale histoarchitecture and biochemical constitution to its mesoscale biomechanics. Finally, 
the chapter examines the influence of pathological alterations, as a result of major valvular dis-
ease, on the histoarchitectural, constitutional and biomechanical characteristics of the valves.

2. Structure-function of major ECM proteins of valvular tissue

Proteins are the most abundant organic components of the human body. There are roughly 
100,000 different kinds of proteins and they account for about 20% of the total body weight [2]. 
All proteins contain carbon, hydrogen, oxygen, and nitrogen and in some cases small quanti-
ties of sulfur. Proteins are classified according to the function they perform into structural, 
contractile and transport proteins, buffers, enzymes, antibodies and hormones. From these 
types, structural proteins such as collagen, elastin and keratin create a 3D framework for the 
body, providing strength, organization, and support for cells, tissues, and organs. Proteins 
consist of chains of amino acids, with each amino acid comprising a central carbon atom to 
which four groups are attached, including a hydrogen atom, an amino group (–NH2), a carbox-
ylic acid group (–COOH) and a variable group, known as an R-group or side chain (Figure 1a). 
The amino and carboxylic acid groups are hydrophilic groups, and amino acids are relatively 
small, soluble molecules. Depending on the side chain the molecular structure changes dras-
tically, giving each amino acid its individual chemical properties. The simplest R-group is 
hydrogen, which forms glycine (Gly). Within the physiological pH range, the carboxylic acid 
groups on many amino acids give up their hydrogen, going from –COOH to –COO− and 
getting negatively charged. Two amino acids can be linked by dehydration, which creates 
a covalent bond between the carboxylic acid group of one amino acid and the amino group 
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of the other (Figure 1b). Such a bond is known as a peptide bond, and the molecule created 
dipeptide. The chain can be lengthened by the addition of more amino acids forming polypep-
tides. Polypeptides containing more than 100 amino acids are usually called proteins. Proteins 
contain negatively charged amino acids and, therefore, have a net negative charge [2, 3].

Proteins are very versatile and have a variety of different functional properties, which are 
determined not only by the R-groups on their constituent amino acids, but also by their shape. 
The primary determinant of shape is the sequence of amino acids (primary structure). The 20 
major amino acids present in the human body, can be linked in a high number of combinations, 
creating proteins that vary in shape and function. Changing the identity of a single amino acid 
out of 10,000 or more in a protein may significantly alter its functional properties. Further 
levels of structural complexity include the secondary, tertiary, and quaternary structures. The 
secondary structure appears as parts of the polypeptide chain, which are bonded together 
by hydrogen bonding. This usually creates a simple spiral, known as α-helix, or less often a 
flat pleated sheet, or both. The tertiary structure results primarily from interactions between 
the polypeptide chain and the surrounding water molecules, and partly from interactions 
between the R-groups of amino acids in different parts of the molecule. Structural proteins 
contain several polypeptide chains; each one with its own secondary and tertiary structure. 
Interactions between these chains determine the quaternary structure of these proteins. The 

Figure 1. (a) Amino acid structure. (b) Peptide bond formation. (c) Schematic of the collagen triple helix (□ glycine; ♦ 
other amino acids). (d) Triple helices of procollagen I, II and III; Gal: galactose residue; Glu: glucose residue; redrawn 
from Nimni (1988) [5].
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tertiary and quaternary structure of complex proteins depends not only on their amino acid 
sequence, but also on the local environmental characteristics, with small changes in the ionic 
composition, temperature, or pH affecting protein function [1–3].

2.1. Collagen fibers

Collagen is the major insoluble fibrous protein and the basic structural element for soft and 
hard tissues, supporting elements in the ECM. It is the main load-carrying element giving 
mechanical integrity and it is present in a variety of structural forms in different tissues. 
Collagen contains large domains of helical conformation, created by three α-helix polypeptide 
chains, each containing 1050 amino acids. The individual α-helix chains are left-handed helices 
with approximately three amino acid residues per turn. The chains are, in turn, coiled together 
to give a right-handed coiled triple helix (Figure 1c), which is the molecular basis of tropocol-
lagen, the precursor of collagen. All collagens have been shown to contain three α-helix chains 
of similar structure, with each collagen type differentiating its individual properties mainly 
by incorporating segments that do not follow the triple helix conformation, and fold the col-
lagen molecule into different kinds of three-dimensional structures [3]. The collagen molecule 
contains a high amount of three amino acids, including Gly, proline (Pro) and hydroxyproline 
(HYP), and since the latter is unique in collagen (elastin contains minute amount), the col-
lagen content in a tissue can be easily determined by a HYP assay. The characteristic repeating 
amino acid sequence of the collagen molecule is Gly-X-Y, where X and Y can be any amino acid 
but are often proline and HYP and less often lysine (Lys) and hydroxylysine (Hyl) [4]. In the 
amino acid sequence of the collagen molecule every third residue is Gly (Figure 1c), whereas 
proline and HYP follow each other relatively frequently [3, 5, 6]. Hydrogen bonding between 
the peptide bond NH of Gly and the peptide carbonyl (C=O) group in an adjacent polypeptide 
(Figure 1b), holds the three α-helix peptide chains together in a three-stranded helix, which 
is formed due to the fixed angle of the C-N peptidyl-Pro or peptidyl-HYP bond [3]. In addi-
tion, the α-helixes are cross-linked via Lys, whereas collagen III also contains cysteine (Cys) 
that can be cross-linked within molecules through disulfide bonds [7]. The side chains of the 
amino acids of the collagen molecule are highly non-polar and, hence, hydrophobic, seeking 
the greatest number of contacts with the non-polar side chains of other amino acids. In cases 
that the hydrophobic contact is destroyed by a solution such as urea, ultrastructural changes 
are generated in the collagen fibers, such as shrinking [7, 8]. Collagen stability is also affected 
by the water content in its intra- and inter-chain structure. Specifically, when the water content 
is decreased the collagen structure gets destabilized, whereas lyophilized collagen also dem-
onstrates decreased solubility [7, 8].

Depending on the source of tissues the collagen chains are different. A characteristic example 
is demonstrated in Figure 1d, which shows the triple helix conformation of three types of colla-
gen, differing in α-helix composition and degree of glycosylation. The amino acid compositions 
of these chains are listed in Table 1. The collagen α-helix chains are synthesized by ribosomes 
attached to the rough endoplasmic reticulum (ER) as longer precursors called pro-α-helix chains. 
Subsequently, the pro-α-helix chains undergo a series of covalent modifications in the ER and 
fold into triple-helical procollagen molecules (Figure 1d) before they are released from the cells. 
Specifically, short non-triple-helical segments at either end (C– and N–terminus) of the pro-α-helix 
chains, called propeptides and containing Hyl, are covalently linked by disulfide bonds to form 
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trimers and align the three α-helix chains prior to the triple helix formation in the ER. In addition, 
specific Pro and Lys residues in the middle of the chains are hydroxylated by hydroxylases, and 
asparagine-linked oligosaccharides are added to the C-terminal propeptide, whereas galactose 
(Gal) or galactose-glucose (Gal-Glu) residues are attached to Hyl residues, in a process known as 
glycosylation [4]. Glycosylation is a common form of post-translational modification of proteins 
that occurs during processing in the ER and provides intrinsic stabilization of the protein struc-
ture and, thus, increases protein half-life and protects them against denaturation or proteolytic 
degradation [9–11]. The modifications of the α-helices in the ER facilitate their zipping from C- to 
N-terminus to form stable triple helices in the procollagen molecule. These modifications also 
allow the binding of the chaperone protein Hsp47 to the procollagen, which has been suggested 
to further stabilize the helices and/or prevent premature aggregation of the trimers [4]. The modi-
fication of the procollagen in the ER is crucial for the subsequent formation of mature collagen, 

Table 1. Amino acid residues per 1000 total residues in human collagen [6, 20] and elastin [7].
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trimers and align the three α-helix chains prior to the triple helix formation in the ER. In addition, 
specific Pro and Lys residues in the middle of the chains are hydroxylated by hydroxylases, and 
asparagine-linked oligosaccharides are added to the C-terminal propeptide, whereas galactose 
(Gal) or galactose-glucose (Gal-Glu) residues are attached to Hyl residues, in a process known as 
glycosylation [4]. Glycosylation is a common form of post-translational modification of proteins 
that occurs during processing in the ER and provides intrinsic stabilization of the protein struc-
ture and, thus, increases protein half-life and protects them against denaturation or proteolytic 
degradation [9–11]. The modifications of the α-helices in the ER facilitate their zipping from C- to 
N-terminus to form stable triple helices in the procollagen molecule. These modifications also 
allow the binding of the chaperone protein Hsp47 to the procollagen, which has been suggested 
to further stabilize the helices and/or prevent premature aggregation of the trimers [4]. The modi-
fication of the procollagen in the ER is crucial for the subsequent formation of mature collagen, 

Table 1. Amino acid residues per 1000 total residues in human collagen [6, 20] and elastin [7].
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whereas defects in this process have been reported to have serious consequences. For example, 
hydroxylation requires the facilitation of vitamin C, and cells deprived of it cannot hydroxylate 
the procollagen chains sufficiently to form stable triple helices. As a result, non-hydroxylated 
procollagen chains are degraded within the cell and no collagen fibers can be formed [12]. As a 
result, in tissues where the turnover (degradation and replacement) of the collagen occurs rela-
tively rapidly, such as in blood vessels and heart valves that experience significant collagen fiber 
damage due to the repetitive deformation during normal function, the gradual loss of preexisting 
ECM collagen, which is not supplemented by newly-formed collagen, leads to tissues that are 
extremely fragile and prone to disintegration [13]. However, in other tissues, such as bone, the 
turnover of collagen is very low, with collagen molecules reportedly remaining intact for about 
10 years [13]. Following the post-translational modification in the ER, the procollagen molecules 
are transported to the Golgi apparatus, where they are associated laterally to form small bundles, 
before they are secreted in the extracellular space (exocytosis). Following exocytosis, procollagen 
peptidases cleave the N-terminal and C-terminal propeptides, transforming the procollagen to 
tropocollagen molecules, approximately 300 nm long and 1.5 nm in diameter [14]. This allows 
the tropocollagen molecules to assemble into collagen fibrils by covalent cross-linking between 
two Lys or Hyl residues at the C-terminus of one tropocollagen molecule with two similar resi-
dues at the N-terminus of an adjacent molecule. These cross-links stabilize the packing of the 
tropocollagen molecules in a quarter-staggered array architecture (Figure 2a), generating strong 
fibrils with a diameter of 50–200 nm and several micrometers long, depending of the species 
and tissue, with a cross-striated appearance under transmission electron microscopy (Figure 2b) 
[3–6]. The striation has a period (D) of approximately 67 nm, with the lighter part of the stria-
tion representing a gap of approximately 0.6D between successive molecules (Figure 2b) [6, 15]. 
The covalent cross-linking between Lys and Hyl residues of adjacent collagen molecules confers 
significant strength to the collagen fibrils. This type of covalent bonding is only found in collagen 
and elastin, and its inhibition results in a dramatic reduction of the tensile strength of the fibrils, 
making tissues fragile and prone to tearing. The extent and type of cross-linking vary from tissue 
to tissue; in tissues where tensile strength is crucial, collagen is highly cross-linked [13]. Although 
the alignment of the tropocollagen molecules in the collagen fibril has been idealized as perfectly 
straight and parallel in Figure 2a, in reality they are bent in various degrees, depending on the 
attachment of water molecules, and have varying spacing between neighboring molecules [6]. 
Bundles of collagen fibrils form collagen fibers, with diameters ranging between 0.2 and 12 μm, 
and increasing with age, whereas their length depends on the tissue [16, 17]. Moreover, collagen 
fibers appear to be crimped (Figure 2c), and when the tissue is stretched the amplitude of the 
crimp decreases [6, 18, 19]. It has been suggested that the crimping of the collagen fibers is gener-
ated by the shrinking of the non-collagenous components of the ground substance, which causes 
collagen fiber buckling [19], whereas enzymatic digestion of the non-collagenous components of 
the ground substance alters the mechanical properties of the tissue [6].

Collagens are differentiated in terms of their ability to form fibers and organize the fibers 
into networks. There are at least 20 types of collagen that have been identified and participate 
in the formation of the ECM of tissues [4]. Among these, types I, II, II, V and XI are fibrillar 
collagens, with types I, II, III comprising 80–90% of the total collagen in the body [3]. Collagen 
I is present in almost any tissue, but it predominantly present in bone, dermis, placental mem-
branes, tendons, ligaments, blood vessels and heart valves. Collagen II is mainly located in 

Structural Insufficiency Anomalies in Cardiac Valves6

hyaline cartilage and cartilage-like tissues and the vitreous body of the eye [20]. Similarly 
to collagen I, collagen III is also quite common in most tissues and represents a major con-
stituent of blood vessels and heart valves, as well as other more distensible connective tissue. 
Collagen V has a similar distribution to collagen I, but it is a minor constituent in the tissues, 
whereas collagen XI is found mainly in cartilage and is distributed similarly to collagen II [21]. 
Collagen VI and IX represent a separate class of collagens that are associated to fibrillar colla-
gens, linking them to each other or to other ECM components. The collagen VI tropocollagen 
comprises short triple-helical regions of approximately 60 nm long, separated by globular 
regions of approximately 40 nm long [3]. Collagen VI is common in placental villi [6] and has 
also been found in many other connective tissues, where it is bound to collagen I fibrils and 
has been suggested to enable the formation of thicker collagen I fibers [3]. Collagen IX is a pro-
teoglycan in that one of its polypeptide subunits serves as the core protein for a chondroitin 

Figure 2. (a) Quarter-staggering of tropocollagen I molecules in collagen fibrils; redrawn from Lodish et al. (2003) [4]. (b) 
Transmission electron microscopy of the decellularised mitral valve leaflet showing the striations in the collagen I fibrils; 
adopted with permission from Granados et al. (2017) [68]. (c) Histological section of the anterior mitral valve leaflet 
stained with sirius red under polarized light, showing the crimping in the collagen I fibers; adopted with permission 
from Roberts et al. (2016) [18]. (d) Immunofluorescence staining for collagen IV produced by human endothelial cells 
seeded on culture plastic (yellow/orange: anti-collagen-IV; blue: Hoechst stain for nuclei); adopted with permission 
from Pflaum et al. (2017) [132]. (e) Two photon microscopy of the atrial surface of the native anterior mitral valve leaflet, 
showing the elastin in the elastic fiber network.
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tion representing a gap of approximately 0.6D between successive molecules (Figure 2b) [6, 15]. 
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significant strength to the collagen fibrils. This type of covalent bonding is only found in collagen 
and elastin, and its inhibition results in a dramatic reduction of the tensile strength of the fibrils, 
making tissues fragile and prone to tearing. The extent and type of cross-linking vary from tissue 
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the alignment of the tropocollagen molecules in the collagen fibril has been idealized as perfectly 
straight and parallel in Figure 2a, in reality they are bent in various degrees, depending on the 
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and increasing with age, whereas their length depends on the tissue [16, 17]. Moreover, collagen 
fibers appear to be crimped (Figure 2c), and when the tissue is stretched the amplitude of the 
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ated by the shrinking of the non-collagenous components of the ground substance, which causes 
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the ground substance alters the mechanical properties of the tissue [6].

Collagens are differentiated in terms of their ability to form fibers and organize the fibers 
into networks. There are at least 20 types of collagen that have been identified and participate 
in the formation of the ECM of tissues [4]. Among these, types I, II, II, V and XI are fibrillar 
collagens, with types I, II, III comprising 80–90% of the total collagen in the body [3]. Collagen 
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whereas collagen XI is found mainly in cartilage and is distributed similarly to collagen II [21]. 
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gens, linking them to each other or to other ECM components. The collagen VI tropocollagen 
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also been found in many other connective tissues, where it is bound to collagen I fibrils and 
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sulfate side chain [6]. The collagen IX molecule comprises two long triple helices connected 
by a flexible link, on the α2(IX) chain of which the chondroitin sulfate glycosaminoglycan 
(GAG) chain is covalently linked to [3, 6]. Collagen IX does not assemble into fibrils, due to 
its interrupted triple-helical conformation. Nevertheless, it is bound along collagen II fibrils at 
regular intervals, binding them to the GAG- and proteoglycan-rich ECM, and also reportedly 
contributing to their assembly in collagen II fibers [22]. In addition to collagen IX, collagens 
XVIII and XV also function as core proteins in proteoglycans.

Collagen IV is a sheet-forming collagen, which is of particular importance for endothelial-
ized and epithelialized tissues, since, together with laminin, is the primary component of all 
basal laminae, forming their basic two-dimensional fibrous network. Collagen IV, as well as 
most of the other ECM components that form the basal laminae, is synthesized by the cells 
that reside on it (Figure 2d) [4]. The collagen IV molecule is formed by a 400-nm-long triple 
helix with large globular domains at the C-terminus and smaller non-collagen ones at the 
N-terminus, whereas Gly-X-Y sequences of its α-helices are interrupted with segments that 
do not form a triple helix, and introduce flexible links and flexibility into the molecule [3, 4]. 
Following exocytosis into the extracellular space, adjacent collagen IV molecules assemble 
either into groups of 4 molecules by association of their globular N-terminus domains, yield-
ing tetrameric units, or into pairs by association of their globular C-terminus domains, yield-
ing dimeric units [4]. Subsequently, triple-helical regions from several tetrameric and dimeric 
units associate laterally, similarly to the case of fibril formation in fibrillar collagens, to form 
branching two-dimensional mesh-like fibrous networks to which other ECM components and 
adhesion receptors can bind (Figure 2d). In addition to the aforementioned types of collagen, 
other minor classes of collagens include anchoring collagens, such as collagen VII, which con-
nects the basal lamina to the underlying connective tissue, transmembrane collagens, which 
function as cell adhesion receptors, and host defense collagens, which help the body to recog-
nize and eliminate pathogens [4].

Collagen is encoded by approximately 30 genes, whereas its biosynthetic pathway involves a 
number of post-translational phases. Owning to this, collagen-related disease most commonly 
arise from genetic mutations affecting collagen encoding or post-translational modifications, 
whereas nutritional deficiencies might also affect the post-translational modifications, assem-
bly, or secretion of collagen [1, 13]. Moreover, autoimmune conditions have also been reported 
to affect collagen fibers, whereas a number of different bacteria and viruses can degrade 
collagen or interfere with its production pathway [1]. Goodpasture’s autoimmune disease 
causes self-attacking antibodies to bind to the α-helices of collagen IV, setting off an immune 
response that causes cellular damage [4]. The Ehlers-Danlos syndrome comprises at least 10 
types of congenital disorders whose principal features include tissue hyper-extensibility and 
abnormal fragility. Type IV disorder is the most serious one, especially for the cardiovascular 
system, which affects collagen III and is associated with spontaneous rupture of arteries or 
the bowel [1, 13]. Type VI disorder, together with the Bruck syndrome and Menkes disease, 
are associated with lysyl hydroxylase deficiency, leading to defective cross-linking of collagen 
and elastin [1, 4, 23], whereas type VIIC disorder causes formation of abnormally thin and 
irregular collagen fibrils [1]. Moreover, the Alport syndrome is another genetic disorder that 
alters the C-terminal domain of the tropocollagen IV α-helices and affects the structure of 
collagen IV fibers, causing structural abnormalities in basal laminae [1, 4].
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2.2. Elastic fibers

Elastin is an another structural insoluble fibrous protein, forming a large proportion of the ECM 
of arteries and veins, especially near the heart, and in other deformable tissues such as ligaments, 
heart valves, skin, lungs and areolar connective tissue. Elastin is the dominant ECM protein in 
arteries, contributing about 28–50% of the dry weight of the aorta [13, 23, 24], whereas in elastic 
ligaments and tendons the elastin content attributes 50 and 4% of the dry weight, respectively 
[23]. Elastin is the main component of the elastic fibers, which are major insoluble assemblies 
of the ECM that generate resilience into the tissues by providing a mechanism that permits 
tissues to deform under load and passively recoil to their original configuration after the load 
is released, preventing dynamic tissue creep [13, 24–26]. These properties are critical to the 
function of heart valves, which undergo repeated dynamic cycles of large extension and recoil 
during opening and closing. In addition to contributing to ECM resilience, the elastic fibers are 
also an important load-bearing structure, complementing the function of the collagen fibers at 
the sites where mechanical energy needs to be stored [25]. In particular, the elastic fibers dictate 
tissue mechanics at low strains before the stiffer collagen fibers are engaged at higher strains 
[24]. Elastic fibers are the most linearly elastic biosolids known, and are at least five times more 
extensible than rubber. They are generally twisted or straight with a diameter ranging between 
about 0.2 and 1.5 μm forming coarse networks (Figure 2e) [27]. In dense elastic tissues, such 
as the arteries, the elastic fibers fuse during development to form flattened co-centric sheets, or 
elastic laminae, with numerous fenestrations [17, 28, 29].

The elastic fibers are complex structures that comprise several components, with elastin and 
microfibrils constituting their two major ones [30]. Ultrastructurally, elastic fibers are composed 
of a homogeneous inner core of laterally packed, thin cross-linked elastin filaments that make up 
more than 90% of fibers, and an outer fibrillar mantle that consists of microfibrils and surrounds 
the elastin, accounting for 5–10% of the elastic fibers [23, 25, 26]. The amino acid compositions of 
these components are given in Table 1 [7]. The microfibrils are organized into 8–16 nm beaded 
fibrils and are predominantly made of five distinct proteins, including two fibrillin glycoproteins 
(fibrillin-1 and fibrillin-2) and two microfibril-associated glycoproteins (MAGP-1 and MAGP-2) 
[13, 23, 31]. Additional components of the elastic fibers include lysyl oxidase, elastin-binding 
protein (EBP), proteoglycans, osteopontin, emilin, fibulin-1, and various microfibril-associated 
proteins [23]. Early development of the elastic fibers involves the assembly of fibrillin molecules 
in the extracellular space, in enfoldings of the cell surface, into head-to-tail microfibrillar arrays 
of approximately 160 nm in length that are cross-linked by transglutaminase to form mature 
beaded microfibrils. Transglutaminase forms γ-glutamyl-e-Lys isopeptide bonds within or 
between peptide chains [25, 29]. The mature microfibrils, which have a length of approximately 
100 nm, form loosely-packed parallel bundles with an one-third-staggered architecture, that 
have been hypothesized to be stabilized by inter-microfibrillar crosslinking [25]. Non-stretched 
microfibrils have been reported to have a beaded periodicity of approximately 56 nm, whereas 
models have predicted up to 8 fibrillin molecules in the microfibril cross-section [25, 27, 31, 32].

Following the formation of the microfibril bundles, intracellularly-produced tropoelastin [33] is 
gradually deposited among the preformed template of fibrillin-rich microfibrils, until the elas-
tic fibers reach full maturation [7, 23, 25, 26]. Some tissues, even at their mature state, contain 
bundles of microfibrils devoid of tropoelastin (oxytalan fibers), as well as sites where bundles 
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of microfibrils are only partially intermixed with tropoelastin (elaunin fibers), and never devel-
oped into fully mature elastic fibers [26]. These microfibril states represent interruptions in suc-
cessive phases of elastic fiber development, indicating that microfibrils can be both progenitors 
of fully mature elastic fibers in fetal tissues, and independent connective tissue components 
(oxytalan fibers) [26, 34]. Tropoelastin is the soluble precursor of elastin, which is synthesized 
by fibroblasts and smooth muscle cells (SMCs) and secreted as a soluble and highly hydropho-
bic monomer of about 750 amino acids long [13, 24, 35]. Similarly to tropocollagen, tropoelastin 
contains an abundance of Pro and Gly, but is not glycosylated and contains minute amounts of 
HYP and no Hyl [13]. Human tropoelastin contains more than 30% Gly, whereas about 75% of 
its amino acid sequence is made up of just four hydrophobic amino acids, including Gly, valine 
(Val), alanine (Ala) and Pro [23]. Structurally, tropoelastin comprises two types of alternating 
segments, including hydrophobic segments and Ala-/Lys-rich α-helical segments, which form 
cross-links between adjacent molecules [13]. During tropoelastin deposition among the micro-
fibrils, the latter get displaced to the periphery of the growing fiber, allowing the formation 
of the elastin core by the accumulation of tropoelastin molecules [13, 31]. The accumulated 
tropoelastin molecules couple covalently to each other by lysyl oxidase-derived cross-links, to 
form the polymeric elastin, stabilizing the elastin core of the elastic fibers [25, 31]. Lysyl oxidase 
catalyzes the selective oxidative deamination of Lys residues in tropoelastin, leading to the 
formation of bi-functional (dehydrolysinonorleucine and allysine aldol), tri-functional (dehy-
dromerodesmosine) and tetra-functional (desmosine and isodesmosine) crosslinks [25]. The 
resulting cross-linked mature elastin is a very stable and persistent structure that is extremely 
hydrophobic and insoluble due to the extensive cross-linking at Lys residues [23]. The high 
stability of elastin has been attributed to the low content of polar amino acid residues, including 
the anionic Lys, histidine (His) and arginine (Arg), as well as the cationic aspartic acid (Asp) 
and glutamic acid (Glu) [7].

The elastic recoil generated by the elastic fibers is a critical attribute for tissues that are required 
to undergo repetitive stretch/relaxation cycles. Tropoelastin is among the most elastic pro-
teins, with a capacity to stretch eight times its resting molecular length (≈20 nm) and recoil 
without damage, while showing no hysteresis after repeated stretch and relaxation cycles, 
demonstrating a near perfect spring behavior with minimal energy loss [36, 37]. Atomic force 
microscopy studies have estimated the Young’s modulus of tropoelastin to approximately 
3 kPa [37], which is two order of magnitudes smaller (more flexible) than mature cross-linked 
elastin, estimated between 0.6 and 1.1 MPa [6, 35], four orders of magnitude smaller than 
microfibrils, estimated between 78 and 96 MPa [38], and six orders of magnitude smaller than 
mature cross-linked collagen I, estimated between 1 and 1.2 GPa [6, 35]. Given the fact that 
elastin and elastic fibers are robust structures that effectively last for the lifetime of the organ-
ism, studies have suggested that the elastic recoil generated in the elastic fibers cannot be a 
result of the stressing of the chemical bonds, since this would lead to the fiber deterioration 
[32]. Several studies have proposed that elastic recoil could be potentially attributed to the 
change in the number of conformation states of the cross-linked polypeptide chains during 
stretching and relaxation [6, 7, 13, 39]. Elaborating, under relaxed conditions the cross-linked 
polypeptide chains adopt a loose random coil conformation, which results in an increased 
number of different intramolecular conformational states in the chains. Under stretching, 
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the chains adopt a relatively aligned conformation, limiting their conformational freedom 
and, thus, decreasing their entropy. Under relaxation, the chains resume their random con-
formation, increasing the number of different conformational states and, thus, their entropy. 
This change in the entropy of the cross-linked chains has been suggested to provide the free 
energy for the elastic recoil [6, 23, 32]. Along these lines, it has been suggested that intra-
molecular folding of fibrillin molecules at their termini and Pro-rich regions, and at flexible 
sites between 8-Cys motifs, provides the extension/recoil mechanism of microfibrils [25, 27]. 
Similarly, cross-linked mature elastin has been suggested to derive its high elasticity from the 
cross-linking of Lys residues into desmosine, isodesmosine, and lysinonorleucine [7].

In contrast to collagens that can be encoded by large gene families, there is only one gene 
(ELN) that is responsible for synthesizing tropoelastin [40, 41]. Tropoelastin is mainly syn-
thesized in utero and early childhood, whereas by middle-age only a small amount of this 
molecule is produced [23, 42]. Owing to this, elastin is the longest lasting protein in the body, 
with a half-life of approximately 74 years [23, 43]. However, in the event of elastin damage 
due to acquired disease or aging, the low levels of tropoelastin produced mean that elastic 
fibers cannot be repaired sufficiently. Along these lines, loss of elasticity, due to degradative 
changes in elastic fibers, is a major contributing factor in connective tissue aging, and aortic 
aneurysm development [23, 25, 44, 45]. Elastic fiber degradation has also been reported to 
occur in atherosclerosis, with atherosclerotic vessels presenting increased stiffness, together 
with calcium and lipid accumulation in the elastic fibers [23, 46].

In the case of genetic disorders, mutations in the genes of the components of the elastic 
fibers have been associated with congenital disorders in elastic fiber-rich connective tissues. 
Specifically, Marfan syndrome and other overlapping disorders, such as MASS (mitral valve 
prolapse, aortic dilation, and skin/skeletal manifestations) syndrome, and autosomal TAAD 
(thoracic aortic aneurysms and dissections) [47], termed fibrillinopathies [48], have been asso-
ciated with fibrillin-1 mutations, leading to increased fragmentation of the elastic fibers that, 
in turn, lead to life-threatening cardiovascular disease and severe skeletal and ocular defects 
[13, 25, 38]. Progressive aortic valve root dilation, aortic dissection and rupture, and aortic or 
mitral valve regurgitation are the most serious conditions associated with Marfan syndrome, 
with a 90% mortality rate in these patients. Neonatal patients with Marfan syndrome die 
perinatally from congestive heart failure and valvular deficiency [38].

Increased fragmentation of the elastic fibers has also been reported in cutis laxa and Menkes 
disease, the latter of which is associated with tortuous blood vessels and abnormalities in 
other tissues [23]. Moreover, the pseudoxanthoma elasticum and Buschke-Ollendorff syn-
dromes have been associated with fragmentation, clumping and calcification of elastic fibers, 
leading to cardiovascular defects [23, 25]. Elastin mutations that cause elastin deficiency have 
been reported to cause reduced elastin content and disruption in the architecture of aorta and 
heart valves in Williams syndrome and supravalvular stenosis (SVAS) [23, 25, 29]. Elastin has 
been reported to induce actin stress fiber organization and inhibit SMC proliferation [24], 
indicating that apart from its structural role, elastin has a role in arterial morphogenesis [23]. 
Owing to this, reduction in the elastin content causes narrowing of the aorta and other arter-
ies, and SVAS [23, 25], due to the excessive proliferation of SMCs [13, 24].
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3. Glycosaminoglycans and proteoglycans

GAGs (also termed mucopolysaccharides) are the most abundant unbranched hetero-
polysaccharides in the body, composed of repeating disaccharide units [1]. Disaccharides 
are formed by two simple sugars (monosaccharides; basic units of carbohydrates), which are 
joined by dehydration synthesis. Polysaccharide chains are large, stiff and complex molecules 
that exist in tissues as highly viscous materials that interact with proteins and readily bind 
both water and cations. The GAGs derive their name from the fact that one of the two sugars 
in their repeating disaccharide unit is always an amino sugar, either N-acetylglucosamine 
(N-acetyl-D-glucosamine; GlcNAc) or N-acetylgalactosamine (N-acetyl-D-galactosamine; 
GalNAc) [1, 7, 13]. The other of the two sugars is usually either an uronic acid (glucuronic 
acid or iduronic acid) or D-galactose [1, 4, 13], whereas one or both of the sugars contain at 
least one anionic group (carboxyl or sulfate) [4], rendering GAGs highly negatively charged 
[13]. Owing to the relatively high stiffness and hydrophilicity of the polysaccharide chains, 
GAGs form extended conformations with a large volume to mass ratio, forming hydrated gels 
even at very low concentrations, and imparting high viscosity and, thus, low compressibility, 
to the ECM. The gel-forming character of the GAGs is due to their high negative charge that 
attracts cations, especially Na+, which causes large osmotic inflow of water into the ECM, 
creating a swelling pressure that enables the ECM to withstand compressive loads [1, 13]. 
The GAG gels can form with varying pore size and charge density, and it has been suggested 
that they act as selective sieves to regulate molecule and cell traffic according to their size and 
charge [13]. Although GAGs constitute less than 10% of the weight of the fibrous proteins 
in the ECM of connective tissues, their high volume to weight ratio and gel-forming ability 
enables them to fill most of the extracellular space, providing mechanical support to the tissue 
[7, 13], as well as lubrication between tissue (joints) and elastic and collagen fibers [2, 6].

Depending on the type of the repeating disaccharide unit, type of linkage between the sugars, 
and number and location of sulfate groups, GAGs are classified into four groups, including (i) 
hyaluronic acid, (ii) heparan sulfate and heparin, (iii) keratan sulfates (I and II), and (iv) chon-
droitin sulfates (chondroitin 4-sulfate and chondroitin 6-sulfate) and dermatan sulfate (Table 2) 
[1, 4, 13]. Hyaluronic acid is the simplest GAG and the only one that it does not contain any sul-
fate or attach covalently to proteins as a proteoglycan. However, it does form complexes with 
proteoglycans in the ECM, non-covalently [7]. All other GAGs contain sulfate groups, either as 
O-esters or as N-sulfate (in heparin and heparan sulfate) [1]. Heparin is a hyper-sulfated form of 
heparan sulfate that produced by mast cells and is an important anticoagulant that can activate 
the antithrombin III clotting inhibitor in plasma [1, 4]. It can also bind to the lipoprotein lipase, 
which is a membrane-associated enzyme present in capillary walls that hydrolyzes triglycer-
ides to fatty acids, causing its release into the circulation [1, 4]. Hyaluronic acid is abundant in 
embryonic tissues and has been suggested to play an important role in facilitating cell migra-
tion during morphogenesis and wound repair, whereas high concentrations of hyaluronic acid, 
as well as chondroitin sulfates, in tissues contribute to their compressibility. Keratan sulfates 
and dermatan sulfate lie between collagen fibrils and play a critical role in their alignment. 
Heparan sulfate is associated with cell membranes and has been suggested to act as a receptor 
mediating in cell growth and cell-cell and cell-ECM communication [1]. In adult tissues, GAGs 
have a slow turnover, with half-lives between days and weeks [1].
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With the exception of hyaluronic acid, all GAGs are found covalently linked to a polypep-
tide chain, or core protein, forming proteoglycans that are synthesized by most cell types [4]. 
Proteoglycans is a diverse group of highly glycosylated glycoproteins, which are distinguish-
able from other glycoproteins by the nature, quantity, and arrangement of their sugar side 
chains [13]. Proteoglycans feature at least one GAG side chain, whereas their carbohydrate 
content can reach up to 95% of their weight [1, 13]. On the other hand, the carbohydrate con-
tent of glycoproteins is between 1 and 60% of their weight, an is present in the form of numer-
ous relatively short, branched oligosaccharide chains [2, 13]. Proteoglycans have the potential 
of almost limitless heterogeneity [13], differentiating in the type of core protein, number and 
types of GAG chains, and number of disaccharide modifications by sulfate groups [1, 4, 13]. 
Some of the most common proteoglycans that have been characterized are listed in Table 2. 
Similarly to other proteins, the core proteins of proteoglycans are synthesized by ribosomes 
attached to the ER, and translocated into the lumen of the ER. Subsequently, the core protein 
is transported to the Golgi apparatus where it is glycosylated [1, 2]. During glycosylation, the 
GAGs are linked to their core proteins in one of three different modes. The first two modes 
involve the formation of O-glycosidic bonds between the hydroxyl side chains of serine (Ser) 
residues in the core protein and a xylose (Xyl) residue, which is unique to proteoglycans, 
or between Ser residues in the core protein and GalNAc residues in the GAG chain (kera-
tan sulfate II). In the first case, two Gal residues are subsequently added to the Xyl residue 
sequentially, forming a link trisaccharide (-Gal-Gal-Xyl-) that serves as a polysaccharide 
growth primer, followed by further linear growth of the GAG on the Gal terminal of the link 
trisaccharide (Figure 3). The third mode involves the formation of N-glycosylamine bonds, 
as found in N-linked glycoproteins, between the amide nitrogen of asparagine (Asn) residues 
in the core protein and the GlcNAc residues of the GAG chains [4, 13]. Subsequently, the 
polysaccharide chains are often modified in the Golgi apparatus by the covalent linkage of 

Table 2. Prevalent localization of different GAG types and their associated proteoglycans.
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small molecules, such as sulfate groups onto GalNAc and other moieties and the epimeriza-
tion of GlcUA to IdUA residues. Following glycosylation, the completed proteoglycan is then 
exported in secretory vesicles to the ECM [1, 4, 13].

In the extracellular space, proteoglycans bind various secreted signal molecules, such as growth 
factors, enhancing or inhibiting their signaling activity [13]. They also bind to other types of 
secreted proteins, including proteases and protease inhibitors, regulating their activities [1, 4]. 
Moreover, GAGs and proteoglycans can associate to each other to form big aggregates. Such a 
case is the aggrecan proteoglycans, which comprise chondroitin sulfate and keratan sulfate, and 
assemble with hyaluronic acid. GAGs and proteoglycans also associate with fibrous proteins, 
such as collagen and basal laminae, creating extremely complex structures. Such a proteoglycan 
is decorin, which comprises chondroitin sulfate and dermatan sulfate, and binds to collagen 
fibrils, aiding in collagen fiber formation. Decorin deficiency has been reported to lead to reduced 
tensile strength in tissues [13, 49–52]. Another proteoglycan of this type is perlecan, which is 
major proteoglycan of basal laminae, consisting of heparan sulfate and chondroitin sulfate chains 
linked to a large multi-domain core protein. Perlecan is incorporated in the basal laminae by 
binding to both laminin and collagen IV, connecting the two networks, and defining the structure 
and function of basal laminae. Owing to its multi-domain components, perlecan can also cross-
link cell surface molecules to ECM components [4]. In addition to proteoglycans that fully reside 
in the extracellular space, some proteoglycans form integral components of the cell membranes 
by having their core protein spanning or attached to the lipid bilayer of the cell membrane. Such 
proteoglycans are the syndecans, which comprise three chondroitin sulfate and heparan sulfate 
chains and are expressed by many cell types, including epithelial cells and fibroblasts [13, 53–55]. 
Syndecans bind to ECM collagens and other ECM proteins such as the fibronectins, anchoring 
cells to the ECM, while interacting with the intracellular actin cytoskeleton [4].

The importance of GAGs and proteoglycans is emphasized by the severe developmental 
defects that can occur when specific proteoglycans are inactivated by mutation. A number of 
congenital enzyme deficiencies have been linked to GAG metabolic disorders (mucopolysac-
charidoses) [13]. Among mucopolysaccharidoses, the Hurler [56–59] and Hunter [60–62] syn-
dromes are the most widely studied. Mucopolysaccharidoses are associated with mutations 
in the gene encoding lysosomal hydrolases, including endoglycosidases and exoglycosidases, 

Figure 3. Biosynthesis of proteoglycans, showing the case of the linking of chondroitin sulfate chains to their core 
protein. Ser: serine residue; Gal: galactose residue; GlcUA: glucuronic acid residue; Xyl: xylose residue. Modified from 
Alberts et al. (2014) [13] and Lodish et al. (2003) [4].
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which are enzymes involved in GAG degradation [56, 57, 62]. Absence or malfunctioning of 
lysosomal hydrolases lead to GAG accumulation in various tissues, including liver, spleen, 
bone, skin, and central nervous system [1, 60, 61]. Moreover, severe congenital deficiency in 
dermatan sulfate synthesis leads to a short stature, prematurely aged appearance, and general-
ized defects in the skin, joints, muscles, and bones of individuals [13]. GAGs and proteoglycans 
have also been associated with major diseases, such as cancer and atherosclerosis, and aging. 
The intima of arterial walls contains, among others, dermatan sulfate proteoglycans, which 
are synthesized by arterial SMCs and bind plasma low-density lipoproteins that are involved 
in atherosclerotic plaque development. Since atherosclerotic lesions feature increased prolif-
eration of SMCs, the dermatan sulfate content is increased in these sites, suggesting a potential 
role of this GAG in atherosclerotic plaque development [63]. Moreover, the amount of chon-
droitin sulfate diminishes with age, whereas the amounts of keratan sulfate and hyaluronic 
acid increase. These changes may contribute to conditions, such as osteoarthritis, and other 
degenerative diseases, as well as the characteristic changes in aged skin in the elderly [1, 2].

4. Structure and constituents of normal heart valves

Depending on the functional requirements for a particular tissue, the organization of fibers, cells 
and other ECM macromolecules in the tissue and, thus, the mechanical properties of the tissue 
vary. The simplest structure from the point of view of the collagen fibers consists of parallel fibers 
as in tendons and ligaments. The 2D and 3D networks of the skin are more complex, whereas the 
structures of aortic, pulmonary, mitral and tricuspid valves in the heart are the most complex 
ones. The structure of the heart valves is adapted to allow unidirectional and unobstructed pas-
sage of blood without regurgitation, trauma to blood elements, thromboembolism, and excessive 
stress concentrations in the valve leaflets and supporting tissue. The cellular and extracellular 
elements of normal valves accommodate repetitive changes in shape and dimension throughout 
the cardiac cycle. They provide effective stress transfer to the annulus and adjacent tissue, and 
mediate functional remodeling and repair of injury caused by the large repetitive deformations. 
The aortic and pulmonary valves comprise three similar-size leaflets, and are located between 
the left ventricle and aorta, and the right ventricle and pulmonary artery, respectively. Their 
leaflets resemble half-moons and, thus, they are referred to as semilunar (SL) valves. The mitral 
valve (MV) is located between the left ventricle and left atrium, and comprises two noticeably 
different leaflets that resemble a bishop’s miter when they are closed. The tricuspid valve is 
located between the right ventricle and right atrium, and comprises three leaflets. Owing to 
their location between the atria and the ventricles, the mitral and tricuspid valves are referred 
to as the atrioventricular (AV) valves. In addition to their leaflets, the AV valves also comprise 
fan-shaped tendinous chord (chordae tendinae) that link the AV valve leaflets to protrusions on 
the ventricular wall, the papillary muscles, and act similarly to the parachute chords, preventing 
the AV valve leaflets to prolapse into the atria when they are fully closed.

The aortic and pulmonary valve leaflets open against the aorta and pulmonary artery, respec-
tively, during ventricular systole, whereas the mitral and tricuspid valve leaflets open against 
the myocardial wall of the right and left ventricle, respectively, during ventricular dias-
tole. The semilunar valves close during ventricular diastole and the atrioventricular valves 
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small molecules, such as sulfate groups onto GalNAc and other moieties and the epimeriza-
tion of GlcUA to IdUA residues. Following glycosylation, the completed proteoglycan is then 
exported in secretory vesicles to the ECM [1, 4, 13].

In the extracellular space, proteoglycans bind various secreted signal molecules, such as growth 
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and function of basal laminae. Owing to its multi-domain components, perlecan can also cross-
link cell surface molecules to ECM components [4]. In addition to proteoglycans that fully reside 
in the extracellular space, some proteoglycans form integral components of the cell membranes 
by having their core protein spanning or attached to the lipid bilayer of the cell membrane. Such 
proteoglycans are the syndecans, which comprise three chondroitin sulfate and heparan sulfate 
chains and are expressed by many cell types, including epithelial cells and fibroblasts [13, 53–55]. 
Syndecans bind to ECM collagens and other ECM proteins such as the fibronectins, anchoring 
cells to the ECM, while interacting with the intracellular actin cytoskeleton [4].

The importance of GAGs and proteoglycans is emphasized by the severe developmental 
defects that can occur when specific proteoglycans are inactivated by mutation. A number of 
congenital enzyme deficiencies have been linked to GAG metabolic disorders (mucopolysac-
charidoses) [13]. Among mucopolysaccharidoses, the Hurler [56–59] and Hunter [60–62] syn-
dromes are the most widely studied. Mucopolysaccharidoses are associated with mutations 
in the gene encoding lysosomal hydrolases, including endoglycosidases and exoglycosidases, 

Figure 3. Biosynthesis of proteoglycans, showing the case of the linking of chondroitin sulfate chains to their core 
protein. Ser: serine residue; Gal: galactose residue; GlcUA: glucuronic acid residue; Xyl: xylose residue. Modified from 
Alberts et al. (2014) [13] and Lodish et al. (2003) [4].
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which are enzymes involved in GAG degradation [56, 57, 62]. Absence or malfunctioning of 
lysosomal hydrolases lead to GAG accumulation in various tissues, including liver, spleen, 
bone, skin, and central nervous system [1, 60, 61]. Moreover, severe congenital deficiency in 
dermatan sulfate synthesis leads to a short stature, prematurely aged appearance, and general-
ized defects in the skin, joints, muscles, and bones of individuals [13]. GAGs and proteoglycans 
have also been associated with major diseases, such as cancer and atherosclerosis, and aging. 
The intima of arterial walls contains, among others, dermatan sulfate proteoglycans, which 
are synthesized by arterial SMCs and bind plasma low-density lipoproteins that are involved 
in atherosclerotic plaque development. Since atherosclerotic lesions feature increased prolif-
eration of SMCs, the dermatan sulfate content is increased in these sites, suggesting a potential 
role of this GAG in atherosclerotic plaque development [63]. Moreover, the amount of chon-
droitin sulfate diminishes with age, whereas the amounts of keratan sulfate and hyaluronic 
acid increase. These changes may contribute to conditions, such as osteoarthritis, and other 
degenerative diseases, as well as the characteristic changes in aged skin in the elderly [1, 2].

4. Structure and constituents of normal heart valves

Depending on the functional requirements for a particular tissue, the organization of fibers, cells 
and other ECM macromolecules in the tissue and, thus, the mechanical properties of the tissue 
vary. The simplest structure from the point of view of the collagen fibers consists of parallel fibers 
as in tendons and ligaments. The 2D and 3D networks of the skin are more complex, whereas the 
structures of aortic, pulmonary, mitral and tricuspid valves in the heart are the most complex 
ones. The structure of the heart valves is adapted to allow unidirectional and unobstructed pas-
sage of blood without regurgitation, trauma to blood elements, thromboembolism, and excessive 
stress concentrations in the valve leaflets and supporting tissue. The cellular and extracellular 
elements of normal valves accommodate repetitive changes in shape and dimension throughout 
the cardiac cycle. They provide effective stress transfer to the annulus and adjacent tissue, and 
mediate functional remodeling and repair of injury caused by the large repetitive deformations. 
The aortic and pulmonary valves comprise three similar-size leaflets, and are located between 
the left ventricle and aorta, and the right ventricle and pulmonary artery, respectively. Their 
leaflets resemble half-moons and, thus, they are referred to as semilunar (SL) valves. The mitral 
valve (MV) is located between the left ventricle and left atrium, and comprises two noticeably 
different leaflets that resemble a bishop’s miter when they are closed. The tricuspid valve is 
located between the right ventricle and right atrium, and comprises three leaflets. Owing to 
their location between the atria and the ventricles, the mitral and tricuspid valves are referred 
to as the atrioventricular (AV) valves. In addition to their leaflets, the AV valves also comprise 
fan-shaped tendinous chord (chordae tendinae) that link the AV valve leaflets to protrusions on 
the ventricular wall, the papillary muscles, and act similarly to the parachute chords, preventing 
the AV valve leaflets to prolapse into the atria when they are fully closed.

The aortic and pulmonary valve leaflets open against the aorta and pulmonary artery, respec-
tively, during ventricular systole, whereas the mitral and tricuspid valve leaflets open against 
the myocardial wall of the right and left ventricle, respectively, during ventricular dias-
tole. The semilunar valves close during ventricular diastole and the atrioventricular valves 
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during systole. All four valves close rapidly and completely under minimal reverse pressure, 
stretching to maintain full competence during diastole. During these opening and closing 
movements, the valve leaflets withstand cyclic strains as high as 50%, whereas despite the 
pressure difference across the closed valves, which imposes large load on their leaflets, leaflet 
prolapse is prevented by large coaptation of the leaflets, reaching up to 40% of their surfaces 
[18, 64–68]. Even though each of the four heart valves has its own individual unique anatomi-
cal, structural and constitutional features that are adapted to their specific localization and 
function, they share common structural, constitutional and functional features. Moreover, 
the aortic and mitral valves are the ones most prone to disease, since they reside in the high 
pressure environment of the left ventricle. Owing to these, the discussion in the following 
paragraphs is focused on the aortic and mitral valves, as representatives of the SL and AV 
valves, respectively. Moreover, the discussion will focus on valve leaflets, since these are the 
most structurally complex and constitutionally diverse components of the heart valves.

The heart valve leaflets are layered with a highly specialized ECM, which provides the basis 
for normal valve function. Two types of cells are present, including a layer of endothelial cells 
(ECs) that covers the luminal surface of the leaflets and a deep layer of interstitial cells (VICs) 
that consists of SMCs and fibroblasts, which replenish and remodel the valvular ECM [69]. The 
EC layer is continuous with the luminal surface of the atrium and ventricle, in the case of the 
AV valves, and ventricle and adjacent artery (pulmonary artery or aorta) in the case of the SL 
valves. The aortic valve leaflets comprise three distinct layers, including the fibrosa, spongiosa 
and ventricularis, each enriched in a different ECM component (Figure 4a–c, e). The MV leaflets 
present a slightly different architecture, with four layers instead of three, including a ventricu-
laris, a fibrosa, a spongiosa and an atrialis layer (Figure 4c, e). Within these layers, the structural 
elements are arranged in a methodical orientation, leading to leaflet properties that are highly 
anisotropic. Several structural features enable the semilunar and atrioventricular leaflets to be 
extremely soft and pliable when unloaded and inextensible when high transvalvular pressure is 
applied during the time the valves are fully closed [18, 65, 70, 71]. In the case of the aortic valve, 
the fibrosa layer faces the outflow (aorta side) of the valve, whereas in the case of the MV the 
fibrosa lies below a ventricularis layer, which faces the outflow (left ventricle side) of the valve. 
The fibrosa in both valve types is the primary structural layer and major load bearing layer that 
offers the mechanical integrity of the valve leaflets [72]. The predominant constituent of the 
fibrosa are large amounts of highly-aligned collagen I fibers (Figure 4c), which are organized 
into large bundles and are predominantly aligned along the circumferential direction of the 
leaflets. The collagen I fibers of the fibrosa are surrounded by glycosaminoglycans and proteo-
glycans, as well as a network of elastic fibers, which maintains the microstructure of the valve 
leaflet during unloading [73]. This directionality of the collagen fibers results in aortic and MV 
leaflet structures that are considerably stiffer along their circumferential direction than their 
radial [18, 67, 73]. Moreover, folds in the collagen layer of the fibrosa generate a macroscopically 
visible corrugations on the surface of the leaflets when they are un-stretched (Figure 4a).

The ventricularis layer of the aortic valve is equivalent to the atrialis of the MV in function 
and organization, with both facing the inflow of the valves. Although these layers are less 
organized than the fibrosa, they still contain significant amounts of collagen I (Figure 4c) and 
radially aligned elastic fibers (Figure 4d). However, because the collagen is not oriented in any 
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specific direction, they tend to be more flexible than the fibrosa. The elastic fibers of the aortic 
valve ventricularis and MV atrialis extend when the leaflets stretch to enlarge the coaptation 
area, but recoil to make the leaflet smaller in the open valve phase. The ventricularis of the MV 

Figure 4. (a) Trilaminar leaflet structure of semilunar valves, showing the fibrosa, spongiosa and ventricularis layers, 
together with their major constituents. Note the macroscopically visible corrugations of the fibrosa layer. (b) H & E 
histological staining of the aortic valve leaflet (radial direction). ECM proteins were stained pink/light purple; cells 
were stained deep/purple. (c) Immunohistochemical staining against collagen I of the mitral valve posterior leaflet 
(radial direction). Collagen I was stained brown. (d) Miller’s elastic histological staining of the aortic valve leaflet (radial 
direction). Elastic fibers were stained deep blue/black. (e) Alcian blue/PAS histological staining of the mitral valve 
anterior leaflet (radial direction), showing the ventricularis, fibrosa, spongiosa and atrialis layers; dark blue: cell nuclei; 
blue: acid mucosubstances (GAGs) and proteoglycans; magenta: Neutral polysaccharides.
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during systole. All four valves close rapidly and completely under minimal reverse pressure, 
stretching to maintain full competence during diastole. During these opening and closing 
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pressure difference across the closed valves, which imposes large load on their leaflets, leaflet 
prolapse is prevented by large coaptation of the leaflets, reaching up to 40% of their surfaces 
[18, 64–68]. Even though each of the four heart valves has its own individual unique anatomi-
cal, structural and constitutional features that are adapted to their specific localization and 
function, they share common structural, constitutional and functional features. Moreover, 
the aortic and mitral valves are the ones most prone to disease, since they reside in the high 
pressure environment of the left ventricle. Owing to these, the discussion in the following 
paragraphs is focused on the aortic and mitral valves, as representatives of the SL and AV 
valves, respectively. Moreover, the discussion will focus on valve leaflets, since these are the 
most structurally complex and constitutionally diverse components of the heart valves.

The heart valve leaflets are layered with a highly specialized ECM, which provides the basis 
for normal valve function. Two types of cells are present, including a layer of endothelial cells 
(ECs) that covers the luminal surface of the leaflets and a deep layer of interstitial cells (VICs) 
that consists of SMCs and fibroblasts, which replenish and remodel the valvular ECM [69]. The 
EC layer is continuous with the luminal surface of the atrium and ventricle, in the case of the 
AV valves, and ventricle and adjacent artery (pulmonary artery or aorta) in the case of the SL 
valves. The aortic valve leaflets comprise three distinct layers, including the fibrosa, spongiosa 
and ventricularis, each enriched in a different ECM component (Figure 4a–c, e). The MV leaflets 
present a slightly different architecture, with four layers instead of three, including a ventricu-
laris, a fibrosa, a spongiosa and an atrialis layer (Figure 4c, e). Within these layers, the structural 
elements are arranged in a methodical orientation, leading to leaflet properties that are highly 
anisotropic. Several structural features enable the semilunar and atrioventricular leaflets to be 
extremely soft and pliable when unloaded and inextensible when high transvalvular pressure is 
applied during the time the valves are fully closed [18, 65, 70, 71]. In the case of the aortic valve, 
the fibrosa layer faces the outflow (aorta side) of the valve, whereas in the case of the MV the 
fibrosa lies below a ventricularis layer, which faces the outflow (left ventricle side) of the valve. 
The fibrosa in both valve types is the primary structural layer and major load bearing layer that 
offers the mechanical integrity of the valve leaflets [72]. The predominant constituent of the 
fibrosa are large amounts of highly-aligned collagen I fibers (Figure 4c), which are organized 
into large bundles and are predominantly aligned along the circumferential direction of the 
leaflets. The collagen I fibers of the fibrosa are surrounded by glycosaminoglycans and proteo-
glycans, as well as a network of elastic fibers, which maintains the microstructure of the valve 
leaflet during unloading [73]. This directionality of the collagen fibers results in aortic and MV 
leaflet structures that are considerably stiffer along their circumferential direction than their 
radial [18, 67, 73]. Moreover, folds in the collagen layer of the fibrosa generate a macroscopically 
visible corrugations on the surface of the leaflets when they are un-stretched (Figure 4a).

The ventricularis layer of the aortic valve is equivalent to the atrialis of the MV in function 
and organization, with both facing the inflow of the valves. Although these layers are less 
organized than the fibrosa, they still contain significant amounts of collagen I (Figure 4c) and 
radially aligned elastic fibers (Figure 4d). However, because the collagen is not oriented in any 
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specific direction, they tend to be more flexible than the fibrosa. The elastic fibers of the aortic 
valve ventricularis and MV atrialis extend when the leaflets stretch to enlarge the coaptation 
area, but recoil to make the leaflet smaller in the open valve phase. The ventricularis of the MV 

Figure 4. (a) Trilaminar leaflet structure of semilunar valves, showing the fibrosa, spongiosa and ventricularis layers, 
together with their major constituents. Note the macroscopically visible corrugations of the fibrosa layer. (b) H & E 
histological staining of the aortic valve leaflet (radial direction). ECM proteins were stained pink/light purple; cells 
were stained deep/purple. (c) Immunohistochemical staining against collagen I of the mitral valve posterior leaflet 
(radial direction). Collagen I was stained brown. (d) Miller’s elastic histological staining of the aortic valve leaflet (radial 
direction). Elastic fibers were stained deep blue/black. (e) Alcian blue/PAS histological staining of the mitral valve 
anterior leaflet (radial direction), showing the ventricularis, fibrosa, spongiosa and atrialis layers; dark blue: cell nuclei; 
blue: acid mucosubstances (GAGs) and proteoglycans; magenta: Neutral polysaccharides.
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is similar in structure and constituents to the MV atrialis and aortic valve ventricularis, with 
loosely arranged collagen fibers and radially-aligned elastic fibers (Figure 5a). The spongiosa 
layer is located between the fibrosa and ventricularis of the aortic valve, and between the fibrosa 
and atrialis in the MV. This layer is primarily composed of water, GAGs and proteoglycans 
(Figure 4e), but also contains loosely arranged collagens and elastin, which connect the fibrosa 
and ventricularis (or atrialis) together. Shear stresses caused by the differential movements of 
the leaflet layers and the shock of the valve closure are dissipated in the ground substance of 
the spongiosa, whose hydrophilic GAGs and proteoglycans absorb water and swell to form a 
deformable gel [69]. The thickness of the leaflet layers varies from the attachment site (basal 
area) at the valvular annulus to the free edge of the leaflets [72, 73]. At the basal area, the fibrosa 
comprises the thickest layer, becoming thinner and gradually overtaken by the spongiosa 
towards the free edge of the leaflets (Figure 5b). The spongiosa is the main component of both 
the SL and AV valve leaflets at their free edge, providing a natural shock-absorption mechanism 
along the coaptation region of the leaflets that dissipates the shocks of valve closure [67, 73]. 
The thickest regions of the leaflets, especially close to their basal regions, also feature venules 
and arterioles, which facilitate supplementary oxygen and nutrient transport in regions where 
simple diffusion is not sufficient for cell nourishment (Figure 5a and b) [18, 66, 72, 74].

During the cardiac cycle, the SL and AV valve leaflets undergo significant changes in their mac-
roscale and microscale architectural configuration. When the valves are fully open, the gross 
corrugations of the fibrosa, which are caused by folds in the collagen fiber layer, produce a vis-
ible surface wrinkling (Figure 5c), which disappears when the leaflets are fully extended when 
the valve is fully closed and loaded under the peak transvalvular pressure (Figure 5d). During 
valve closing, the corrugations of the fibrosa expand along the radial direction, which is accom-
panied by radial stretching of the radially-aligned elastic fibers of the SL ventricularis (or MV 
atrialis) layer, permitting initial increase in dimension with minimal stress. Further stretching of 
the leaflets causes uncrimping of the collagen fibers along the circumferential direction. When 
the valve is fully closed, the collagen-layer folds are fully extended and the corrugations in the 
fibrosa are fully flattened along the radial direction, whereas collagen fibers are uncrimped 
along the circumferential direction. These changes produce stiffening of the leaflets, preventing 
their exaggerated sagging and ensuring optimal coaptation with the adjacent leaflets when the 
valve is fully closed [64, 69]. On the other hand, the stretching of the elastic fibers provides the 
energy that is necessary for the elastic recoil of the leaflets to their upstretched configuration 
when the valve is fully open. Moreover, the multilayered structure of the valve leaflets has been 
reported to contribute to the low flexural rigidity of the leaflets when the valves are fully open, 
possibly also due to interlayer slippage, that allows their passive interaction with the surround-
ing blood [75]. The multilayered leaflet structure also provides additional support during valve 
closure and coaptation, assisting the extended collagen fibers to generate a stiffened leaflet 
structure that prevents exaggerated sagging under the high transvalvular pressure [73].

In addition to collagen I, collagens III, IV, V and VI have also been identified in the heart 
valves [72, 76–78]. Even though these collagens are expressed in varying concentrations in 
the four valves, their localization and distribution has been shown to be similar in all valves. 
Apart from the fibrosa layer, were it is has a dominant presence, collagen I is expressed 
throughout the SL and AV valve leaflets (Figure 4c), whereas collagen III is most evident in 
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the less-dense regions of the leaflets, such as the spongiosa [76]. Collagen IV has been shown 
to be localized in the basal lamina of the leaflets and collagen V to be predominantly distrib-
uted around interstitial cells. Collagen VI has been shown to form distinct structures within 
the fibrosa, surrounding the dense collagen I fibers of this layer [76]. The total collagen con-
tent in normal valve leaflets is approximately 50–63% (dry tissue weight ratio) [68, 71, 79, 80],  
and the elastin content is approximately 10–11% (dry tissue weight ratio), depending on the 
valve type (Table 3) [78, 80–83]. Previous studies have reported the relative percentages of 

Figure 5. (a) Radial histological section of the basal region of the posterior MV leaflet stained with Miller’s elastic and 
sirius red (red: collagen; blue/black: elastin).  indicates elastic fibers; ► indicates blood vessels. Note the dominance 
of the fibrosa and ventricularis layers in the expense of the spongiosa layer in the basal region. (b) Radial histological 
section of the posterior MV leaflet stained with Masson’s Trichrome stain (blue/black: cell nuclei; red: cytoplasm; blue: 
collagen). ► indicates blood vessels. Note the increase in the thickness of the spongiosa layer and the decrease in the 
thickness of the fibrosa layer towards the free edge of the leaflet. Adopted with permission from Roberts et al. (2016)  
[18]. (c, d) leaflet configuration and architecture of semilunar valves during peak systole (c; fully open) and peak diastole  
(d; fully closed). Redrawn and modified from Schoen (1999) [64].
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is similar in structure and constituents to the MV atrialis and aortic valve ventricularis, with 
loosely arranged collagen fibers and radially-aligned elastic fibers (Figure 5a). The spongiosa 
layer is located between the fibrosa and ventricularis of the aortic valve, and between the fibrosa 
and atrialis in the MV. This layer is primarily composed of water, GAGs and proteoglycans 
(Figure 4e), but also contains loosely arranged collagens and elastin, which connect the fibrosa 
and ventricularis (or atrialis) together. Shear stresses caused by the differential movements of 
the leaflet layers and the shock of the valve closure are dissipated in the ground substance of 
the spongiosa, whose hydrophilic GAGs and proteoglycans absorb water and swell to form a 
deformable gel [69]. The thickness of the leaflet layers varies from the attachment site (basal 
area) at the valvular annulus to the free edge of the leaflets [72, 73]. At the basal area, the fibrosa 
comprises the thickest layer, becoming thinner and gradually overtaken by the spongiosa 
towards the free edge of the leaflets (Figure 5b). The spongiosa is the main component of both 
the SL and AV valve leaflets at their free edge, providing a natural shock-absorption mechanism 
along the coaptation region of the leaflets that dissipates the shocks of valve closure [67, 73]. 
The thickest regions of the leaflets, especially close to their basal regions, also feature venules 
and arterioles, which facilitate supplementary oxygen and nutrient transport in regions where 
simple diffusion is not sufficient for cell nourishment (Figure 5a and b) [18, 66, 72, 74].

During the cardiac cycle, the SL and AV valve leaflets undergo significant changes in their mac-
roscale and microscale architectural configuration. When the valves are fully open, the gross 
corrugations of the fibrosa, which are caused by folds in the collagen fiber layer, produce a vis-
ible surface wrinkling (Figure 5c), which disappears when the leaflets are fully extended when 
the valve is fully closed and loaded under the peak transvalvular pressure (Figure 5d). During 
valve closing, the corrugations of the fibrosa expand along the radial direction, which is accom-
panied by radial stretching of the radially-aligned elastic fibers of the SL ventricularis (or MV 
atrialis) layer, permitting initial increase in dimension with minimal stress. Further stretching of 
the leaflets causes uncrimping of the collagen fibers along the circumferential direction. When 
the valve is fully closed, the collagen-layer folds are fully extended and the corrugations in the 
fibrosa are fully flattened along the radial direction, whereas collagen fibers are uncrimped 
along the circumferential direction. These changes produce stiffening of the leaflets, preventing 
their exaggerated sagging and ensuring optimal coaptation with the adjacent leaflets when the 
valve is fully closed [64, 69]. On the other hand, the stretching of the elastic fibers provides the 
energy that is necessary for the elastic recoil of the leaflets to their upstretched configuration 
when the valve is fully open. Moreover, the multilayered structure of the valve leaflets has been 
reported to contribute to the low flexural rigidity of the leaflets when the valves are fully open, 
possibly also due to interlayer slippage, that allows their passive interaction with the surround-
ing blood [75]. The multilayered leaflet structure also provides additional support during valve 
closure and coaptation, assisting the extended collagen fibers to generate a stiffened leaflet 
structure that prevents exaggerated sagging under the high transvalvular pressure [73].

In addition to collagen I, collagens III, IV, V and VI have also been identified in the heart 
valves [72, 76–78]. Even though these collagens are expressed in varying concentrations in 
the four valves, their localization and distribution has been shown to be similar in all valves. 
Apart from the fibrosa layer, were it is has a dominant presence, collagen I is expressed 
throughout the SL and AV valve leaflets (Figure 4c), whereas collagen III is most evident in 
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the less-dense regions of the leaflets, such as the spongiosa [76]. Collagen IV has been shown 
to be localized in the basal lamina of the leaflets and collagen V to be predominantly distrib-
uted around interstitial cells. Collagen VI has been shown to form distinct structures within 
the fibrosa, surrounding the dense collagen I fibers of this layer [76]. The total collagen con-
tent in normal valve leaflets is approximately 50–63% (dry tissue weight ratio) [68, 71, 79, 80],  
and the elastin content is approximately 10–11% (dry tissue weight ratio), depending on the 
valve type (Table 3) [78, 80–83]. Previous studies have reported the relative percentages of 

Figure 5. (a) Radial histological section of the basal region of the posterior MV leaflet stained with Miller’s elastic and 
sirius red (red: collagen; blue/black: elastin).  indicates elastic fibers; ► indicates blood vessels. Note the dominance 
of the fibrosa and ventricularis layers in the expense of the spongiosa layer in the basal region. (b) Radial histological 
section of the posterior MV leaflet stained with Masson’s Trichrome stain (blue/black: cell nuclei; red: cytoplasm; blue: 
collagen). ► indicates blood vessels. Note the increase in the thickness of the spongiosa layer and the decrease in the 
thickness of the fibrosa layer towards the free edge of the leaflet. Adopted with permission from Roberts et al. (2016)  
[18]. (c, d) leaflet configuration and architecture of semilunar valves during peak systole (c; fully open) and peak diastole  
(d; fully closed). Redrawn and modified from Schoen (1999) [64].
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collagen I, III, and V in normal human MV leaflets to be approximately 74, 24 and 2% of the 
total collagen content, respectively, whereas collagen IV and VI were below the detection 
limit of the technique used in those studies [72, 77]. A similar study by Lis et al. [78] reported 
a collagen I to collagen III ratio of 2.4 and 2.7 for human MV leaflets and chordae, respectively.

Three major GAGs have been identified in varying concentrations in heart valves, including 
chondroitin sulfate, dermatan sulfate and hyaluronic acid, together with decorin, biglycan 
and versican, which are chondroitin and dermatan sulfate proteoglycans [51, 84, 85]. The 
total content of sulfated GAGs (chondroitin and dermatan sulfate) in normal heart valves has 
been reported to range between 11 and 27% (dry tissue weight ratio), depending on valve 
type and site (Table 3) [68, 71, 78, 79]. Hyaluronic acid is the most abundant GAG in normal 
heart valves, accounting for up to half of the total leaflet GAG content, with chondroitin and 
dermatan sulfate accounting for about a quarter of the total GAG content of the leaflet each 
[86]. The relative percentages reported for normal human MV leaflets were 49, 25 and 23% of 
the total GAG content, for hyaluronic acid, chondroitin sulfate and dermatan sulfate, respec-
tively, with the remaining 3% attributed to hyper-sulfated chondroitin/dermatan sulfate. In 
the case of the normal MV chordae, the corresponding percentages have been reported to be 
24 (hyaluronic acid), 26 (chondroitin sulfate), 43 (dermatan sulfate) and 7% (hyper-sulfated 
chondroitin/dermatan sulfate) [84–86]. Moreover, differences in the absolute and relative 
GAG contents have been reported for different regions of the valves, subjected to different 
modes of loading during the cardiac cycle. Specifically, regions of the valves that are pre-
dominantly subjected to tensile loading, such as the leaflet belly and chordae (in the case of 
the AV valves), present a reduced overall GAG content compared to regions such as the free 
edge of the valve leaflets, which are predominantly subjected to compressive loading during 
coaptation with the other valve leaflets when the valve is fully closed. In addition, the regions 
that are predominantly subjected to tensile loading present significantly increased levels of 
chondroitin and dermatan sulfate compared to hyaluronic acid [85].

Content

Constituent Aortic Leaflet Pulmonary 
Leaflet

Mitral Leaflet Mitral Chordae

Hydroxyproline (μm/mg dry 
tissue)

71.6±26.1 (H)

[79]

70.7±6.2 (P)

[71]

88.2±3.9 (P)

[68]

88.6±7.1 (P)

[68]

Total collagens (μm/mg dry 
tissue)

511.2±186.3(H)

[79]

504.8±44.3 (P)

[71]

629.7±17.8 (P)

[68]

632.6±50.7 (P)

[68]

Sulfated GAGs (μm/mg dry 
tissue)

11.4±0.4 (H)

[79]

20.2±0.6 (P)

[71]

26.8±3.5 (P)

[68]

15.5±5.4(H)*

[78]

Elastin

(% of dry tissue weight)

11.2±1.0 (H)**

[81]

N.A. 10.0±17.8 (H) *

[78]

9.7±2.1 (H) *

[78]

The results indicate mean ± 95% confidence intervals, or mean ± standard deviation (*), or means ± standard error (**). 
H: Human; P: porcine; N.A.: not available. Numbers in brackets indicate source document.

Table 3. Hydroxyproline, collagen, sulfated GAG and elastin content of normal heart valves.
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5. Physiological behavior of heart valves under loading

The ultrastructural histoarchitecture of the valvular tissue and the interaction of its collagen 
fibers with its non-collagenous components form the basis of the mechanical properties of 
heart valves. Similarly to other biological tissues that are subjected to high deformation and 
loading, collagen and elastic fibers act synergistically in heart valves to provide valvular tis-
sue with strength and elasticity, respectively, which are required for their efficient function. 
The strength and stiffness of the collagen fibers prevent fracture of the valvular components 
when they are subjected to the peak transvalvular pressure during the time the valves are 
fully closed. The tensile strength of collagen is approximately 120 MPa, which is only one 
order of magnitude lower than high tensile steel (about 1110 MPa) and an elastic modulus 
of about 1.2 GPa, which confers substantial stiffness (Table 4) [35, 87]. However they stretch 
only minimally (about 13%) [35, 88]. On the other hand, elastic fibers are the most extensible 
biosolids known with very low modulus of approximately 0.3–1.1 MPa (Table 4) and capable 
of reaching failure strains in excess of 150%. However, elastic fibers demonstrate a low tensile 
strength of approximately 2 MPa, which limits their load-bearing capacity [35].

During the cardiac cycle, valvular tissue deforms to relative large strains, exhibiting non-linear 
stress-strain behavior. A typical stress-strain behavior for SL valve leaflet tissue within its 
physiological range is shown in Figure 6a. The graph describes the behavior of SL valve leaflets 

Material Young’s modulus / Elastic phase 
modulus (MPa)

Collagen phase modulus 
(MPa)

Source

Tropoelastin 0.003 - [37]

Microfibrils 78-96 [38]

Mature cross-linked elastin 0.3-1.1 - [6, 35]

Collagen 1 fibrils 95.5 [75]

Mature cross-linked collagen 1 - 1.0 - 1.2×103 [6, 35]

Aortic leaflet (C) 0.07 39.0 [65, 66]*

Aortic leaflet (R) 0.04 2.1

Pulmonary leaflet (C) 0.76 15.3 [71]*

Pulmonary leaflet (R) 0.34 1.2

Mitral leaflet (C) 0.02 10.2 [68]*

Mitral leaflet (R) 0.02 2.1

Mitral chordae 0.10 113.7

C: Circumferential direction, R: radial direction.
*Data obtained under uniaxial tensile testing.

Table 4. Indicative low-strain and high-strain modulus of valvular tissue and constituents.
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been reported to range between 11 and 27% (dry tissue weight ratio), depending on valve 
type and site (Table 3) [68, 71, 78, 79]. Hyaluronic acid is the most abundant GAG in normal 
heart valves, accounting for up to half of the total leaflet GAG content, with chondroitin and 
dermatan sulfate accounting for about a quarter of the total GAG content of the leaflet each 
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the total GAG content, for hyaluronic acid, chondroitin sulfate and dermatan sulfate, respec-
tively, with the remaining 3% attributed to hyper-sulfated chondroitin/dermatan sulfate. In 
the case of the normal MV chordae, the corresponding percentages have been reported to be 
24 (hyaluronic acid), 26 (chondroitin sulfate), 43 (dermatan sulfate) and 7% (hyper-sulfated 
chondroitin/dermatan sulfate) [84–86]. Moreover, differences in the absolute and relative 
GAG contents have been reported for different regions of the valves, subjected to different 
modes of loading during the cardiac cycle. Specifically, regions of the valves that are pre-
dominantly subjected to tensile loading, such as the leaflet belly and chordae (in the case of 
the AV valves), present a reduced overall GAG content compared to regions such as the free 
edge of the valve leaflets, which are predominantly subjected to compressive loading during 
coaptation with the other valve leaflets when the valve is fully closed. In addition, the regions 
that are predominantly subjected to tensile loading present significantly increased levels of 
chondroitin and dermatan sulfate compared to hyaluronic acid [85].
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fibers with its non-collagenous components form the basis of the mechanical properties of 
heart valves. Similarly to other biological tissues that are subjected to high deformation and 
loading, collagen and elastic fibers act synergistically in heart valves to provide valvular tis-
sue with strength and elasticity, respectively, which are required for their efficient function. 
The strength and stiffness of the collagen fibers prevent fracture of the valvular components 
when they are subjected to the peak transvalvular pressure during the time the valves are 
fully closed. The tensile strength of collagen is approximately 120 MPa, which is only one 
order of magnitude lower than high tensile steel (about 1110 MPa) and an elastic modulus 
of about 1.2 GPa, which confers substantial stiffness (Table 4) [35, 87]. However they stretch 
only minimally (about 13%) [35, 88]. On the other hand, elastic fibers are the most extensible 
biosolids known with very low modulus of approximately 0.3–1.1 MPa (Table 4) and capable 
of reaching failure strains in excess of 150%. However, elastic fibers demonstrate a low tensile 
strength of approximately 2 MPa, which limits their load-bearing capacity [35].
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physiological range is shown in Figure 6a. The graph describes the behavior of SL valve leaflets 

Material Young’s modulus / Elastic phase 
modulus (MPa)

Collagen phase modulus 
(MPa)

Source

Tropoelastin 0.003 - [37]

Microfibrils 78-96 [38]

Mature cross-linked elastin 0.3-1.1 - [6, 35]

Collagen 1 fibrils 95.5 [75]

Mature cross-linked collagen 1 - 1.0 - 1.2×103 [6, 35]

Aortic leaflet (C) 0.07 39.0 [65, 66]*

Aortic leaflet (R) 0.04 2.1

Pulmonary leaflet (C) 0.76 15.3 [71]*

Pulmonary leaflet (R) 0.34 1.2

Mitral leaflet (C) 0.02 10.2 [68]*

Mitral leaflet (R) 0.02 2.1

Mitral chordae 0.10 113.7

C: Circumferential direction, R: radial direction.
*Data obtained under uniaxial tensile testing.

Table 4. Indicative low-strain and high-strain modulus of valvular tissue and constituents.

Structure-Function Relationship of Heart Valves in Health and Disease
http://dx.doi.org/10.5772/intechopen.78280

21



from peak systole, when the SL valves are fully open, to peak diastole, when the SL valves are 
fully closed and loaded by the maximum transvalvular pressure. The graph also shows the con-
tributions of the elastic and collagen fibers towards the overall behavior of the tissue and can be 
better comprehended in conjunction with Figure 5c and d. This type of stress-strain behavior 
has three distinct phases [65]. During the first phase (elastic phase), the leaflet offers little resis-
tance to elongation since force transmission and load bearing is provided mainly by the elastic 
fibers. During this phase the collagen layer in the fibrosa unfolds and the collagen fibrils change 
their angular distribution [75]. Owing to these, the collagen fibers have minimal contribution 
to force transmission, resulting in a stress-strain response for this phase that is characterized 
by a low slope (low modulus). In the elastic phase the leaflet tissue behaves almost as an elastic 
solid with the stress increasing linearly with the strain. Under further loading, the leaflet enters 
the transition phase, during which the collagen fibers uncrimp and gradually align and uncoil, 
increasing their contribution to the force transmission. In the collagen phase, all the collagen 
fibers are uncoiled (recruited) and the load is entirely borne by them. Further extension in the 
collagen fibers occurs by extrafibrillar (between molecules) and interfibrillar shear in the fibers, 
as well as molecular distortion [35]. Interfibrillar shear has been reported to be dependent on 
the amount of proteoglycans associated with the surface of the fibrils, which influences the 
extent of GAG association and electrostatic interactions between the fibrils and the surrounding 
ECM [35]. The slope of the stress-strain curve for the collagen phase is steep (high modulus) and 
almost constant, reflecting the material properties of the collagen fibers, which allow limited 
elongation to fracture [89]. Although the collagen phase of the leaflet continues well beyond the 
physiological range before failure, corresponding to the reserve strength of the collagen fibers, 
after peak systole the valve starts opening again and the stress is relieved whilst the leaflets 
recoil back to their original shape/size at peak systole. A similar non-linear stress-strain profile 
can be observed for the case of the leaflets and chordae of the AV valve during their closing 
phase from peak diastole to peak systole. Moreover, experimental studies have indicated that 
the stress-strain response of valve leaflets were independent of strain rate [75]. The Young’s 
modulus of different valvular tissue constituents, together with the elastic and collagen phase 
slopes of pulmonary and aortic valve leaflets, and MV leaflets and chordae, are listed in Table 4.

Similarly to other biological tissues, the stress-strain behavior of valvular tissue also demon-
strates viscoelastic behavior. Generally, viscoelasticity is manifested by a number of different 
features, including hysteresis, preconditioning, stress relaxation and creep. Viscoelasticity is 
a fundamental characteristic of biological materials, which exhibit both viscous and elastic 
behavior, depending on their constitution, temperature and the time over which the tissue is 
observed. Under cyclic loading (Figure 6b), valvular tissue exhibits a hysteresis loop (a phase 
lag) between loading and successive unloading. The area under the loading curve represents 
the energy stored during the extension of the tissue, whereas the area under the unloading 
curve represents the energy recovered during the recoil of the tissue back to its unloaded 
state. The hysteresis is the area between the loading and unloading curves of the stress-strain 
response and it is proportional to the mechanical energy dissipated. The hysteresis provides 
a measure of the energy storage efficiency of the tissue, with the larger the hysteresis the 
less efficient is the energy storage capacity of the tissue during loading and the less energy 
is returned to the system on unloading [90, 91]. Both collagen and elastic fibers do not show 
significant hysteresis, which makes them efficient in energy storage and able to provide the 
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necessary energy for rapid retraction of the valve leaflets during opening [35, 75, 91]. The 
energy storage capacity of the elastic fibers has been linked the high entropy of the elastin 
molecules. In the case of collagen, the intrafibrillar and interfibrillar shear, and molecular 
distortion that occur during the collagen fiber stretching has been suggested to contribute 
to the elastic energy storage [35]. Overall, valve leaflets have been reported to demonstrate a 
relatively low hysteresis of approximately 12% (in the case of the MV), which is independent 
of the strain rate [75].

Figure 6. (a) Structure-property relation of SL valve leaflets within physiological ranges of stress and strain. Redrawn 
and modified from Schoen (1999) [64]. (b) Successive loading and unloading of biological tissue, showing the hysteresis 
loop (hashed area). (c) Stress relaxation under constant strain. (d) Creep under constant stress.
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the stress-strain response of valve leaflets were independent of strain rate [75]. The Young’s 
modulus of different valvular tissue constituents, together with the elastic and collagen phase 
slopes of pulmonary and aortic valve leaflets, and MV leaflets and chordae, are listed in Table 4.
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strates viscoelastic behavior. Generally, viscoelasticity is manifested by a number of different 
features, including hysteresis, preconditioning, stress relaxation and creep. Viscoelasticity is 
a fundamental characteristic of biological materials, which exhibit both viscous and elastic 
behavior, depending on their constitution, temperature and the time over which the tissue is 
observed. Under cyclic loading (Figure 6b), valvular tissue exhibits a hysteresis loop (a phase 
lag) between loading and successive unloading. The area under the loading curve represents 
the energy stored during the extension of the tissue, whereas the area under the unloading 
curve represents the energy recovered during the recoil of the tissue back to its unloaded 
state. The hysteresis is the area between the loading and unloading curves of the stress-strain 
response and it is proportional to the mechanical energy dissipated. The hysteresis provides 
a measure of the energy storage efficiency of the tissue, with the larger the hysteresis the 
less efficient is the energy storage capacity of the tissue during loading and the less energy 
is returned to the system on unloading [90, 91]. Both collagen and elastic fibers do not show 
significant hysteresis, which makes them efficient in energy storage and able to provide the 

Structural Insufficiency Anomalies in Cardiac Valves22

necessary energy for rapid retraction of the valve leaflets during opening [35, 75, 91]. The 
energy storage capacity of the elastic fibers has been linked the high entropy of the elastin 
molecules. In the case of collagen, the intrafibrillar and interfibrillar shear, and molecular 
distortion that occur during the collagen fiber stretching has been suggested to contribute 
to the elastic energy storage [35]. Overall, valve leaflets have been reported to demonstrate a 
relatively low hysteresis of approximately 12% (in the case of the MV), which is independent 
of the strain rate [75].

Figure 6. (a) Structure-property relation of SL valve leaflets within physiological ranges of stress and strain. Redrawn 
and modified from Schoen (1999) [64]. (b) Successive loading and unloading of biological tissue, showing the hysteresis 
loop (hashed area). (c) Stress relaxation under constant strain. (d) Creep under constant stress.
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Following altered loading conditions, valvular tissue reorganizes itself to compensate for the 
altered mechanical stress, demonstrating an initial period of adjustment in its stress-strain 
behavior under cyclic loading [75]. This adjustment is manifested by an increased hysteresis 
loop, which subsequently decreases, tending to a steady state after a number of loading/
unloading cycles. Once this steady state is reached, no further change occurs in the stress-
strain behavior, unless the loading routine is changed again. This period of adjustment after a 
large disturbance is called preconditioning and occurs due to internal changes in the structure 
of the tissue during cycling [6]. The viscoelastic feature of stress relaxation is manifested by 
the reduction of the stress generated in the tissue over time under constant strain (Figure 6c). 
Specifically, if the tissue is suddenly loaded to an initial stress σo and its length held constant, 
the stress relaxes asymptotically to a limiting value σ1 following an exponential decay. Creep 
is the counterpart of stress relaxation in the sense that the tissue is loaded to a strain εo and the 
stress is held constant. Under these conditions the specimen continuous to deform asymptoti-
cally to a limiting value ε1 (Figure 6d) [92]. Studies have reported that valve leaflets exhibit sig-
nificant stress relaxation, but negligible creep over time, suggesting that they behave more like 
anisotropic quasi-elastic materials rather than viscoelastic materials. This behavior suggests 
that valve leaflets exhibit a load-locking behavior under maintained loading conditions that 
enables them to withstand high loading without any time-dependent deformation effects [75].

The degrees of non-linear stress-strain behavior, hysteresis, preconditioning, stress relaxation 
and creep are different for different tissues, depending on the type and amount of their indi-
vidual constituents [6, 92]. Along these lines, the variability in the biomechanical properties 
between the different valves and valve components (Table 4) is predominantly due to the 
different fractions and organization of the major ECM constituents, including collagen fibers, 
elastic fibers, GAGs and proteoglycans, present in the different valves and valve components. 
These constitutional and organizational variations, which are dictated by the specific hemo-
dynamic and biomechanical environment that the valves reside in, bequeath high directional 
and regional histoarchitectural and biomechanical anisotropy to the valvular tissue, assisting 
the heart valves to perform their specific function in the four different sites of the heart.

6. Structural, constitutional and biomechanical alterations in 
pathological heart valves

Heart valve surgery for repairing or replacing dysfunctional represents the second most com-
mon major heart operation in the western world [93]. In the US alone, approximately 5 million 
patients are diagnosed annually with heart valve disease [75, 94, 95]. Any one of the heart 
valves can potentially demonstrated valve disease; however, the aortic and mitral valves are 
most prone to disease, predominantly due to the higher stress that are subjected to and gener-
ated by the high pressure environment of the left heart [75]. Various conditions in isolation or 
in combination can cause valve dysfunction, including inflammation, degenerative valve dis-
ease, calcification, rheumatic or infective endocarditis, myocardial infarction and congenital 
defects, such as bicuspid aortic valve (BAV), MV prolapse (MVP), isolated anomalous lobar 
pulmonary veins and silent patent ductus arteriosus [96, 97]. Valve disease is manifested by 

Structural Insufficiency Anomalies in Cardiac Valves24

disruptions and alterations in the ECM histoarchitecture and constitution, disruptions in the 
distribution and organization of the EC and VIC populations, and malformation of the heart 
valves, which can render them stenotic and/or regurgitant [74, 75]. Moreover, several ECM 
gene mutations have been linked to valve disease, including fibrillin 1 gene mutations, which 
have been associated with BAVs and MVP, and elastic fiber component gene mutations also 
associated with MVP (Williams and Marfan syndromes) [98–100]. MVP and pulmonary valve 
stenosis have also been linked to collagen III and tenascin X gene mutations [98], whereas 
Notch1 gene mutations have been associated with BAV development and early calcification 
[101, 102]. Several studies have suggested that the abnormal organization of the ECM induced 
by these mutations may lead to abnormal VIC signaling and subsequent dysregulation of 
ECM synthesis [98, 103–105].

BAVs in the most common form of congenital valve disease, affecting 1–2% of the general 
population and eventually leading to aortic valve stenosis or regurgitation, infective endo-
carditis, and aortic dilation and/or dissection later in life [80, 97, 98, 106, 107]. Stenotic BAVs 
explanted from pediatric patients have been reported to exhibit excessive ECM production 
and disorganization, and VIC disarray without calcification. [98]. Specifically, the valve leaf-
lets demonstrated loss of the typical trilaminar structure of the normal aortic valve leaflets, 
with disorganized, fragmented and abnormally oriented collagen and elastic fibers, increased 
proteoglycan presence throughout the leaflets, leaflet thickening, and large areas relatively 
void of cells. Moreover, elastin content was decreased, whereas collagen and proteoglycan 
content were substantially increased [75, 98]. The abnormalities in BAV histoarchitecture, 
constitution and anatomy, have been show to affect leaflet kinematics and stress distribu-
tion in computational studies, suggesting that early occurrence of regurgitation or stenosis 
might strictly depend on those abnormalities [107]. Alterations in the mechanical loading of 
the heart valves, due to abnormalities in histoarchitecture, constitution and anatomy, induce 
tissue remodeling though abnormal VIC mechanotransduction, which can lead to further 
valvular disease and dysfunction. Several studies have characterized VIC response against 
alterations in the biomechanical environment, and demonstrated a clear link between abnor-
mal VIC stimulation, valvular tissue deformations and disease development and progression, 
highlighting the fundamental role of the mechanical environment on the mechanobiology 
of VICs [108–111]. As a result, BAVs are highly susceptible to calcification in later life, due 
to an induced osteoblastic VIC phenotype and subsequent matrix mineralization [80, 112]. 
Calcification causes valvular tissue to become thicker and stiffer (representative of a higher 
modulus), which eventually leads to valve stenosis and inevitable valve replacement [75].

Calcified aortic valve disease (CAVD) is not restricted to BAVs alone. CAVD is a slow, progres-
sive, multifactorial disorder that is frequently driven by aging and the obesity-associated meta-
bolic syndrome, and affects 25–30% of the population aged over 65 years old [75, 84, 100, 105, 
113, 114]. Initially, the disease in manifested by mild leaflet thickening of the leaflets alongside 
with increase in the proteoglycan and hyaluronic acid content, which progressively become more 
severe and lead to impaired leaflet motion, valvular tissue adaptation and stenosis, [75, 84]. In 
spite of the leaflet thickening, studies have indicated that there is little change in the mechanical 
properties of the valve at the early stages of the disease [75]. Although this makes the condition 
asymptomatic at its initial phases, 10% of the patients develop severe symptoms within 10 years 
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Following altered loading conditions, valvular tissue reorganizes itself to compensate for the 
altered mechanical stress, demonstrating an initial period of adjustment in its stress-strain 
behavior under cyclic loading [75]. This adjustment is manifested by an increased hysteresis 
loop, which subsequently decreases, tending to a steady state after a number of loading/
unloading cycles. Once this steady state is reached, no further change occurs in the stress-
strain behavior, unless the loading routine is changed again. This period of adjustment after a 
large disturbance is called preconditioning and occurs due to internal changes in the structure 
of the tissue during cycling [6]. The viscoelastic feature of stress relaxation is manifested by 
the reduction of the stress generated in the tissue over time under constant strain (Figure 6c). 
Specifically, if the tissue is suddenly loaded to an initial stress σo and its length held constant, 
the stress relaxes asymptotically to a limiting value σ1 following an exponential decay. Creep 
is the counterpart of stress relaxation in the sense that the tissue is loaded to a strain εo and the 
stress is held constant. Under these conditions the specimen continuous to deform asymptoti-
cally to a limiting value ε1 (Figure 6d) [92]. Studies have reported that valve leaflets exhibit sig-
nificant stress relaxation, but negligible creep over time, suggesting that they behave more like 
anisotropic quasi-elastic materials rather than viscoelastic materials. This behavior suggests 
that valve leaflets exhibit a load-locking behavior under maintained loading conditions that 
enables them to withstand high loading without any time-dependent deformation effects [75].

The degrees of non-linear stress-strain behavior, hysteresis, preconditioning, stress relaxation 
and creep are different for different tissues, depending on the type and amount of their indi-
vidual constituents [6, 92]. Along these lines, the variability in the biomechanical properties 
between the different valves and valve components (Table 4) is predominantly due to the 
different fractions and organization of the major ECM constituents, including collagen fibers, 
elastic fibers, GAGs and proteoglycans, present in the different valves and valve components. 
These constitutional and organizational variations, which are dictated by the specific hemo-
dynamic and biomechanical environment that the valves reside in, bequeath high directional 
and regional histoarchitectural and biomechanical anisotropy to the valvular tissue, assisting 
the heart valves to perform their specific function in the four different sites of the heart.

6. Structural, constitutional and biomechanical alterations in 
pathological heart valves

Heart valve surgery for repairing or replacing dysfunctional represents the second most com-
mon major heart operation in the western world [93]. In the US alone, approximately 5 million 
patients are diagnosed annually with heart valve disease [75, 94, 95]. Any one of the heart 
valves can potentially demonstrated valve disease; however, the aortic and mitral valves are 
most prone to disease, predominantly due to the higher stress that are subjected to and gener-
ated by the high pressure environment of the left heart [75]. Various conditions in isolation or 
in combination can cause valve dysfunction, including inflammation, degenerative valve dis-
ease, calcification, rheumatic or infective endocarditis, myocardial infarction and congenital 
defects, such as bicuspid aortic valve (BAV), MV prolapse (MVP), isolated anomalous lobar 
pulmonary veins and silent patent ductus arteriosus [96, 97]. Valve disease is manifested by 
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disruptions and alterations in the ECM histoarchitecture and constitution, disruptions in the 
distribution and organization of the EC and VIC populations, and malformation of the heart 
valves, which can render them stenotic and/or regurgitant [74, 75]. Moreover, several ECM 
gene mutations have been linked to valve disease, including fibrillin 1 gene mutations, which 
have been associated with BAVs and MVP, and elastic fiber component gene mutations also 
associated with MVP (Williams and Marfan syndromes) [98–100]. MVP and pulmonary valve 
stenosis have also been linked to collagen III and tenascin X gene mutations [98], whereas 
Notch1 gene mutations have been associated with BAV development and early calcification 
[101, 102]. Several studies have suggested that the abnormal organization of the ECM induced 
by these mutations may lead to abnormal VIC signaling and subsequent dysregulation of 
ECM synthesis [98, 103–105].

BAVs in the most common form of congenital valve disease, affecting 1–2% of the general 
population and eventually leading to aortic valve stenosis or regurgitation, infective endo-
carditis, and aortic dilation and/or dissection later in life [80, 97, 98, 106, 107]. Stenotic BAVs 
explanted from pediatric patients have been reported to exhibit excessive ECM production 
and disorganization, and VIC disarray without calcification. [98]. Specifically, the valve leaf-
lets demonstrated loss of the typical trilaminar structure of the normal aortic valve leaflets, 
with disorganized, fragmented and abnormally oriented collagen and elastic fibers, increased 
proteoglycan presence throughout the leaflets, leaflet thickening, and large areas relatively 
void of cells. Moreover, elastin content was decreased, whereas collagen and proteoglycan 
content were substantially increased [75, 98]. The abnormalities in BAV histoarchitecture, 
constitution and anatomy, have been show to affect leaflet kinematics and stress distribu-
tion in computational studies, suggesting that early occurrence of regurgitation or stenosis 
might strictly depend on those abnormalities [107]. Alterations in the mechanical loading of 
the heart valves, due to abnormalities in histoarchitecture, constitution and anatomy, induce 
tissue remodeling though abnormal VIC mechanotransduction, which can lead to further 
valvular disease and dysfunction. Several studies have characterized VIC response against 
alterations in the biomechanical environment, and demonstrated a clear link between abnor-
mal VIC stimulation, valvular tissue deformations and disease development and progression, 
highlighting the fundamental role of the mechanical environment on the mechanobiology 
of VICs [108–111]. As a result, BAVs are highly susceptible to calcification in later life, due 
to an induced osteoblastic VIC phenotype and subsequent matrix mineralization [80, 112]. 
Calcification causes valvular tissue to become thicker and stiffer (representative of a higher 
modulus), which eventually leads to valve stenosis and inevitable valve replacement [75].

Calcified aortic valve disease (CAVD) is not restricted to BAVs alone. CAVD is a slow, progres-
sive, multifactorial disorder that is frequently driven by aging and the obesity-associated meta-
bolic syndrome, and affects 25–30% of the population aged over 65 years old [75, 84, 100, 105, 
113, 114]. Initially, the disease in manifested by mild leaflet thickening of the leaflets alongside 
with increase in the proteoglycan and hyaluronic acid content, which progressively become more 
severe and lead to impaired leaflet motion, valvular tissue adaptation and stenosis, [75, 84]. In 
spite of the leaflet thickening, studies have indicated that there is little change in the mechanical 
properties of the valve at the early stages of the disease [75]. Although this makes the condition 
asymptomatic at its initial phases, 10% of the patients develop severe symptoms within 10 years 
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of the initial diagnosis, and require immediate AV replacement [115]. Accumulating evidence 
suggests that apart from the upregulation of certain cellular pathways that can activate VIC trans-
differentiation into osteogenic phenotype and promote osteogenic ECM remodeling, several 
non-cellular mechanisms, such as epitaxial calcification, can also induce calcium deposition in 
heart valves [116]. Calcific deposits in CAVD typically occur in regions of high stress concentra-
tion [117], highlighting the importance of mechanical factors in valve calcification, and initiate on 
the outflow surface of the leaflets [80, 106, 118]. It has been hypothesized that valvular ECs may 
regulate VIC function, and that the initiation of calcific deposits on the outflow, rather than the 
inflow, surface of the leaflets is due to differences in the hemodynamic microenvironment on the 
two sides of the leaflet. Elaborating, the different hemodynamic environments generate differ-
ent mechanical forces that induce different phenotypic modulations on the ECs on the oppos-
ing sides. This, in turn, causes variations in the regulation of VIC function [80, 119]. Moreover, 
accumulating evidence suggests that CAVD shares common features with atherosclerosis, 
particularly the early accumulation of low-density lipoproteins (LDL), possibly by proteoglycan 
retention, and the attraction of inflammatory cells by hyaluronic acid, in the early stages of both 
pathologies [84]. These commonalities have led to the suggestion that there might be an regula-
tory mechanism of CAVD, similar to that in arterial atherosclerosis [84, 106, 120]. It has been sug-
gested that a potential mediator of the hemodynamics-induced differential EC modulation might 
be Kruppel-like factor 2 (KLF2) [80]. KLF2 is a shear-stress-regulated transcription factor that is 
selectively induced in ECs localized in arterial regions that are protected from atherosclerosis 
[121]. Along these lines, ECs exposed to the same shear stress as the inflow surface of the aortic 
valve leaflets, demonstrated upregulation of KLF2 relatively to ECs exposed to shear stress levels 
equivalent to the outflow surface the aortic leaflets [80]. Moreover, it has also been suggested that 
the initiation of calcific deposits on the outflow surface of the leaflets might be due to the presence 
of nucleation sites, which provide the starting point for calcium nodule formation [75].

MVP is another common form of congenital valve disease that affects more than 2% of the gen-
eral population, and it is the most common indication for surgical MV repair or replacement. 
MVP refers to the displacement of one (unileaflet MVP) or both (bileaflet MVP) MV leaflets into 
the left atrium during systole [80]. MVP is not apparent at birth and it usually remains asymp-
tomatic till late adulthood [75, 80]. The condition is characterized by gross changes in the MV 
components, including thickening, enlargement and hooding of the leaflets, annular dilation, 
and elongated and/or ruptured chordae [86, 122]. The underlying pathology of MVP is myxo-
matous degeneration, which is defined by the abnormal accumulation of mucopolysaccharides. 
The pathology engulfs a number of processes, including diminishing of the fibrosa and thick-
ening of the spongiosa layer of the leaflets, increased cellularity in the spongiosa, deposition 
of randomly orientated collagens, accumulation of GAG- and proteoglycan-rich myxomatous 
material in the leaflets and chordae, fragmentation of collagen and elastic fibers, and production 
of abundant matrix metalloproteases [80, 86, 123, 124]. These changes in the histoarchitecture 
and constitution lead to the biomechanical weakening of the MV components, which ultimately 
leads to mitral regurgitation, thromboembolism, heart failure and atrial fibrillation [75, 80]. 
Myxomatous MVs have been reported to demonstrate a lower strength, increased extensibility 
and decreased modulus compared to normal MVs in both the leaflets and chordae [86, 125, 
126]. Myxomatous degeneration has also been reported to affect the biomechanical integrity 
of the chordae more that it does in the case of the leaflets [125, 126]. This finding is in accord 
with clinical reports that have indicated that most cases of myxomatous mitral regurgitation 
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involve chordal elongation and/or rupture rather than isolated leaflet prolapse due to annular 
dilation [86, 122]. In terms of constitution, human myxomatous MV leaflets and chordae have 
been reported to contain 3–9% more water and 2.4–7% more collagen compared to the normal 
tissues. In addition, the myxomatous leaflets and chordae contained 30–150% more GAGs com-
pared to the normal tissues, with chordae from unileaflet prolapsing valves demonstrating 62% 
more GAGs than chordae from bileaflet ones [86]. The alteration in the histoarchitecture and 
biochemical constitution is an attribute of the altered biosynthetic response of the VICs [80]. 
This leads to the pathological remodeling of the myxomatous valves, which coupled with their 
normal wear induced during the cyclic loading, leads to the deterioration of their mechani-
cal integrity. As discussed above, abnormalities in histoarchitecture and constitution cause 
alterations in the mechanical loading generated in the heart valves and, thus, abnormal VIC 
mechanotransduction. Indeed, VICs have been shown to respond to mechanical strain in vitro 
and modulate their biosynthetic and ECM-degradation activity. Under cyclic straining, VICs, 
isolated from porcine MV leaflets and chordae, produced upregulation of GAGs, with chordal 
VICs responding more rapidly to the cyclic strain than leaflet VICs [127, 128]. Moreover, stud-
ies with human MV explants have reported that during MVP development, healthy quiescent 
VICs undergo a phenotypic activation though the upregulation of the BMP4-mediated pathway 
[75, 129, 130]. BMP4 is an osteogenic morphogen that, together with BMP2, have been shown to 
be present in ossified valves [131]. BMP4 is also a potent inducer of collagen and proteoglycan 
synthesis, and matrix mineralization [75].
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of the initial diagnosis, and require immediate AV replacement [115]. Accumulating evidence 
suggests that apart from the upregulation of certain cellular pathways that can activate VIC trans-
differentiation into osteogenic phenotype and promote osteogenic ECM remodeling, several 
non-cellular mechanisms, such as epitaxial calcification, can also induce calcium deposition in 
heart valves [116]. Calcific deposits in CAVD typically occur in regions of high stress concentra-
tion [117], highlighting the importance of mechanical factors in valve calcification, and initiate on 
the outflow surface of the leaflets [80, 106, 118]. It has been hypothesized that valvular ECs may 
regulate VIC function, and that the initiation of calcific deposits on the outflow, rather than the 
inflow, surface of the leaflets is due to differences in the hemodynamic microenvironment on the 
two sides of the leaflet. Elaborating, the different hemodynamic environments generate differ-
ent mechanical forces that induce different phenotypic modulations on the ECs on the oppos-
ing sides. This, in turn, causes variations in the regulation of VIC function [80, 119]. Moreover, 
accumulating evidence suggests that CAVD shares common features with atherosclerosis, 
particularly the early accumulation of low-density lipoproteins (LDL), possibly by proteoglycan 
retention, and the attraction of inflammatory cells by hyaluronic acid, in the early stages of both 
pathologies [84]. These commonalities have led to the suggestion that there might be an regula-
tory mechanism of CAVD, similar to that in arterial atherosclerosis [84, 106, 120]. It has been sug-
gested that a potential mediator of the hemodynamics-induced differential EC modulation might 
be Kruppel-like factor 2 (KLF2) [80]. KLF2 is a shear-stress-regulated transcription factor that is 
selectively induced in ECs localized in arterial regions that are protected from atherosclerosis 
[121]. Along these lines, ECs exposed to the same shear stress as the inflow surface of the aortic 
valve leaflets, demonstrated upregulation of KLF2 relatively to ECs exposed to shear stress levels 
equivalent to the outflow surface the aortic leaflets [80]. Moreover, it has also been suggested that 
the initiation of calcific deposits on the outflow surface of the leaflets might be due to the presence 
of nucleation sites, which provide the starting point for calcium nodule formation [75].

MVP is another common form of congenital valve disease that affects more than 2% of the gen-
eral population, and it is the most common indication for surgical MV repair or replacement. 
MVP refers to the displacement of one (unileaflet MVP) or both (bileaflet MVP) MV leaflets into 
the left atrium during systole [80]. MVP is not apparent at birth and it usually remains asymp-
tomatic till late adulthood [75, 80]. The condition is characterized by gross changes in the MV 
components, including thickening, enlargement and hooding of the leaflets, annular dilation, 
and elongated and/or ruptured chordae [86, 122]. The underlying pathology of MVP is myxo-
matous degeneration, which is defined by the abnormal accumulation of mucopolysaccharides. 
The pathology engulfs a number of processes, including diminishing of the fibrosa and thick-
ening of the spongiosa layer of the leaflets, increased cellularity in the spongiosa, deposition 
of randomly orientated collagens, accumulation of GAG- and proteoglycan-rich myxomatous 
material in the leaflets and chordae, fragmentation of collagen and elastic fibers, and production 
of abundant matrix metalloproteases [80, 86, 123, 124]. These changes in the histoarchitecture 
and constitution lead to the biomechanical weakening of the MV components, which ultimately 
leads to mitral regurgitation, thromboembolism, heart failure and atrial fibrillation [75, 80]. 
Myxomatous MVs have been reported to demonstrate a lower strength, increased extensibility 
and decreased modulus compared to normal MVs in both the leaflets and chordae [86, 125, 
126]. Myxomatous degeneration has also been reported to affect the biomechanical integrity 
of the chordae more that it does in the case of the leaflets [125, 126]. This finding is in accord 
with clinical reports that have indicated that most cases of myxomatous mitral regurgitation 
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involve chordal elongation and/or rupture rather than isolated leaflet prolapse due to annular 
dilation [86, 122]. In terms of constitution, human myxomatous MV leaflets and chordae have 
been reported to contain 3–9% more water and 2.4–7% more collagen compared to the normal 
tissues. In addition, the myxomatous leaflets and chordae contained 30–150% more GAGs com-
pared to the normal tissues, with chordae from unileaflet prolapsing valves demonstrating 62% 
more GAGs than chordae from bileaflet ones [86]. The alteration in the histoarchitecture and 
biochemical constitution is an attribute of the altered biosynthetic response of the VICs [80]. 
This leads to the pathological remodeling of the myxomatous valves, which coupled with their 
normal wear induced during the cyclic loading, leads to the deterioration of their mechani-
cal integrity. As discussed above, abnormalities in histoarchitecture and constitution cause 
alterations in the mechanical loading generated in the heart valves and, thus, abnormal VIC 
mechanotransduction. Indeed, VICs have been shown to respond to mechanical strain in vitro 
and modulate their biosynthetic and ECM-degradation activity. Under cyclic straining, VICs, 
isolated from porcine MV leaflets and chordae, produced upregulation of GAGs, with chordal 
VICs responding more rapidly to the cyclic strain than leaflet VICs [127, 128]. Moreover, stud-
ies with human MV explants have reported that during MVP development, healthy quiescent 
VICs undergo a phenotypic activation though the upregulation of the BMP4-mediated pathway 
[75, 129, 130]. BMP4 is an osteogenic morphogen that, together with BMP2, have been shown to 
be present in ossified valves [131]. BMP4 is also a potent inducer of collagen and proteoglycan 
synthesis, and matrix mineralization [75].
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Abstract

Mitral valve is a complex cardiac structure whose function depends on a proper synchro-
nization between each mitral valve apparatus. Considerable headway over the years has 
been made toward unraveling the theoretical aspects which unifies the dynamic func-
tion, structural properties, and pathobiological, pathophysiological performance of the 
cardiac valves. However, the aspect of mitral valve regurgitation caused by left atrial 
myxoma still remains a gray area in the field as the mechanism(s) behind the masked 
and/or the resultant mitral valve regurgitation in relation to left atrial myxoma remains 
elusive. Although the regurgitations in most scenarios are masked due to the presence of 
the myxoma itself, however, both invasive and noninvasive techniques employed cannot 
ascertain if the regurgitation seen is a resultant or concomitant factor as the underlying 
pathological processes causing mitral valve regurgitation play key roles in the disease 
pathology as it could be a series of activated measures caused by the myxoma itself. 
Elucidating the role left atrial myxoma plays in mitral valve regurgitation is critical to 
improving our understanding as the aim of this chapter is to discuss the current knowl-
edge of mitral valve regurgitation caused by left atrial myxoma in succinct with the 
elusive underlying pathological sequential cascade activated due to the presence of this 
neoplasm.
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1. Introduction

Atrial myxomas are primary cardiac tumors which are more than usually found accidentally 
on routine clinical investigations toward other medical ailments commonly growing on the 
interatrial septum with the fossa ovalis been the most common site. However, it might also 
arise from the posterior, anterior and left atrial appendage. Cardiac myxomas are generally a 
rear occurrence with benign left atrial myxomas (LAM) being the most predominant type after 
pathological examinations. They are however two known basic types of cardiac myxoma; firm 
smooth and gelatinous irregular fond-like surface type with LAM mainly exhibiting symp-
toms of left-sided heart failure such as dyspnea when lying flat or on either the left or right 
side, arrhythmias, pulmonary edema, and even paroxysmal nocturnal dyspnea as a result of 
obstruction of the mitral valve orifice. Other associating symptoms such as malaise, Reynaud 
phenomenon, clubbing localized swelling, weight loss without trying and joint pain present 
themselves as the myxoma increases in size. LAM could also be sessile or pedunculated with 
pedunculated myxomas being the more frequent of the two. LAM is a multifactorial entity as 
at its diagnosis could spell the presence of diverse underlying cardiac alignments apart from 
the classic Goodwin’s triad while been silent and/or masked as some could be asymptomatic or 
vague presenting with just fever and fatigue. Apart from the required prompt clinical investiga-
tive and the timely surgical interventions long-term morbidity and the permanent damage done 
by the constant pendulum-like movement to the mitral valve and its associated apparatus only 
but leads to possible irreversible progressive permanent cardiac damage and eventually sud-
den death. The resultant life-threatening complications encountered with LAM such as stroke, 
acute heart failure, arrhythmias and sudden death produces a thromboembolic- ischemic effect, 
valvular obstructions and other constitutional symptoms due to the silent masking nature of all 
LAM with vague symptoms which eventually lead to evident mitral valve insufficiencies [1].

Normal heart valve ensures a one-way blood flow all through the entire cardiac cycle with 
little interference and without any form of regurgitation. The semilunar valve [i.e., the aortic 
valve and the pulmonary valve] prevents backflow of blood into the ventricles during the 
diastolic phase, and the atrioventricular valves [mitral valve and tricuspid valve] prohibit 
reverse flow from the ventricle to the atrium during systole. The ability for the mitral valve 
to allow unrestricted forward flow largely depends on the structure, pliability, integrity, and 
mobility of the entire mitral valve apparatus. The longtime continuous left atrial pendulum-
like movement made by the LAM leads to disturbances in the function of the mitral valve 
which affects the entire cardiac function due to the failure of the valve to shut properly allow-
ing blood leak into the left atrium [regurgitation]. Significant changes done to the structure 
of the mitral valve such as annular dilatation results to an increase in mechanical stress over 
the entire valve structure sufficient enough to eventually produce Mitral valve regurgitation 
coupled with poor leaflet appositions or leaflet tears caused by the size of the myxoma as it 
constantly rebounds against the leaflets protruding into the left ventricle during systole as 
far as rupturing the tendinaes and over extending both the papillary muscle base initiating a 
vicious circle leading to mitral regurgitation. The resultant thromboembolic-ischemic effect of 
the papillary muscle caused by the multi-level blockage of the coronary artery plays a major 
role to the degree of mitral regurgitation seen [mild, moderate and sever] as the posterior 
aspect of the muscle receives blood supply from branches of the posterior descending artery, 
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taking its course from either the right or the circumflex coronary artery, depending on which 
is the dominant system as its much inclined to ischemia and necrosis produced by the occlu-
sion as compared to the anterior muscle which invariably secures its supply from either the 
branches of the circumflex artery and the septal left anterior descending artery which is less 
predisposed to ischemia and rupture caused by occlusion [1–3].

However, achieving a favorable better long-term results with any effective medical interven-
tions used in the management or treatment of mitral valve regurgitation produced by the 
resultant LAM is dependent on tackling the known types of processes responsible for mitral 
valve insufficiencies namely; rheumatic, ischemic, degenerative, infectious type [endocardi-
tis] and other related etiological factors such as calcific degeneration and collagen vascular 
disorders [2, 3]. Being the most common type of heart valve disorders with vast non-surgical 
and technical surgical methods used in treating mitral valve regurgitation, in-depth knowl-
edge to the known underlined process involved with mitral valve insufficiencies as a result 
of the consequent presence of the LAM is pivotal to achieving favorable long-term results 
as masked mitral valve regurgitation are always almost evident at diagnosis. It is therefore 
imperative for practicing cardiologist, pulmonologist, echo-cardiologist, cardiac surgeons 
and any other therapist and/or interventionist involved at the diagnostic work up to bear 
in mind the high possibility of a resultant mitral valve regurgitation produced by the atrial 
myxoma not also forgetting the associative know processes of mitral valve insufficiencies as 
all this could be masked by the presence of the myxoma itself limiting the chance for a proper 
intervention both therapeutically or surgically [1].

Be it as it may, this only adds to the existing questions in the field by practitioners regarding 
the pathology and physiology of LAM, the accompanied masked regurgitations, mitral valve 
prolapse and the underlying process involved with mitral valve insufficiencies along with the 
long-term prognosis. This scientific chapter aims to discuss the clinical implications of mitral 
valve regurgitation produced by LAM and the underlying processes involved with mitral 
valve insufficiencies.

2. Anatomy and physiology of mitral valve

The mitral valve is a complex anatomical structure made of an annulus, two leaflets, chordae 
tendineae, and the anterior and posterior papillary muscle. A synchronized movement of all 
the mitral valve apparatus is essential for the valve to function normally and their structural 
architecture enables them to cause a very low level of mechanical stress during the ventricu-
lar systole. Mitral valve insufficiencies occur due to structural defects or change affecting the 
normal architecture of the mitral valve apparatus as an effective function of the mitral valve 
solely depends on an efficient interaction of the whole mitral valve components including 
the left ventricle itself. The annulus is generally saddled in shape taking a kidney-like shape 
in systole and a round shape at diastole. However, it is anatomically divided into two dis-
tinct parts; an anterior and posterior portion with the former considered to be non-distensible 
found between two fibrous bodies while the latter accounts for about 2/3 of the mitral valve 
orifice and is considered to be easily prone to distention and dilatation with LAM and other 
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1. Introduction

Atrial myxomas are primary cardiac tumors which are more than usually found accidentally 
on routine clinical investigations toward other medical ailments commonly growing on the 
interatrial septum with the fossa ovalis been the most common site. However, it might also 
arise from the posterior, anterior and left atrial appendage. Cardiac myxomas are generally a 
rear occurrence with benign left atrial myxomas (LAM) being the most predominant type after 
pathological examinations. They are however two known basic types of cardiac myxoma; firm 
smooth and gelatinous irregular fond-like surface type with LAM mainly exhibiting symp-
toms of left-sided heart failure such as dyspnea when lying flat or on either the left or right 
side, arrhythmias, pulmonary edema, and even paroxysmal nocturnal dyspnea as a result of 
obstruction of the mitral valve orifice. Other associating symptoms such as malaise, Reynaud 
phenomenon, clubbing localized swelling, weight loss without trying and joint pain present 
themselves as the myxoma increases in size. LAM could also be sessile or pedunculated with 
pedunculated myxomas being the more frequent of the two. LAM is a multifactorial entity as 
at its diagnosis could spell the presence of diverse underlying cardiac alignments apart from 
the classic Goodwin’s triad while been silent and/or masked as some could be asymptomatic or 
vague presenting with just fever and fatigue. Apart from the required prompt clinical investiga-
tive and the timely surgical interventions long-term morbidity and the permanent damage done 
by the constant pendulum-like movement to the mitral valve and its associated apparatus only 
but leads to possible irreversible progressive permanent cardiac damage and eventually sud-
den death. The resultant life-threatening complications encountered with LAM such as stroke, 
acute heart failure, arrhythmias and sudden death produces a thromboembolic- ischemic effect, 
valvular obstructions and other constitutional symptoms due to the silent masking nature of all 
LAM with vague symptoms which eventually lead to evident mitral valve insufficiencies [1].

Normal heart valve ensures a one-way blood flow all through the entire cardiac cycle with 
little interference and without any form of regurgitation. The semilunar valve [i.e., the aortic 
valve and the pulmonary valve] prevents backflow of blood into the ventricles during the 
diastolic phase, and the atrioventricular valves [mitral valve and tricuspid valve] prohibit 
reverse flow from the ventricle to the atrium during systole. The ability for the mitral valve 
to allow unrestricted forward flow largely depends on the structure, pliability, integrity, and 
mobility of the entire mitral valve apparatus. The longtime continuous left atrial pendulum-
like movement made by the LAM leads to disturbances in the function of the mitral valve 
which affects the entire cardiac function due to the failure of the valve to shut properly allow-
ing blood leak into the left atrium [regurgitation]. Significant changes done to the structure 
of the mitral valve such as annular dilatation results to an increase in mechanical stress over 
the entire valve structure sufficient enough to eventually produce Mitral valve regurgitation 
coupled with poor leaflet appositions or leaflet tears caused by the size of the myxoma as it 
constantly rebounds against the leaflets protruding into the left ventricle during systole as 
far as rupturing the tendinaes and over extending both the papillary muscle base initiating a 
vicious circle leading to mitral regurgitation. The resultant thromboembolic-ischemic effect of 
the papillary muscle caused by the multi-level blockage of the coronary artery plays a major 
role to the degree of mitral regurgitation seen [mild, moderate and sever] as the posterior 
aspect of the muscle receives blood supply from branches of the posterior descending artery, 
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taking its course from either the right or the circumflex coronary artery, depending on which 
is the dominant system as its much inclined to ischemia and necrosis produced by the occlu-
sion as compared to the anterior muscle which invariably secures its supply from either the 
branches of the circumflex artery and the septal left anterior descending artery which is less 
predisposed to ischemia and rupture caused by occlusion [1–3].

However, achieving a favorable better long-term results with any effective medical interven-
tions used in the management or treatment of mitral valve regurgitation produced by the 
resultant LAM is dependent on tackling the known types of processes responsible for mitral 
valve insufficiencies namely; rheumatic, ischemic, degenerative, infectious type [endocardi-
tis] and other related etiological factors such as calcific degeneration and collagen vascular 
disorders [2, 3]. Being the most common type of heart valve disorders with vast non-surgical 
and technical surgical methods used in treating mitral valve regurgitation, in-depth knowl-
edge to the known underlined process involved with mitral valve insufficiencies as a result 
of the consequent presence of the LAM is pivotal to achieving favorable long-term results 
as masked mitral valve regurgitation are always almost evident at diagnosis. It is therefore 
imperative for practicing cardiologist, pulmonologist, echo-cardiologist, cardiac surgeons 
and any other therapist and/or interventionist involved at the diagnostic work up to bear 
in mind the high possibility of a resultant mitral valve regurgitation produced by the atrial 
myxoma not also forgetting the associative know processes of mitral valve insufficiencies as 
all this could be masked by the presence of the myxoma itself limiting the chance for a proper 
intervention both therapeutically or surgically [1].

Be it as it may, this only adds to the existing questions in the field by practitioners regarding 
the pathology and physiology of LAM, the accompanied masked regurgitations, mitral valve 
prolapse and the underlying process involved with mitral valve insufficiencies along with the 
long-term prognosis. This scientific chapter aims to discuss the clinical implications of mitral 
valve regurgitation produced by LAM and the underlying processes involved with mitral 
valve insufficiencies.

2. Anatomy and physiology of mitral valve

The mitral valve is a complex anatomical structure made of an annulus, two leaflets, chordae 
tendineae, and the anterior and posterior papillary muscle. A synchronized movement of all 
the mitral valve apparatus is essential for the valve to function normally and their structural 
architecture enables them to cause a very low level of mechanical stress during the ventricu-
lar systole. Mitral valve insufficiencies occur due to structural defects or change affecting the 
normal architecture of the mitral valve apparatus as an effective function of the mitral valve 
solely depends on an efficient interaction of the whole mitral valve components including 
the left ventricle itself. The annulus is generally saddled in shape taking a kidney-like shape 
in systole and a round shape at diastole. However, it is anatomically divided into two dis-
tinct parts; an anterior and posterior portion with the former considered to be non-distensible 
found between two fibrous bodies while the latter accounts for about 2/3 of the mitral valve 
orifice and is considered to be easily prone to distention and dilatation with LAM and other 
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diseases affecting the mitral valve and the left heart [4, 5] (Figure 1). The two leaflets are also 
described as anterior and posterior with the anterior leaflet being wider with a shorter base 
while the posterior leaflet is narrower but with a much broader attachment. Three distinc-
tive scallops can be related to the posterior leaflet which is clinically distinctive and vital for 
proper mitral valve function in addition to the lateral and medial small commissural scallops 
namely; medial, middle and a lateral scallop with the middle scallop being the largest among 
the three (Figure 2) [6–8]. The rough zone of each leaflet comes in contact with that of its other 
counterpart as the total surface area of the leaflets is twice the total surface area of the mitral 
orifice itself giving a border surface area for leaflet coaptation during systole which in turn 
decreases the mechanical stress during a single cardiac circle. A decrease in mechanical stress 
is achieved with a synchronous contractive action produced by the papillary muscles during 
left ventricular systole which further leads to an adequate tethering of the mitral valve thereby 
ensuring that the rough zones of both leaflets are in a properly oriented vertical direction 
[9–11]. Any destructive or nondestructive change to the normal structure and architecture of 
the mitral valve apparatus caused by the resultant long-standing pendulum-like effect of the 
LAM such as annular dilatation [anterior and posterior], leaflet prolapse and/or retraction  

Figure 1. Schematic of the mitral annulus (black lines) (A): Time frames during the cardiac cycle and the volume change 
(gray lines) between both time frames (B): End systole and diastole (shaded gray). Saddle horn, the annular region 
closest to the aortic annulus.
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[anterior and posterior], chordae tendineae rupture or elongation and left ventricular abnor-
malities produced during the course of forward and backwards movement into the left ventri-
cle and back to the left atrium during systole and diastole results in mitral valve regurgitation 
[1, 4, 7, 11] .

3. Left atrial myxoma

Myxomas are the most prevalent primary cardiac tumors, with 80–85% found in the left 
atrium and an annual incidence of 0.5 per million commonly arising from the interatrial sep-
tum at the fossa ovalis to be precise but can, however, be found in any chamber of the heart 
and structures with timely surgical resection playing a vital role in its treatment and recovery. 
The “tumor plop” sound heard during auscultation is a pathognomonic sign as a result of the 
penetrating myxoma in and out of the left ventricle. Symptoms caused by LAM are intermit-
tent due to the occasional prolapse of the tumor through the atrioventricular valve and is also 
highly dependent on body position [1]. Cardiac myxomas usually occur between the third 
and sixth decades of an adult life taking a preference for the female sex with varying growth 
rate ranging from an absolute nonexistent growth to several millimeters per month. Familial 
inheritance, multicentricity, metastasis and inadequate excision increases the chance of car-
diac myxomas recurrences, increased morbidity and mortality rates leading to poor prognosis 
and further possibly irreversible cardiac conditions either by medicamentous therapy alone 
and/or in combination with other various surgical therapies. Planned scheduled follow-up 
is of great importance in ruling out the possibility of a tumor reoccurrence even after proper 
surgical therapy employed. Cardiac computed tomography, magnetic resonance imaging, 
Doppler assessment and a combination of both outpatient transthoracic echocardiography 
with intra and postoperative Transesophageal echocardiography are essential for identifying 
and grading the regurgitation which is essential for an adequate left atrial myxoma therapy 
as they help in making precise judgment and assessment of anatomical valvular structures, 
which are destroyed by the tumor and are easily missed as most regurgitation are masked by 
the sole presence of LAM, different loading conditions, body structure and position [1, 12–24].

Figure 2. Carpentier classification of a well-structured mitral valve leaflet. A: anterior; P: posterior.
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diseases affecting the mitral valve and the left heart [4, 5] (Figure 1). The two leaflets are also 
described as anterior and posterior with the anterior leaflet being wider with a shorter base 
while the posterior leaflet is narrower but with a much broader attachment. Three distinc-
tive scallops can be related to the posterior leaflet which is clinically distinctive and vital for 
proper mitral valve function in addition to the lateral and medial small commissural scallops 
namely; medial, middle and a lateral scallop with the middle scallop being the largest among 
the three (Figure 2) [6–8]. The rough zone of each leaflet comes in contact with that of its other 
counterpart as the total surface area of the leaflets is twice the total surface area of the mitral 
orifice itself giving a border surface area for leaflet coaptation during systole which in turn 
decreases the mechanical stress during a single cardiac circle. A decrease in mechanical stress 
is achieved with a synchronous contractive action produced by the papillary muscles during 
left ventricular systole which further leads to an adequate tethering of the mitral valve thereby 
ensuring that the rough zones of both leaflets are in a properly oriented vertical direction 
[9–11]. Any destructive or nondestructive change to the normal structure and architecture of 
the mitral valve apparatus caused by the resultant long-standing pendulum-like effect of the 
LAM such as annular dilatation [anterior and posterior], leaflet prolapse and/or retraction  

Figure 1. Schematic of the mitral annulus (black lines) (A): Time frames during the cardiac cycle and the volume change 
(gray lines) between both time frames (B): End systole and diastole (shaded gray). Saddle horn, the annular region 
closest to the aortic annulus.
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[anterior and posterior], chordae tendineae rupture or elongation and left ventricular abnor-
malities produced during the course of forward and backwards movement into the left ventri-
cle and back to the left atrium during systole and diastole results in mitral valve regurgitation 
[1, 4, 7, 11] .

3. Left atrial myxoma

Myxomas are the most prevalent primary cardiac tumors, with 80–85% found in the left 
atrium and an annual incidence of 0.5 per million commonly arising from the interatrial sep-
tum at the fossa ovalis to be precise but can, however, be found in any chamber of the heart 
and structures with timely surgical resection playing a vital role in its treatment and recovery. 
The “tumor plop” sound heard during auscultation is a pathognomonic sign as a result of the 
penetrating myxoma in and out of the left ventricle. Symptoms caused by LAM are intermit-
tent due to the occasional prolapse of the tumor through the atrioventricular valve and is also 
highly dependent on body position [1]. Cardiac myxomas usually occur between the third 
and sixth decades of an adult life taking a preference for the female sex with varying growth 
rate ranging from an absolute nonexistent growth to several millimeters per month. Familial 
inheritance, multicentricity, metastasis and inadequate excision increases the chance of car-
diac myxomas recurrences, increased morbidity and mortality rates leading to poor prognosis 
and further possibly irreversible cardiac conditions either by medicamentous therapy alone 
and/or in combination with other various surgical therapies. Planned scheduled follow-up 
is of great importance in ruling out the possibility of a tumor reoccurrence even after proper 
surgical therapy employed. Cardiac computed tomography, magnetic resonance imaging, 
Doppler assessment and a combination of both outpatient transthoracic echocardiography 
with intra and postoperative Transesophageal echocardiography are essential for identifying 
and grading the regurgitation which is essential for an adequate left atrial myxoma therapy 
as they help in making precise judgment and assessment of anatomical valvular structures, 
which are destroyed by the tumor and are easily missed as most regurgitation are masked by 
the sole presence of LAM, different loading conditions, body structure and position [1, 12–24].

Figure 2. Carpentier classification of a well-structured mitral valve leaflet. A: anterior; P: posterior.
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4. Pathology and physiopathology

The tendency of mitral valve regurgitation and the adjunct mitral valve prolapse develop-
ment is inevitably high with the presence of left atrial myxoma either before or after any 
interventions been made. The development of mitral valve prolapse is due to the persistent 
rebound pendulum-like motion of the left atrial myxoma on the valve apparatus during 
each cardiac circle. Echocardiographically, mitral valve prolapse is defined as the upward 
displacement of the mitral leaflets above 2 mm in diastole [silent] which is usually the case 
in patients presenting with LAM and above 3 mm [massive] which increases the regurgitant 
jets seen during the echocardiographic studies. However, mid-systolic click to late systolic 
murmur is pathognomonic auscultatory findings with mitral valve prolapse and underling 
regurgitation as it varies from being benign to a gradual or sudden advance stage depend-
ing on the prolapse and regurgitation grade either before or after therapeutic interventions 
with a significant morbidity and mortality rate. Fortunately, apart from the massive prolapse, 
bacterial endocarditis, thromboembolism, atrial fibrillations, myxomatous degenerations 
[Barlow’s disease] and rheumatic heart diseases play key roles in the resultant regurgitations 
caused by the left atrial myxoma. Histological features of mitral valve prolapse and regurgita-
tion are marked spongiosa proliferation, mucopolysaccharide acid replacement of the leaflet 
collagen causing thickening and leaflet redundancy. As a result of the changes made such as 
fibrotic leaflets, thinning and/or elongation of the chordae tendineae, proper valve coaptation 
during systole is rendered impossible due to the redundant and elongated leaflets coupled 
with overshooting into the left atrium and the disrupted tendineae which eventually ruptures 
leading to regurgitation.

5. Mitral regurgitation

Mitral valve regurgitation is a complex entity that could be caused by either one of the follow-
ing etiological factors such as; Marfan syndrome, acute rheumatic valve disease, degenerative 
[myxomatous], bacterial endocarditis, acute ischemia, papillary muscle rupture. However, 
mitral regurgitations are further categorized into two broad groups; acute and chronic [pri-
mary and secondary] mitral regurgitation and into two generally accepted classifications 
namely; Carpentier and Duran’s classification. Although identifying patients at risk, symp-
tomatic, asymptomatic and progressive stage of mitral valve regurgitation encountered in 
clinical settings have been made easier as compared to previous years with the most recent 
American Heart Association (AHA) and the American College of Cardiology (ACC) guide-
lines for patient management (see appendix A and B) [25].

Common clinical presentations encountered with LAM are either stenosis due to tumor pro-
lapse into mitral orifice or regurgitation due to tumor induced valve trauma. Furthermore, 
Mitral valve regurgitation associated with LAM is caused by ventricular and annular dilata-
tion, failure of leaflet coaptation and the direct damage of the leaflets and/or subvalvular 
apparatus due to the presence of the myxoma body itself as it transverses through the mitral 
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valve during each systolic and diastolic phase coupled with the myxoma body adherence to 
nearby structures of the mitral valve. The myxoma prolapse from the left atrium toward the 
left ventricle during the entire cardiac cycle eventually leads to mitral valve regurgitations of 
varying degrees, cause volume overload propagating both left atrial and left ventricular dila-
tation, annular dilatation due to the continuous mechanical stretch of the prolapsing tumor on 
the mitral annulus during each systolic and diastolic phase. However, the extent of valvular 
obstruction varies with body position as the presence of the myxoma body itself affects trans-
mitral blood flow and also tends to mask mild and moderate to severe mitral regurgitations 
due to the huge and floating myxoma body where large myxomas with long stalk produces a 
temporally complete obstruction of the mitral valve orifice resulting in syncope. The continu-
ous pendulum like or “wrecking ball” effect of the myxoma during each cardiac circle against 
the entirety of the mitral valve apparatus gives raise to regurgitations and its severity is highly 
dependent on the resultant effect of the myxoma body itself on the mitral valve [26–35]. The 
grade and severity of the regurgitation is highly dependent on the myxomas body size, stalk 
length [small, large, prolapsing and non- prolapsing] and to some varying degree body posi-
tion and the resultant changes of blood flow through the left heart [36].

5.1. Carpentier classification

As widely used and proposed by Carpentier, the anterior leaflet is indicated as A1, A2, and 
A3 but lacks a clear distinction between A1 and A2 and also between A2 and A3 because of its 
smooth surface. However, the analogous segments of the posterior leaflets are also indicated 
as P1 [anterolateral], P2 [middle], and P3 [posteromedial] and highly distinctive from each 
other [37]. Regurgitations occur when there is an annular dilatation and/or the free edge of one 
or both leaflets overrides the entire valve orifice during systole, chordae tendineae destruc-
tion or rupture, a papillary muscle tear or detachment, architectural left ventricular destruc-
tion and acute ischemia as a result of embolization due to the myxoma friability (Table 1).  
Regurgitations caused by LAM express themselves differently according to grades, degree, 
and size of the myxoma, different loading conditions, body structure, position and other 
masked underlying pathology so therefore, for a successfully understanding of mitral regur-
gitation caused by LAM, a clear knowledge of the components and anatomy of the mitral 
valve apparatus, possible functional alterations, analysis of the leaflet motion, and a proper 
grading system is essential for a better prognosis after management or repair [1] (Figure 2).

Type A The manifestation or appearance of mitral regurgitations is as a result of annular dilatation

Type B The manifestation or appearance of mitral regurgitations is as a result of .one of either leaflets overriding 
the annular plane during systole

Type C The manifestation or appearance of mitral regurgitations is as a result of restricted leaflet motion during 
both systole and diastole

Type D The manifestation or appearance of mitral regurgitations is as a result of restricted leaflet motion during 
systole only

Table 1. Carpentier’s classification of regurgitation of the mitral valve.
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4. Pathology and physiopathology

The tendency of mitral valve regurgitation and the adjunct mitral valve prolapse develop-
ment is inevitably high with the presence of left atrial myxoma either before or after any 
interventions been made. The development of mitral valve prolapse is due to the persistent 
rebound pendulum-like motion of the left atrial myxoma on the valve apparatus during 
each cardiac circle. Echocardiographically, mitral valve prolapse is defined as the upward 
displacement of the mitral leaflets above 2 mm in diastole [silent] which is usually the case 
in patients presenting with LAM and above 3 mm [massive] which increases the regurgitant 
jets seen during the echocardiographic studies. However, mid-systolic click to late systolic 
murmur is pathognomonic auscultatory findings with mitral valve prolapse and underling 
regurgitation as it varies from being benign to a gradual or sudden advance stage depend-
ing on the prolapse and regurgitation grade either before or after therapeutic interventions 
with a significant morbidity and mortality rate. Fortunately, apart from the massive prolapse, 
bacterial endocarditis, thromboembolism, atrial fibrillations, myxomatous degenerations 
[Barlow’s disease] and rheumatic heart diseases play key roles in the resultant regurgitations 
caused by the left atrial myxoma. Histological features of mitral valve prolapse and regurgita-
tion are marked spongiosa proliferation, mucopolysaccharide acid replacement of the leaflet 
collagen causing thickening and leaflet redundancy. As a result of the changes made such as 
fibrotic leaflets, thinning and/or elongation of the chordae tendineae, proper valve coaptation 
during systole is rendered impossible due to the redundant and elongated leaflets coupled 
with overshooting into the left atrium and the disrupted tendineae which eventually ruptures 
leading to regurgitation.

5. Mitral regurgitation

Mitral valve regurgitation is a complex entity that could be caused by either one of the follow-
ing etiological factors such as; Marfan syndrome, acute rheumatic valve disease, degenerative 
[myxomatous], bacterial endocarditis, acute ischemia, papillary muscle rupture. However, 
mitral regurgitations are further categorized into two broad groups; acute and chronic [pri-
mary and secondary] mitral regurgitation and into two generally accepted classifications 
namely; Carpentier and Duran’s classification. Although identifying patients at risk, symp-
tomatic, asymptomatic and progressive stage of mitral valve regurgitation encountered in 
clinical settings have been made easier as compared to previous years with the most recent 
American Heart Association (AHA) and the American College of Cardiology (ACC) guide-
lines for patient management (see appendix A and B) [25].

Common clinical presentations encountered with LAM are either stenosis due to tumor pro-
lapse into mitral orifice or regurgitation due to tumor induced valve trauma. Furthermore, 
Mitral valve regurgitation associated with LAM is caused by ventricular and annular dilata-
tion, failure of leaflet coaptation and the direct damage of the leaflets and/or subvalvular 
apparatus due to the presence of the myxoma body itself as it transverses through the mitral 
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valve during each systolic and diastolic phase coupled with the myxoma body adherence to 
nearby structures of the mitral valve. The myxoma prolapse from the left atrium toward the 
left ventricle during the entire cardiac cycle eventually leads to mitral valve regurgitations of 
varying degrees, cause volume overload propagating both left atrial and left ventricular dila-
tation, annular dilatation due to the continuous mechanical stretch of the prolapsing tumor on 
the mitral annulus during each systolic and diastolic phase. However, the extent of valvular 
obstruction varies with body position as the presence of the myxoma body itself affects trans-
mitral blood flow and also tends to mask mild and moderate to severe mitral regurgitations 
due to the huge and floating myxoma body where large myxomas with long stalk produces a 
temporally complete obstruction of the mitral valve orifice resulting in syncope. The continu-
ous pendulum like or “wrecking ball” effect of the myxoma during each cardiac circle against 
the entirety of the mitral valve apparatus gives raise to regurgitations and its severity is highly 
dependent on the resultant effect of the myxoma body itself on the mitral valve [26–35]. The 
grade and severity of the regurgitation is highly dependent on the myxomas body size, stalk 
length [small, large, prolapsing and non- prolapsing] and to some varying degree body posi-
tion and the resultant changes of blood flow through the left heart [36].

5.1. Carpentier classification

As widely used and proposed by Carpentier, the anterior leaflet is indicated as A1, A2, and 
A3 but lacks a clear distinction between A1 and A2 and also between A2 and A3 because of its 
smooth surface. However, the analogous segments of the posterior leaflets are also indicated 
as P1 [anterolateral], P2 [middle], and P3 [posteromedial] and highly distinctive from each 
other [37]. Regurgitations occur when there is an annular dilatation and/or the free edge of one 
or both leaflets overrides the entire valve orifice during systole, chordae tendineae destruc-
tion or rupture, a papillary muscle tear or detachment, architectural left ventricular destruc-
tion and acute ischemia as a result of embolization due to the myxoma friability (Table 1).  
Regurgitations caused by LAM express themselves differently according to grades, degree, 
and size of the myxoma, different loading conditions, body structure, position and other 
masked underlying pathology so therefore, for a successfully understanding of mitral regur-
gitation caused by LAM, a clear knowledge of the components and anatomy of the mitral 
valve apparatus, possible functional alterations, analysis of the leaflet motion, and a proper 
grading system is essential for a better prognosis after management or repair [1] (Figure 2).

Type A The manifestation or appearance of mitral regurgitations is as a result of annular dilatation

Type B The manifestation or appearance of mitral regurgitations is as a result of .one of either leaflets overriding 
the annular plane during systole

Type C The manifestation or appearance of mitral regurgitations is as a result of restricted leaflet motion during 
both systole and diastole

Type D The manifestation or appearance of mitral regurgitations is as a result of restricted leaflet motion during 
systole only

Table 1. Carpentier’s classification of regurgitation of the mitral valve.
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• Type A is evident when there is annular dilatation only or in combination with leaflet per-
foration, as in endocarditis.

• Type B is caused by elongated chordae tendineae, as constantly seen in degenerative dis-
ease, or thinning of the papillary muscle, found in ischemic heart disease.

• Type C occurs when there is leaflet perforation or chordal rupture, as found in rheumatic 
diseases.

• Type D there is chordal rupture [rheumatic] or in combination with papillary muscle de-
tachment or displacement [ischemic].

5.2. Duran classification

Kumar et al. proposed their classifications based on the chordae tendineae insertion gotten 
from the two papillary muscle groups. Thus, the posterior leaflet scallops were designated as 
P1 [anterolateral] and P2 [posteromedial] and the larger middle scallop as posterior middle 
which was subdivided as PM1 and PM2 based on chordal origins while the anterior leaflets 
were divided into A1 with chordae crossing from the anterolateral papillary muscle and A2 
with chordae from the posteromedial papillary muscle [38] (Figure 3).

5.3. Acute mitral regurgitation

Acute mitral regurgitation occurs due to annular prolapse and the disruption of other differ-
ent structures of the mitral valve. The papillary muscle rupture or the detachment of the chor-
dae tendineae from the papillary muscles caused by the resultant myxoma pendulum-like 
movement during each cardiac circle causing disrupted valve motion and a rise in volume 
overload in combination with the high friable tendencies of LAM leading to embolization 
of the coronary arteries which eventually ends in myocardial infarction. The acute volume 
overload on the left ventricle combined with the regurgitant flow of blood into the left atrium 
during systole results in acute pulmonary congestion, dyspnea, and poor cardiac output [39].

5.4. Chronic mitral regurgitation

When categorizing chronic mitral regurgitation caused by left atrial myxoma, it is impor-
tant that the physician gives a proper distinction between chronic primary [degenerative] 
and chronic secondary [functional] mitral regurgitation as it clearly helps in identifying the 
underlying pathology in relation to the resultant effect caused by the myxoma itself.

• Chronic primary mitral regurgitation: This regurgitation is as a result of the myxomas de-
struction of a single valve component either in its function or architecture such as annular 
dilatation with regurgitant jets from the left ventricle to the left atrium. However, the pro-
longed and severe volume overload produced eventually causes irreversible myocardial 
damage, episodic periods of heart failure and finally sudden death

• Chronic secondary mitral regurgitation: In this type of regurgitation, the entire valve appara-
tus is somewhat normal but the regurgitant jets are caused by embolization of the coronary 
arteries on different levels from the fragments of the myxoma giving rise to myocardial 
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infarction precipitating severe left ventricular dysfunction and adverse remodeling which 
eventually causes papillary muscle detachment, tethering leaflets with associated annular 
dilatation preventing proper coaptation [40].

5.5. Ischemic heart disease

Ischemic mitral regurgitation is defined as a moderate to severe mitral leak precipitated by acute 
myocardial infarction caused by partial or total complete obstruction of one or more coronary 
arteries on a different level due to the myxoma friability which gives rise to various degree of 
mitral regurgitation by changing the geometry of the ventricle [spherical shape], distorted wall 
motion, lateral and apical deracinated papillary muscles or its deformation due to ischemia [41].

5.6. Degenerative heart disease

This type of regurgitation is perpetuated as little pieces of embolus from the myxoma gets 
stocked at the edges of the leaflets forming small nodules which prevents complete valve closure 

Figure 3. (A) Duran classification of a well-structured mitral valve leaflet, A: anterior; PM: posterior middle; P1: posterior 
lateral; P2: posterior medial. (B) Modified type A: anterior. P: posterior. PM: posterior middle [1: lateral. 2: Medial].
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• Type A is evident when there is annular dilatation only or in combination with leaflet per-
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with chordae from the posteromedial papillary muscle [38] (Figure 3).
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underlying pathology in relation to the resultant effect caused by the myxoma itself.
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struction of a single valve component either in its function or architecture such as annular 
dilatation with regurgitant jets from the left ventricle to the left atrium. However, the pro-
longed and severe volume overload produced eventually causes irreversible myocardial 
damage, episodic periods of heart failure and finally sudden death

• Chronic secondary mitral regurgitation: In this type of regurgitation, the entire valve appara-
tus is somewhat normal but the regurgitant jets are caused by embolization of the coronary 
arteries on different levels from the fragments of the myxoma giving rise to myocardial 
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infarction precipitating severe left ventricular dysfunction and adverse remodeling which 
eventually causes papillary muscle detachment, tethering leaflets with associated annular 
dilatation preventing proper coaptation [40].

5.5. Ischemic heart disease

Ischemic mitral regurgitation is defined as a moderate to severe mitral leak precipitated by acute 
myocardial infarction caused by partial or total complete obstruction of one or more coronary 
arteries on a different level due to the myxoma friability which gives rise to various degree of 
mitral regurgitation by changing the geometry of the ventricle [spherical shape], distorted wall 
motion, lateral and apical deracinated papillary muscles or its deformation due to ischemia [41].

5.6. Degenerative heart disease

This type of regurgitation is perpetuated as little pieces of embolus from the myxoma gets 
stocked at the edges of the leaflets forming small nodules which prevents complete valve closure 

Figure 3. (A) Duran classification of a well-structured mitral valve leaflet, A: anterior; PM: posterior middle; P1: posterior 
lateral; P2: posterior medial. (B) Modified type A: anterior. P: posterior. PM: posterior middle [1: lateral. 2: Medial].
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leading to regurgitant backflow of blood into the left atrium during the course of each cardiac 
circle which over time leads to an enlarged left atrium and ventricle causing heart failure.

5.7. Rheumatic heart disease

Myxoma [Latin Greek word “muxa” for mucus] means a myxoid tumor of primitive connec-
tive tissue, a primary tumor affecting adult hearts commonly in the left atrium but can, how-
ever, be found in other locations. LAM inflammatory process gives rise to a rapid sequence of 
chordal thickening and retraction, commissural fusion and finally thickened leaflets [incom-
plete opening and closure of the leaflets] with an enlarged annulus which eventually leads 
to regurgitation. Though an uncommon relation to the underlying processes involved with 
LAM throughout its development until therapy, pathologist has confirmed postoperatively 
the pathological component of LAM to be a spindle tumor with mucus production histologi-
cally made up of fusiform, stellate, and or polygonal cells [42–45] and histologically associ-
ated with interleukin-6 [46].

5.8. Endocarditis

This type of regurgitation caused by LAM is rear as compared to other underlying resul-
tant pathological cause and may even be described by some physicians, surgeons, and inter-
ventionist as idiopathic due to its ambiguity. The vegetations formed involves series of the 
pathological process which is activated as a result of incomplete resection of the LAM in 
combination with natural human oral streptococcal inhabitants [Streptococcus sanguinis and/
or dysgalactiae] which gets into the bloodstream when opportunities present themselves such 
as during surgeries and colonize the heart valves especially the mitral valve. The result at first 
is noninfective, but as the collection of platelets, fibrin, microcolonies of microorganisms, and 
the scant inflammatory cells increases, it shifts to a subacute stage and finally to full-blown 
endocarditis due to bacterial accumulations as they lodge and aggregate at the site of the 
incomplete LAM resection [1, 47].

6. Conclusion and future directions

Being the most common primary cardiac neoplasm in adults, the present state of research 
on its set cause, Pathobiology, physiopathology, and pathophysiology are still elusive as 
clinical and research efforts are being channeled toward its morbidity, mortality and its pos-
sible reoccurrence after surgery. If resultant mitral regurgitations and long-term survival for 
patients is to be achieved as it’s the main goal in all neoplastic diseases, a proper understand-
ing of myxomas pathology and the probable underlying process that could occur before and 
after therapeutic and/or surgical interventions employed is highly essential to tackle the un 
resolving issue in the field. Management of this condition requires adequate therapeutical 
background knowledge of the various possible outcomes to allow for an early identifica-
tion of masked regurgitations caused by the LAM as a result of the probably altered valve 
motion or damaged valve apparatus in combination with the activated underlying processes 
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involved with a well-planned follow-up regimen as regurgitations in some cases might not 
be detected immediately after the intraoperative Transesophageal echocardiography is used 
to check if the myxoma was totally resected and the surgery satisfactory as it could be termed 
by the physician as a physiological residual regurgitation seen after such kind of surgery 
which could be detrimental in the long term. However, current clinical features and echocar-
diographic criteria’s are not sufficient enough to detect mitral regurgitations and probable 
underlying pathological conditions early to achieve an effective medical management and/
or surgical therapy.

The most challenging problem both surgeons and interventionist face is the doubtful nature 
surrounding possible resultant masked regurgitations with LAM as this could be residual fol-
lowing myxomas resection coupled with the underlying pathological factors aligned with this 
neoplasm as it propagates the destruction, perforation, elongation, thinning, tethering, thick-
ening, retraction, displacement and ischemic changes seen in mitral valve regurgitation and/
or prolapse. Bearing this in mind, at the slightest suspicion of hemodynamic and architectural 
change in mitral valve apparatus and ventricular geometry [remodeling] during medical man-
agement or surgical intervention, a thorough assessment of the mitral valve apparatus should 
be made using Transthoracic echocardiography [outpatient settings] and Transesophageal 
echocardiography [inpatient settings] in combination with the surgeons direct vision assess-
ment if surgery was the treatment of choice irrespective of the known diagnosis [myxoma] 
in order to rule out any possible concomitant pathology such as coronary embolization to 
achieve favorable long-term prognosis. Finally, future directions and approaches made by the 
various scientific communities should be directed toward identifying the key dynamic con-
cepts behind LAM biological, physiological and pathological components, clinical features 
and the echocardiographic criteria’s to be used in an early detection of mitral valve regurgita-
tion and the possible underlying pathological processes and/or complications that could pre-
cipitate silent mitral valve insufficiencies after medical management or surgical interventions 
as this will be an important achievement and a novel contribution to the field.
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AppendixA. American Heart Association (AHA) and the American 
College of Cardiology (ACC) guidelines for the clinical management 
of patients with primary mitral regurgitations.

Class Class 
interpretation

Anatomy Valvular 
hemodynamics

Resultant consequence Symptoms

I At potential risk 
of mitral valve 
regurgitation 
development

*Valve prolapse [mild] 
but with adequate 
coaptation

*Valvular thickening 
accompanied with 
restriction of both 
leaflet

Absence of any visible 
regurgitant jets with 
Doppler and little vena 
contracta of 0.3 cm

Nonexistent and 
uneventful

None

II Gradual 
progressive 
mitral 
regurgitation

*Valve prolapse [severe] 
but with an adequate 
leaflet coaptation

*Loss of leaflet 
coaptation probably 
cause by [rheumatic 
valve]

*previous infective 
endocarditis

*Evident regurgitant 
jets <50%, vena 
contracta of <0.7 cm, 
with an effective 
regurgitant orifice 
of <0.40 cm2 and an 
angiographic grade 
between 1 and 2+

Adequate pulmonary 
pressure with a mild left 
atrial enlargement and 
normal left ventricle 
geometry.

None

III Tolerant 
asymptomatic 
mitral 
regurgitation

[Severe]

Same as the above 
with an addition of 
leaflets thickening with 
radiation heart disease

Same as the above but 
with an increase in: 
angiographic grade 
3–4+

Possible pulmonary 
hypertension, with a 
moderate to severe left 
atrial and ventricular 
enlargement

None

IV Symptomatic

Severe mitral 
regurgitation

Same as the above Same as the above Pulmonary 
hypertension is 
evidently present with a 
moderate to severe left 
atrial and ventricular 
enlargement

Decreased 
exercise 
tolerance, 
Exertional 
dyspnea
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AppendixB. American Heart Association (AHA) and the American 
College of Cardiology (ACC) guidelines for the clinical management 
of patients with secondary mitral regurgitations.
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Class Class 
interpretation

Anatomy Valvular 
hemodynamics

Resultant 
consequence

Symptoms

I At potential 
risk of 
mitral valve 
regurgitation 
development

Normal valve 
architecture in patients 
with cardiomyopathy 
or coronary diseases

Absence of any visible 
regurgitant jets with 
Doppler and little 
vena contracta of 
<0.30 cm

*Motion 
abnormalities with 
probably dilated 
left vertical with 
geometric change

*Myocardial 
disease

Evident symptoms 
are those of 
coronary ischemia 
which could be 
reversed with 
adequate therapy

II Gradual 
progressive 
mitral 
regurgitation

Loss of leaflets 
coaptation centrally 
combined with annular 
dilatation and motion 
abnormalities which 
are regional

ERO <30 cm2

and a regurgitant 
volume and fraction 
of <30–40 ml and <50% 
respectively

*Motion 
abnormalities with 
probably dilated 
left vertical with 
geometric change

*Myocardial 
disease

Evident symptoms 
are those of 
coronary ischemia 
which could be 
reversed with 
adequate therapy

III Tolerant 
asymptomatic 
mitral 
regurgitation

[Severe]

Loss of leaflets 
coaptation centrally 
combined with annular 
dilatation and motion 
abnormalities which 
are regional

ERO ≥30 cm2

and a regurgitant 
volume and fraction 
of

≥30–40 ml and ≥50% 
respectively

*Motion 
abnormalities with 
probably dilated 
left vertical with 
geometric change

*Myocardial 
disease

Evident symptoms 
are those of 
coronary ischemia 
which could be 
reversed with 
adequate therapy

IV Symptomatic

Severe mitral 
regurgitation

Loss of leaflets 
coaptation centrally 
combined with annular 
dilatation and motion 
abnormalities which 
are regional

*ERO 0.20 cm2

*Regurgitant volume 
30 mL

*Regurgitant fraction 
50%

*Motion 
abnormalities with 
probably dilated 
left vertical with 
geometric change

*Myocardial 
disease

* Evident symptoms 
are those of 
coronary ischemia 
which could be 
reversed with 
adequate therapy

*Exertional 
dyspnea

*Decreased exercises 
tolerance level
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Abstract

Functional mitral regurgitation, a common problem in patients with left ventricular sys-
tolic dysfunction, has a strong negative impact on prognosis. Beneficial effects of surgical 
treatment in functional mitral regurgitation are still a matter of debate. Thus, cardiac 
dyssynchrony, a factor involved in functional mitral regurgitation pathophysiology, may 
become a therapeutic target in patients with this condition. This part of the book pres-
ents the pathophysiology of functional mitral regurgitation as a dynamic process, with 
particular emphasis on cardiac dyssynchrony, as both a contributor to functional mitral 
regurgitation and a target for cardiac resynchronization therapy. The underlying mecha-
nisms of success and failure in the resynchronization therapy are discussed, along with 
therapeutic approaches to symptomatic patients with severe left ventricular dysfunction 
and significant persistent functional mitral regurgitation.

Keywords: functional mitral regurgitation, left ventricular remodeling, cardiac 
dyssynchrony, cardiac resynchronization therapy

1. Introduction

Secondary (functional) mitral regurgitation (MR) is a common finding in patients with global 
left ventricular (LV) dilatation and dysfunction, in both ischemic and non-ischemic cardiomy-
opathy. This functional disorder of the mitral valve is more common and far more complex 
than organic MR. In secondary MR, mitral valve is structurally normal (or almost normal) but 
its geometry and function are disrupted due to an imbalance between closing and tethering 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 3

Cardiac Dyssynchrony as a Pathophysiologic Factor of
Functional Mitral Regurgitation: Role of Cardiac
Resynchronization Therapy

Barbara Brzezińska and Krystyna Łoboz-Grudzień

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76605

Provisional chapter

DOI: 10.5772/intechopen.76605

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Cardiac Dyssynchrony as a Pathophysiologic Factor 
of Functional Mitral Regurgitation: Role of Cardiac 
Resynchronization Therapy

Barbara Brzezińska and Krystyna Łoboz-Grudzień

Additional information is available at the end of the chapter

Abstract

Functional mitral regurgitation, a common problem in patients with left ventricular sys-
tolic dysfunction, has a strong negative impact on prognosis. Beneficial effects of surgical 
treatment in functional mitral regurgitation are still a matter of debate. Thus, cardiac 
dyssynchrony, a factor involved in functional mitral regurgitation pathophysiology, may 
become a therapeutic target in patients with this condition. This part of the book pres-
ents the pathophysiology of functional mitral regurgitation as a dynamic process, with 
particular emphasis on cardiac dyssynchrony, as both a contributor to functional mitral 
regurgitation and a target for cardiac resynchronization therapy. The underlying mecha-
nisms of success and failure in the resynchronization therapy are discussed, along with 
therapeutic approaches to symptomatic patients with severe left ventricular dysfunction 
and significant persistent functional mitral regurgitation.

Keywords: functional mitral regurgitation, left ventricular remodeling, cardiac 
dyssynchrony, cardiac resynchronization therapy

1. Introduction

Secondary (functional) mitral regurgitation (MR) is a common finding in patients with global 
left ventricular (LV) dilatation and dysfunction, in both ischemic and non-ischemic cardiomy-
opathy. This functional disorder of the mitral valve is more common and far more complex 
than organic MR. In secondary MR, mitral valve is structurally normal (or almost normal) but 
its geometry and function are disrupted due to an imbalance between closing and tethering 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



forces secondary to alterations in the geometry and function of the left ventricle. Functional 
MR can promote progressive LV remodeling. This results in a vicious circle, with both LV dil-
atation and functional MR acting as self-perpetuating processes. While prognosis is affected 
only in severe organic MR, even a mild functional MR may significantly worsen the out-
come. However, it is unclear whether the unfavorable impact of functional MR on prognosis 
is independent of underlying LV dysfunction. We still do not know if mitral valve surgery, 
effective in the treatment of organic diseases of the mitral valve, can be equally beneficial in 
functional MR, since the surgical correction of valve dysfunction does not reverse the under-
lying LV pathology. Thus, indications for mitral valve surgery in heart failure (HF) patients 
with functional MR are not well defined in any currently available guidelines. Also the role of 
other treatment modalities, such as medical and interventional therapies, still raises contro-
versies because of their limited effectiveness in functional MR management. This is related to 
both the underlying heart disease and the complexity of functional MR phenomenon. Also, 
adequate assessment of functional MR mechanisms and severity by means of imaging studies 
prior to making any therapeutic decisions constitute a challenge for clinicians. Cardiac dys-
synchrony is a mechanism that provides a pathophysiologic basis for potential improvement 
of functional MR after the use of cardiac resynchronization therapy (CRT).

This part of the book presents the pathomechanism of functional MR with particular empha-
sis on the influence of cardiac dyssynchrony on mitral valve function, as well as the mecha-
nisms of MR improvement after implantation of a CRT device, and prognostic value of both 
functional MR and its regression in response to CRT in patients with chronic heart failure.

2. Incidence and importance of functional mitral regurgitation in left 
ventricular dysfunction

Functional MR is a common, but often ‘silent,’ finding in heart failure patients [1–6]. Reported 
prevalence of functional MR varies depending on a diagnostic method (angiography, color 
Doppler echocardiography) and heart failure etiology (ischemic, non-ischemic) [1–5]. The 
incidence of functional MR after myocardial infarction varies from 20 to 50% but exceeds 50% 
in patients with non-ischemic dilated cardiomyopathy [4–6]. According to general estimates, 
nearly a half of heart failure patients may have a functional MR of some degree, and approxi-
mately one-third of them may suffer from moderate or severe functional MR [1, 3, 7].

Functional MR is an independent predictor of worse prognosis in patients with either ischemic 
or non-ischemic etiology of heart failure [3]. In patients with non-ischemic LV dysfunction, 
functional MR is associated with a two- to three-fold increased risk of heart failure episodes 
and cardiac mortality [4]. After myocardial infarction the presence of at least moderate func-
tional MR is associated with a 3-fold increased risk of heart failure and a 1.6-fold increased 
risk of death at the 5-year follow-up [2]. Assessment of mitral valve function is included in 
routine risk stratification after myocardial infarction.

Functional MR is present in a large proportion of patients eligible for cardiac resynchronization 
therapy, with the incidence varying slightly from population to population and depending 
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on the evaluation method. Significant—that is, at least moderate—functional MR is present in 
about 40% of patients qualified to CRT [8–10]. Nowadays, functional MR no longer disquali-
fies patients from resynchronization therapy if such treatment is indicated. Furthermore, a 
decrease in functional MR severity is a determinant of response to CRT [10–12].

3. Difficulties in echocardiographic quantification of functional 
mitral regurgitation

Adequate evaluation of functional MR requires detailed clinical information (including 
functional NYHA class), physical examination, electrocardiography, and imaging studies. 
Echocardiography is essential for the evaluation of mitral valve anatomy and quantification 
of MR severity [13]. Transthoracic and transesophageal echocardiography may provide com-
plementary clinically useful information, especially in the context of surgical or transcath-
eter repair feasibility. Usually, transesophageal echocardiography is more suitable for the 
evaluation of underlying anatomical conditions and identification of functional MR mecha-
nism. However, due to changes in LV loading conditions during transesophageal evaluation 
(vasodilatory effect of sedation, hypovolemia, or anesthesia), the severity of functional MR 
may be underestimated; this favors transthoracic echocardiography as a method to quantify 
mitral regurgitation. Moreover, transthoracic examination is more suitable for the evaluation 
of other important parameters, such as LV volume, function and sphericity, left atrial size, 
pulmonary artery pressure, and function of the right ventricle and tricuspid valve. Three-
dimensional (3D) echocardiography (either transesophageal or transthoracic) may provide 
additional information about MR severity, especially with regard to noncircular orifice geom-
etry in functional MR [14]. 3D echocardiography overcomes some limitations of two-dimen-
sional (2D) imaging; for example, it can be used for direct planimetric measurement of vena 
contracta area, a parameter which corresponds directly to the effective regurgitant orifice area 
(EROA) irrespective of the orifice shape or number of jets. However, both 3D and 2D color 
Doppler flows tend to overestimate the jet area (volume) due to their known bias in correct 
assessment of a turbulent stream. Considering all the difficulties previously mentioned, it 
needs to be stressed that no single parameter (also “quantitative”) is sufficient to adequately 
assess the severity of functional MR and thus, this condition should be evaluated with mul-
tiple methods [14].

In practical terms, echocardiographic severity of MR can be graded as mild, moderate or 
severe. Since available evidence suggests that functional MR of lesser severity may have simi-
lar or greater impact on mortality than primary MR [2], distinguishing between moderate 
and severe MR becomes of vital importance [15]. While severe primary MR is defined as 
EROA ≥ 40 mm2 and regurgitant volume ≥ 60 mL, in line with current guidelines, severe sec-
ondary MR should be diagnosed whenever EROA ≥ 20 mm2 and regurgitant volume ≥ 30 mL 
[13, 15] (Table 1) [16]. However, adequate evaluation of functional MR severity in a clinical 
setting is far more challenging. In functional MR, both regurgitant orifice and jet area depend 
strongly on the mechanism of mitral regurgitation. Functional MR severity may be overes-
timated if determined based on the jet size on color Doppler imaging, or underestimated if 
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forces secondary to alterations in the geometry and function of the left ventricle. Functional 
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atation and functional MR acting as self-perpetuating processes. While prognosis is affected 
only in severe organic MR, even a mild functional MR may significantly worsen the out-
come. However, it is unclear whether the unfavorable impact of functional MR on prognosis 
is independent of underlying LV dysfunction. We still do not know if mitral valve surgery, 
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on the evaluation method. Significant—that is, at least moderate—functional MR is present in 
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(vasodilatory effect of sedation, hypovolemia, or anesthesia), the severity of functional MR 
may be underestimated; this favors transthoracic echocardiography as a method to quantify 
mitral regurgitation. Moreover, transthoracic examination is more suitable for the evaluation 
of other important parameters, such as LV volume, function and sphericity, left atrial size, 
pulmonary artery pressure, and function of the right ventricle and tricuspid valve. Three-
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additional information about MR severity, especially with regard to noncircular orifice geom-
etry in functional MR [14]. 3D echocardiography overcomes some limitations of two-dimen-
sional (2D) imaging; for example, it can be used for direct planimetric measurement of vena 
contracta area, a parameter which corresponds directly to the effective regurgitant orifice area 
(EROA) irrespective of the orifice shape or number of jets. However, both 3D and 2D color 
Doppler flows tend to overestimate the jet area (volume) due to their known bias in correct 
assessment of a turbulent stream. Considering all the difficulties previously mentioned, it 
needs to be stressed that no single parameter (also “quantitative”) is sufficient to adequately 
assess the severity of functional MR and thus, this condition should be evaluated with mul-
tiple methods [14].

In practical terms, echocardiographic severity of MR can be graded as mild, moderate or 
severe. Since available evidence suggests that functional MR of lesser severity may have simi-
lar or greater impact on mortality than primary MR [2], distinguishing between moderate 
and severe MR becomes of vital importance [15]. While severe primary MR is defined as 
EROA ≥ 40 mm2 and regurgitant volume ≥ 60 mL, in line with current guidelines, severe sec-
ondary MR should be diagnosed whenever EROA ≥ 20 mm2 and regurgitant volume ≥ 30 mL 
[13, 15] (Table 1) [16]. However, adequate evaluation of functional MR severity in a clinical 
setting is far more challenging. In functional MR, both regurgitant orifice and jet area depend 
strongly on the mechanism of mitral regurgitation. Functional MR severity may be overes-
timated if determined based on the jet size on color Doppler imaging, or underestimated if 
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assessed using other traditional measures of mitral regurgitation such as proximal isoveloc-
ity surface area (PISA) and vena contracta width [14]. Also the limitations of the volumetric 
method in the assessment of regurgitant volume and fraction are well-known issues [14]. 
Furthermore, low inter- and intra-observer agreement between cardiologists reviewing the 
same dataset was documented [17]. It is now known that due to the limitations inherent to 
each available method, no single parameter is accurate enough to quantify the degree of 
MR. Therefore, current guidelines recommend an integrative approach including multiple 
qualitative and quantitative parameters, along with certain signs and measures of MR sever-
ity, such as left ventricular size and function, left atrial size, mitral valve leaflet morphol-
ogy and motion, mitral filling pattern, pulmonary venous flow pattern and others [13, 16]. 
If during the first attempt MR is not unequivocally defined as mild or severe, the integrative 
approach should be used to exclude the severe character of mitral regurgitation.

Functional MR is an evidently dynamic phenomenon. A typical phasic variation in regur-
gitant volume and orifice, with the maximum values observed in early and late systole and 
minimum ones in mid-systole (at peak transmitral pressure gradient generated by LV), is 
documented [18]. This intra-beat variability (referred to as the “loitering pattern”) hinders 
functional MR assessment, which is traditionally carried out in mid-systole. The severity of 
functional MR may also show a beat-to-beat variability depending on changes in loading 
conditions and hemodynamic parameters (e.g., during arrhythmia). The dynamic nature of 
functional MR has particular practical meanings in two situations: during physical exertion 
and intraoperative assessment. Induction of anesthesia and inotropic agents may significantly 
reduce MR and thus, may directly affect intraoperative decisions regarding its repair. Owing 
the dynamic nature of functional MR, in patients whose symptoms at rest are inadequate to 
assess the severity of mitral regurgitation, more accurate information may be obtained during 
exercise echocardiography. Exercises contribute to a greater cardiac load and thus, may also 
trigger dynamic geometric changes in the LV and mitral valve apparatus (even despite the 
lack of provoked ischemia), which may eventually result in acute “flash pulmonary edema” 
[19]. This may be a reason behind worse prognosis associated with even a mild functional 
MR. An exercise-induced increase in EROA by at least 13 mm2 was shown to correlate with 
higher morbidity and mortality [20]. Exercise echocardiography may also unmask increasing 
pulmonary artery pressure and the lack of LV contractile reserve, both being important predic-
tors of the outcome [19, 20]. Finally, exercises may reveal or trigger greater LV dyssynchrony 
with increased functional MR [21]. Despite some caveats of this approach, current guidelines 
recommend echocardiographic quantification of secondary MR during exercises, as this may 

Primary (organic) MR Secondary (functional) MR

EROA ≥0.4 cm2 ≥0.2 cm2

Regurgitant volume ≥60 mL ≥30 mL

Regurgitant fraction ≥50% ≥50%

Vena contracta ≥0.7 cm —

Jet area Central jet >40% LA or holosystolic eccentric jet —

Table 1. Quantitative echocardiographic criteria for severe MR in primary and secondary disease of the mitral valve [16].
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provide prognostically important information about dynamic characteristics of this condition 
[13]. Owing to documented limitations of echocardiography in this setting, newer imaging 
techniques, such as cardiac magnetic resonance and multidetector-row computed tomogra-
phy, play an increasing role in the evaluation of patients with heart failure and functional 
MR. Both these techniques provide complementary data, such as true volumetric measures of 
cardiac chamber size and function, and can be used to assess myocardial viability and scars.

4. Pathophysiology of functional mitral regurgitation

The term “functional mitral regurgitation” refers to a dysfunction of the valve without its pri-
mary organic damage. Optimal function of the mitral valve provides nonrestrictive blood flow 
during diastole and leak tightness during systole. This diastolic and systolic competence is pos-
sible due to a synchronous coordination of all components of the mitral valve apparatus, acting 
under a balanced influence of closing and opening forces. Mitral valve apparatus is an integrated 
unit consisting of mitral valve itself (formed by two leaflets and mitral annulus) and subvalvular 
components (chordae tendineae, two papillary muscles, left ventricle and posterior left atrial 
wall). An effective function of the mitral valve is determined not only by the compatible coop-
eration between its components but also by their appropriate structural and spatial relations.

4.1. Left ventricular remodeling and dysfunction as a mechanism of functional 
mitral regurgitation

All changes in LV function and geometry affect functioning of mitral valve through opposing 
strength vectors: the tethering force (created by displacement of papillary muscles) and the 
LV-generated leaflet closing force (created by effective contraction causing transmitral pres-
sure gradient) (Figure 1) [22]. Global LV dilation results in incomplete mitral leaflet closure 
and mitral regurgitation, which correlates with LV dysfunction. Local or global dilation of 
the LV is a prerequisite for incomplete mitral leaflet closure [22]. However, functional MR 
does not result from LV dilatation per se but from an increase in LV sphericity and resultant 
posterolateral displacement of the papillary muscles [23, 24]. If functional MR has an isch-
emic etiology, it does not necessarily need to be preceded by global systolic dysfunction [25]. 
Regional abnormalities in cardiac wall motion after inferior myocardial infarction may con-
tribute to mitral valve tethering (with systolic tenting of the leaflets), which is strong enough 
to cause severe mitral regurgitation despite preserved LV ejection fraction (LVEF) [25].

Two main patterns of leaflet tethering can be distinguished in functional mitral regurgitation 
(Figure 2) [26, 27]. The symmetric pattern is characterized by global LV dilation with increased 
sphericity and predominant apical displacement of both leaflets with central regurgitant jet 
direction. Also the mitral valve annulus dilates symmetrically, primarily in the septal-lateral 
direction [26, 27]. This configuration is typical for non-ischemic functional MR (Carpentier type 
III B symmetric) [27, 28]. The asymmetric pattern is typically resulted from local remodeling of 
the posterior papillary muscle-bearing wall segment, with posterior tenting of both leaflets and 
a posteriorly directed asymmetric regurgitant jet (Carpentier type III B asymmetric) [25–28]. 
While the displacement of posterior papillary muscle is similar regardless of the leaflet tethering 
pattern, symmetric tethering is characterized by greater posterior and lateral displacement of 
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assessed using other traditional measures of mitral regurgitation such as proximal isoveloc-
ity surface area (PISA) and vena contracta width [14]. Also the limitations of the volumetric 
method in the assessment of regurgitant volume and fraction are well-known issues [14]. 
Furthermore, low inter- and intra-observer agreement between cardiologists reviewing the 
same dataset was documented [17]. It is now known that due to the limitations inherent to 
each available method, no single parameter is accurate enough to quantify the degree of 
MR. Therefore, current guidelines recommend an integrative approach including multiple 
qualitative and quantitative parameters, along with certain signs and measures of MR sever-
ity, such as left ventricular size and function, left atrial size, mitral valve leaflet morphol-
ogy and motion, mitral filling pattern, pulmonary venous flow pattern and others [13, 16]. 
If during the first attempt MR is not unequivocally defined as mild or severe, the integrative 
approach should be used to exclude the severe character of mitral regurgitation.

Functional MR is an evidently dynamic phenomenon. A typical phasic variation in regur-
gitant volume and orifice, with the maximum values observed in early and late systole and 
minimum ones in mid-systole (at peak transmitral pressure gradient generated by LV), is 
documented [18]. This intra-beat variability (referred to as the “loitering pattern”) hinders 
functional MR assessment, which is traditionally carried out in mid-systole. The severity of 
functional MR may also show a beat-to-beat variability depending on changes in loading 
conditions and hemodynamic parameters (e.g., during arrhythmia). The dynamic nature of 
functional MR has particular practical meanings in two situations: during physical exertion 
and intraoperative assessment. Induction of anesthesia and inotropic agents may significantly 
reduce MR and thus, may directly affect intraoperative decisions regarding its repair. Owing 
the dynamic nature of functional MR, in patients whose symptoms at rest are inadequate to 
assess the severity of mitral regurgitation, more accurate information may be obtained during 
exercise echocardiography. Exercises contribute to a greater cardiac load and thus, may also 
trigger dynamic geometric changes in the LV and mitral valve apparatus (even despite the 
lack of provoked ischemia), which may eventually result in acute “flash pulmonary edema” 
[19]. This may be a reason behind worse prognosis associated with even a mild functional 
MR. An exercise-induced increase in EROA by at least 13 mm2 was shown to correlate with 
higher morbidity and mortality [20]. Exercise echocardiography may also unmask increasing 
pulmonary artery pressure and the lack of LV contractile reserve, both being important predic-
tors of the outcome [19, 20]. Finally, exercises may reveal or trigger greater LV dyssynchrony 
with increased functional MR [21]. Despite some caveats of this approach, current guidelines 
recommend echocardiographic quantification of secondary MR during exercises, as this may 

Primary (organic) MR Secondary (functional) MR

EROA ≥0.4 cm2 ≥0.2 cm2

Regurgitant volume ≥60 mL ≥30 mL

Regurgitant fraction ≥50% ≥50%
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Jet area Central jet >40% LA or holosystolic eccentric jet —

Table 1. Quantitative echocardiographic criteria for severe MR in primary and secondary disease of the mitral valve [16].
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provide prognostically important information about dynamic characteristics of this condition 
[13]. Owing to documented limitations of echocardiography in this setting, newer imaging 
techniques, such as cardiac magnetic resonance and multidetector-row computed tomogra-
phy, play an increasing role in the evaluation of patients with heart failure and functional 
MR. Both these techniques provide complementary data, such as true volumetric measures of 
cardiac chamber size and function, and can be used to assess myocardial viability and scars.

4. Pathophysiology of functional mitral regurgitation

The term “functional mitral regurgitation” refers to a dysfunction of the valve without its pri-
mary organic damage. Optimal function of the mitral valve provides nonrestrictive blood flow 
during diastole and leak tightness during systole. This diastolic and systolic competence is pos-
sible due to a synchronous coordination of all components of the mitral valve apparatus, acting 
under a balanced influence of closing and opening forces. Mitral valve apparatus is an integrated 
unit consisting of mitral valve itself (formed by two leaflets and mitral annulus) and subvalvular 
components (chordae tendineae, two papillary muscles, left ventricle and posterior left atrial 
wall). An effective function of the mitral valve is determined not only by the compatible coop-
eration between its components but also by their appropriate structural and spatial relations.

4.1. Left ventricular remodeling and dysfunction as a mechanism of functional 
mitral regurgitation

All changes in LV function and geometry affect functioning of mitral valve through opposing 
strength vectors: the tethering force (created by displacement of papillary muscles) and the 
LV-generated leaflet closing force (created by effective contraction causing transmitral pres-
sure gradient) (Figure 1) [22]. Global LV dilation results in incomplete mitral leaflet closure 
and mitral regurgitation, which correlates with LV dysfunction. Local or global dilation of 
the LV is a prerequisite for incomplete mitral leaflet closure [22]. However, functional MR 
does not result from LV dilatation per se but from an increase in LV sphericity and resultant 
posterolateral displacement of the papillary muscles [23, 24]. If functional MR has an isch-
emic etiology, it does not necessarily need to be preceded by global systolic dysfunction [25]. 
Regional abnormalities in cardiac wall motion after inferior myocardial infarction may con-
tribute to mitral valve tethering (with systolic tenting of the leaflets), which is strong enough 
to cause severe mitral regurgitation despite preserved LV ejection fraction (LVEF) [25].

Two main patterns of leaflet tethering can be distinguished in functional mitral regurgitation 
(Figure 2) [26, 27]. The symmetric pattern is characterized by global LV dilation with increased 
sphericity and predominant apical displacement of both leaflets with central regurgitant jet 
direction. Also the mitral valve annulus dilates symmetrically, primarily in the septal-lateral 
direction [26, 27]. This configuration is typical for non-ischemic functional MR (Carpentier type 
III B symmetric) [27, 28]. The asymmetric pattern is typically resulted from local remodeling of 
the posterior papillary muscle-bearing wall segment, with posterior tenting of both leaflets and 
a posteriorly directed asymmetric regurgitant jet (Carpentier type III B asymmetric) [25–28]. 
While the displacement of posterior papillary muscle is similar regardless of the leaflet tethering 
pattern, symmetric tethering is characterized by greater posterior and lateral displacement of 
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anterior papillary muscle and longer inter-papillary distance [27]. Both patterns of leaflet tether-
ing can be observed in ischemic MR [25–27]. The occurrence of the symmetric pattern in ischemic 
MR is associated with more advanced systolic dysfunction, global remodeling and increased LV 
sphericity [23, 24, 27]. This pattern is typical for non-ischemic dilated cardiomyopathy [26].

Figure 1. Mechanism of functional mitral regurgitation. (A) Balance of closing and tethering forces acting on mitral 
leaflets during systole. (B) Disrupted balance of closing and tethering forces due to local LV remodeling (dark shading). 
LA: left atrium; LV: left ventricle; PM: papillary muscle; Ao: aorta; ME: mitral regurgitation.

Figure 2. Patterns of leaflet tenting in functional mitral regurgitation. (A) Normal coaptation of mitral leaflets. (B) 
Asymmetric pattern—predominant posterior displacement of both leaflets with prevent restriction of posterior leaflet 
and large eccentric regurgitant jet. (C) Symmetric pattern—predominant apical displacement of both leaflets with central 
regurgitant jet.
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While geometric changes of LV are an essential component of functional MR pathomecha-
nism, it is the tethering distance between the tip of posterior papillary muscle and the ante-
rior pole of mitral annulus (“posterior papillary-fibrosa distance”), which constitutes the final 
common pathway determining the plane of leaflet coaptation [22, 29]. Mitral annular dilation 
typically occurs at late stage of ischemic MR [30, 31]. Isolated dilation and flattening of mitral 
valve annulus are occasionally the cause of severe mitral regurgitation, representing type I in 
Carpentier’s classification [28, 30, 31]. Although atrial fibrillation constitutes a quite frequent 
cause of functional MR, it rarely results in severe valve dysfunction. Isolated enlargement of 
the left atrium, with concomitant atrial fibrillation or without, leads to dilatation of mitral 
annulus and reduced leaflet coaptation [32]. Diastolic MR results from a reversal of atrioven-
tricular pressure gradient during diastole. This form of MR occurs in patients with atrioven-
tricular block, cardiomyopathy and aortic regurgitation, as well as in individuals with long 
filling periods in atrial tachyarrhythmia [31].

4.2. Cardiac dyssynchrony as a pathophysiologic factor of functional mitral 
regurgitation

Dyssynchrony, defined as an uncoordinated regional myocardial contraction [33, 34], may 
manifest as (1) “primary electrical dyssynchrony” (i.e., electrical conduction delay which 
causes non-uniform timing of myocyte depolarization), (2) abnormalities in excitation-con-
traction coupling (a surrogate for regional electromechanical coupling is the interval between 
the onset of QRS complex in ECG and the onset of systolic velocity in spectral pulsed-wave 
tissue Doppler imaging), or (3) “primary mechanical dyssynchrony” (i.e., a regional delay 
in onset shortening and in time to peak shortening of LV segments) [34]. Primary electrical 
dyssynchrony is typical for left bundle branch block (LBBB) and primary mechanical dys-
synchrony—for regional ischemia or fibrosis [33, 34]. Currently, QRS duration remains the 
only clinically significant surrogate for the timing of myocardial contraction and the only 
criterion amenable for CRT [35, 36]. Clinical significance of “clear” primary mechanical dys-
synchrony remains ambiguous [37, 38]. CRT does not provide any benefit (and may be even 
harmful) in heart failure patients with mechanical dyssynchrony without QRS widening 
(<130 ms) [38]. Various echocardiographic measures of dyssynchrony turned out not to be a 
superior selection criterion for CRT [39, 40]. Moreover, unacceptable variability, poor repro-
ducibility and limited practical predictive value of the most echocardiographic parameters 
of dyssynchrony are documented [41]. Thus, although the predictive value of prolonged 
QRS also varies from study to study [42, 43], qualification to CRT is still based primarily on 
this parameter [35, 36].

Functional MR correlates strongly with QRS duration. Left bundle branch block and right 
ventricular pacing (which produce a conduction abnormality similar to LBBB), but not 
right bundle branch block or left anterior hemi-block, are strongly associated with func-
tional MR [44]. The relationship between right ventricular pacing and mitral regurgita-
tion indicates that the key determinant of functional MR is a conduction abnormality, 
rather than the underlying disease causing LBBB [44]. Those findings have important 
implications for biventricular pacing as a treatment option in heart failure patients with 
functional MR.
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anterior papillary muscle and longer inter-papillary distance [27]. Both patterns of leaflet tether-
ing can be observed in ischemic MR [25–27]. The occurrence of the symmetric pattern in ischemic 
MR is associated with more advanced systolic dysfunction, global remodeling and increased LV 
sphericity [23, 24, 27]. This pattern is typical for non-ischemic dilated cardiomyopathy [26].
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leaflets during systole. (B) Disrupted balance of closing and tethering forces due to local LV remodeling (dark shading). 
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Figure 2. Patterns of leaflet tenting in functional mitral regurgitation. (A) Normal coaptation of mitral leaflets. (B) 
Asymmetric pattern—predominant posterior displacement of both leaflets with prevent restriction of posterior leaflet 
and large eccentric regurgitant jet. (C) Symmetric pattern—predominant apical displacement of both leaflets with central 
regurgitant jet.
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annulus and reduced leaflet coaptation [32]. Diastolic MR results from a reversal of atrioven-
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filling periods in atrial tachyarrhythmia [31].
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superior selection criterion for CRT [39, 40]. Moreover, unacceptable variability, poor repro-
ducibility and limited practical predictive value of the most echocardiographic parameters 
of dyssynchrony are documented [41]. Thus, although the predictive value of prolonged 
QRS also varies from study to study [42, 43], qualification to CRT is still based primarily on 
this parameter [35, 36].
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ventricular pacing (which produce a conduction abnormality similar to LBBB), but not 
right bundle branch block or left anterior hemi-block, are strongly associated with func-
tional MR [44]. The relationship between right ventricular pacing and mitral regurgita-
tion indicates that the key determinant of functional MR is a conduction abnormality, 
rather than the underlying disease causing LBBB [44]. Those findings have important 
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LV dyssynchrony is a less important determinant of functional MR than systolic valvular tent-
ing, which is the strongest predictor of EROA [45]. However, the impact of systolic valvular 
tenting on functional MR in different subsets of patients with LV dysfunction varies. Mitral 
valve tenting and local LV remodeling (in the papillary muscle-bearing wall segments), but 
not regional dyssynchrony, are independent predictors of functional MR degree in ischemic 
LV dysfunction; these local changes result directly from ischemic lesions. In non-ischemic LV 
dysfunction, regional dyssynchrony exacerbates functional MR independently of LV geom-
etry but as a factor of lesser importance [45].

5. Effect of cardiac resynchronization therapy on functional mitral 
regurgitation

Cardiac resynchronization therapy is an established treatment option for patients with 
advanced chronic heart failure and prolonged QRS duration [35, 36]. The benefits of CRT are 
attributed mainly to increased efficiency of LV filling and ejection, resulting from the improve-
ment in atrioventricular coupling, intra- and interventricular synchronization [46–48]. CRT 
can attenuate heart failure symptoms and improve exercise capacity and survival in patients 
with heart failure and prolonged QRS duration [49–51]. In line with current ESC guidelines, 
cardiac resynchronization therapy is recommended (class I recommendation) in symptomatic 
(despite optimal medical therapy) patients with heart failure in sinus rhythm, with LBBB and 
QRS duration of at least 130 ms, with LVEF ≤ 35%, and in individuals with LV dysfunction 
(regardless of the NYHA class) who have an indication for ventricular pacing and high degree 
atrioventricular block [36]. The outcome of cardiac resynchronization therapy is determined 
by a number of clinical factors, and improvement of functional mitral regurgitation is cur-
rently considered as one of the mechanisms underlying the beneficial effect of the treatment.

Echocardiographic studies demonstrate that cardiac resynchronization therapy may correct 
the pathophysiologic determinants of functional MR. The following mechanisms are consid-
ered to mediate the clinical efficacy of CRT.

1. Restoration of the LV and papillary muscle synchronous contraction improves spatial rela-
tions and function of the subvalvular apparatus and the mitral valve itself (a decrease in 
mitral valve tethering force); the effect is specific for this therapeutic method [52, 53].

2. Improved coordination of LV wall contraction and resultant improvement of LV ejection 
function contribute to an increase in transmitral pressure gradient (greater mitral valve 
closing force); the effect is specific for this therapeutic method [54, 55].

3. Remote reverse remodeling of the LV with the reduction of LV volume and sphericity in-
duce favorable changes in the geometry of mitral valve apparatus (a decrease in tethering 
force) and contribute to further improvement in LV systolic function (an increase in mitral 
valve closing force); the effect is not specific for this therapeutic method and particularly 
pronounced at the later phase of CRT [53, 55–57].

4. The effect of cardiac resynchronization therapy on mitral valve annular size and function 
(through the recoordination of contraction in LV basal segments and then through reverse 
remodeling of the LV) is uncertain [52, 53].
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5. Optimization of atrioventricular delay with the restoration of proper timing for atrioven-
tricular synchrony/atrioventricular relaxation contributes to generation of an adequate 
transmitral pressure gradient during the cardiac cycle and eliminates diastolic MR (if pre-
sent); this effect is only partially specific for this therapeutic method [58].

5.1. Biphasic response of functional mitral regurgitation to cardiac 
resynchronization therapy

The improvement of functional MR after the use of cardiac resynchronization therapy has 
two phases:

1. Immediate, short-term functional MR reduction occurring directly after the implantation of 
a CRT device. The effect manifests as better-coordinated contraction of the papillary mus-
cle-bearing segment (diminished tethering force) and improvement of LV ejection function 
(an increase in transmitral pressure gradient—LV dP/dt, which represents the mitral valve 
closing force) [52–54]. CRT contributes primarily to a decrease in early-systolic MR [59, 60].

2. Late, long-term functional MR reduction occurring weeks to months after the implanta-
tion of a CRT device. This phase manifests primarily as reverse remodeling of the LV. A 
decrease in LV volume and sphericity induces favorable geometric changes in mitral valve 
apparatus, with the reduction of tethering force. The improvement of LV systolic func-
tion is reflected by an increase in closing force [53, 55, 57]. Attenuation of both resting 
and exercise-induced functional MR usually can be observed in this phase, along with the 
improvement of cardiopulmonary performance [61].

In fact, the two phases of functional MR improvement may be less distinct. LV reverse remod-
eling can occur relatively early [10]. Subacute improvement in systolic shape of the LV (lesser 
sphericity) and subvalvular traction after CRT implementation are also probably related to an 
increase in LV longitudinal function [56].

Effective CRT reduces the transmitral regurgitant volume in about 40% of patients immedi-
ately and in the next 20% of them at a later stage [53]. The sequence of functional MR improve-
ment may depend on a pattern of baseline dyssynchrony. Early and late responders may show 
a similar extent of LV dyssynchrony; however, the site of latest activation in early respond-
ers is mostly inferior or posterior (adjacent to the posterior papillary muscle), whereas in late 
responders, the latest activation occurs primarily in the lateral wall [53]. Late responders may 
also show acute improvement in LV end-systolic volume, presumably as an effect of recoor-
dinated and, hence, more effective LV contraction. Acting through the mechanisms described 
above, CRT can attenuate moderate-to-severe functional mitral regurgitation to a clinically non-
significant MR in about one-third of heart failure patients. Published data about the association 
between baseline functional MR and response to CRT are ambiguous [8, 62–64]. The post-CRT 
improvement of functional MR may be relatively more frequent in patients with greater sever-
ity of mitral regurgitation at the baseline. Moreover, an acute or subacute attenuation of func-
tional MR is a predictor of further improvement [8]. Lack of improvement in functional MR in 
response to CRT is associated with worse prognosis (unfavorable profile of clinical evolution, 
higher incidence of arrhythmic events and lesser occurrence of LV reverse remodeling [62, 65]). 
This raises a question about the predictors of functional MR response to CRT.
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5.2. Predictors of functional mitral regurgitation improvement in response to cardiac 
resynchronization therapy

Despite appropriate selection of candidates for CRT, not all of them respond to the treat-
ment. The mechanisms responsible for post-CRT improvement in functional MR are complex. 
Although QRS duration is the main determinant of primary electrical dyssynchrony and a 
primary criterion considered during selection of patients for CRT, it is not a good predictor 
of response to the treatment [42, 43]. Aside from dyssynchrony, the post-CRT improvement 
in functional MR may also depend on other factors, such as myocardial viability, presence of 
scar/fibrosis and the extent of LV remodeling at the baseline [10, 66, 67].

Many echocardiographic measures of dyssynchrony do not confirm their value as the predic-
tors of CRT outcomes [39–41]. Inter-ventricular mechanical delay (IVMD, the time difference 
between right ventricular and left ventricular ejection, determined as the time elapsed since 
the onset of the QRS to the onset of left ventricular vs. right ventricular ejection, usually mea-
sured using pulsed Doppler flow) seems to be a simple and reproducible parameter of dyssyn-
chrony, correlating well with the response to CRT, either LV reverse remodeling or functional 
MR improvement [10, 41, 68, 69]. Also, speckle-tracking radial strain imaging (time difference 
in peak septal to posterior wall strain) appears as a relatively simple measure of dyssynchrony, 
having established a predictive value with regard to CRT outcome [67]. There is no unam-
biguous evidence regarding the site of the latest activation as an independent predictor of the 
improvement in functional MR [10, 53]. Myocardial viability (in heart failure with ischemic 
etiology) and contractile reserve (in non-ischemic cardiomyopathy) are important determinants 
of CRT effectiveness in terms of functional MR improvement [10, 70–73]. The outcome of CRT 
may be also associated with the location of contractile reserve (particularly in relation to the 
papillary muscle-bearing segments and to the paced LV region), as well as with the size of the 
contractile reserve area [10, 66, 72, 73]. The importance of discordant LV lead position and myo-
cardial scar, especially extensive scar burden, as the predictors of CRT outcomes, is documented 
[74, 75]. The potential role of myocardial fibrosis stimulates research on biochemical predictors 
of CRT responses (among them on galactin-3, a protein involved in fibrogenesis) [76].

5.3. Functional mitral regurgitation improvement and left ventricular reverse 
remodeling in response to CRT

The change in LV end-diastolic volume after the use of cardiac resynchronization ther-
apy proved to be the most powerful independent predictor of death [77]. CRT effectively 
reversed LV remodeling, both in patients with moderate-to-severe heart failure (NYHA III/
IV class) and in individuals with mild heart failure (NYHA I/II class) [49, 50]. The response 
to CRT may be influenced by the presence of functional mitral regurgitation prior to the 
implantation of a CRT device and by its persistence despite the treatment. Patients, who do 
not respond to CRT, present with a significant functional MR more often than the respond-
ers [78]. On the other hand, an improvement in pre-existing functional MR contributes to 
LV reverse remodeling during follow-up after the implantation of a CRT device [60]. The 
incidence of reverse remodeling, defined as an improvement in LVEF and forward stroke 
volume, is the highest in patients who show a reduction of total functional MR, intermediate 
in individuals with mild functional MR or lack thereof at the baseline and the lowest in 
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persons who do not show an improvement in total functional MR after 3 months of post-
CRT follow-up [60]. Correlation between clinical and echocardiographic indices of post-CTR 
improvement is rather weak [10, 77]. However, the direction and magnitude of LV reverse 
remodeling correlate with survival, and a 1-year mortality after CRT implementation is pre-
dicted by echocardiographic parameters, rather than by clinical indices [77].

Finally, volumetric limitation for functional MR improvement in response to cardiac resynchro-
nization therapy needs to be emphasized. Not only irreversibly damaged ischemic myocytes 
respond less to CRT, the post-CRT improvement in functional MR is also less likely in patients 
who present with greater degree of LV dilatation at the baseline. Lesser baseline LV diameters 
(end-diastolic and end-systolic) and volumes are the independent predictors of functional 
MR improvement in response to CRT [10, 67, 79–81]. The cut-off value for LV end-diastolic 
dimension is close to 75 mm [10, 82] and for LV end-systolic dimension index 29 mm/m2 
 [67]. Non-responders present a significantly higher baseline LV dilatation. CRT may be insuf-
ficient to overcome poor natural history of systolic heart failure but may slow down its pro-
gression. The effectiveness of all currently available therapeutic options is limited, and critical 
enlargement of the left ventricle may trigger the previously mentioned vicious circle of self-
perpetuating LV dilatation and functional mitral regurgitation [10, 83, 84].

6. Management of patients with persistent significant functional 
mitral regurgitation after the use of CRT

Therapeutic targets in patients with functional MR include attenuation of symptoms, lesser 
number of heart failure hospitalizations, better quality of life and, potentially, survival. At 
present, the most effective therapies of functional MR are aimed at the underlying LV dysfunc-
tion. Therefore, as the first step, optimal medical therapy according to the guidelines for the 
management of heart failure should be used [36]. As the second step, whenever appropriate, 
CRT should be implemented in line with the respective guidelines [35, 36]. In patients who 
remain symptomatic despite optimal medical therapy and CRT (if indicated), mitral valve 
intervention (surgical or transcatheter repair) should be considered; however, there is no evi-
dence that a reduction of functional MR improves survival [13]. Moreover, the surgery has 
never clearly been demonstrated to alter the natural history of the primary disease (dilated 
cardiomyopathy) [85]. Limited empirical data contribute to a lower level of evidence for man-
agement recommendations, highlighting the importance of decisions made by the Heart Team. 
The multidisciplinary Heart Team consisting of imaging experts, heart failure and electro-
physiology specialists, interventional cardiologists, and cardiac surgeons should try to reach 
a consensus on appropriate care. Not only the feasibility of the procedure but also comorbidi-
ties, the level of surgical risk, and surgeon experience should be considered [13]. In patients 
undergoing revascularization, the evaluation and decision to treat (or not to treat) ischemic 
MR should be made prior to surgery. There is an overall agreement that severe functional 
MR should be addressed at the time of coronary artery bypass grafting (CABG). The man-
agement of moderate functional MR in patients undergoing CABG still raises controversies 
[86]. The thresholds of functional MR severity are also a matter of debate (as stated earlier). 
Surgical options in patients with functional MR include mitral valve repair and replacement. 

Cardiac Dyssynchrony as a Pathophysiologic Factor of Functional Mitral Regurgitation: Role…
http://dx.doi.org/10.5772/intechopen.76605

67



5.2. Predictors of functional mitral regurgitation improvement in response to cardiac 
resynchronization therapy

Despite appropriate selection of candidates for CRT, not all of them respond to the treat-
ment. The mechanisms responsible for post-CRT improvement in functional MR are complex. 
Although QRS duration is the main determinant of primary electrical dyssynchrony and a 
primary criterion considered during selection of patients for CRT, it is not a good predictor 
of response to the treatment [42, 43]. Aside from dyssynchrony, the post-CRT improvement 
in functional MR may also depend on other factors, such as myocardial viability, presence of 
scar/fibrosis and the extent of LV remodeling at the baseline [10, 66, 67].

Many echocardiographic measures of dyssynchrony do not confirm their value as the predic-
tors of CRT outcomes [39–41]. Inter-ventricular mechanical delay (IVMD, the time difference 
between right ventricular and left ventricular ejection, determined as the time elapsed since 
the onset of the QRS to the onset of left ventricular vs. right ventricular ejection, usually mea-
sured using pulsed Doppler flow) seems to be a simple and reproducible parameter of dyssyn-
chrony, correlating well with the response to CRT, either LV reverse remodeling or functional 
MR improvement [10, 41, 68, 69]. Also, speckle-tracking radial strain imaging (time difference 
in peak septal to posterior wall strain) appears as a relatively simple measure of dyssynchrony, 
having established a predictive value with regard to CRT outcome [67]. There is no unam-
biguous evidence regarding the site of the latest activation as an independent predictor of the 
improvement in functional MR [10, 53]. Myocardial viability (in heart failure with ischemic 
etiology) and contractile reserve (in non-ischemic cardiomyopathy) are important determinants 
of CRT effectiveness in terms of functional MR improvement [10, 70–73]. The outcome of CRT 
may be also associated with the location of contractile reserve (particularly in relation to the 
papillary muscle-bearing segments and to the paced LV region), as well as with the size of the 
contractile reserve area [10, 66, 72, 73]. The importance of discordant LV lead position and myo-
cardial scar, especially extensive scar burden, as the predictors of CRT outcomes, is documented 
[74, 75]. The potential role of myocardial fibrosis stimulates research on biochemical predictors 
of CRT responses (among them on galactin-3, a protein involved in fibrogenesis) [76].

5.3. Functional mitral regurgitation improvement and left ventricular reverse 
remodeling in response to CRT

The change in LV end-diastolic volume after the use of cardiac resynchronization ther-
apy proved to be the most powerful independent predictor of death [77]. CRT effectively 
reversed LV remodeling, both in patients with moderate-to-severe heart failure (NYHA III/
IV class) and in individuals with mild heart failure (NYHA I/II class) [49, 50]. The response 
to CRT may be influenced by the presence of functional mitral regurgitation prior to the 
implantation of a CRT device and by its persistence despite the treatment. Patients, who do 
not respond to CRT, present with a significant functional MR more often than the respond-
ers [78]. On the other hand, an improvement in pre-existing functional MR contributes to 
LV reverse remodeling during follow-up after the implantation of a CRT device [60]. The 
incidence of reverse remodeling, defined as an improvement in LVEF and forward stroke 
volume, is the highest in patients who show a reduction of total functional MR, intermediate 
in individuals with mild functional MR or lack thereof at the baseline and the lowest in 

Structural Insufficiency Anomalies in Cardiac Valves66

persons who do not show an improvement in total functional MR after 3 months of post-
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dicted by echocardiographic parameters, rather than by clinical indices [77].
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respond less to CRT, the post-CRT improvement in functional MR is also less likely in patients 
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dimension is close to 75 mm [10, 82] and for LV end-systolic dimension index 29 mm/m2 
 [67]. Non-responders present a significantly higher baseline LV dilatation. CRT may be insuf-
ficient to overcome poor natural history of systolic heart failure but may slow down its pro-
gression. The effectiveness of all currently available therapeutic options is limited, and critical 
enlargement of the left ventricle may trigger the previously mentioned vicious circle of self-
perpetuating LV dilatation and functional mitral regurgitation [10, 83, 84].

6. Management of patients with persistent significant functional 
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Therapeutic targets in patients with functional MR include attenuation of symptoms, lesser 
number of heart failure hospitalizations, better quality of life and, potentially, survival. At 
present, the most effective therapies of functional MR are aimed at the underlying LV dysfunc-
tion. Therefore, as the first step, optimal medical therapy according to the guidelines for the 
management of heart failure should be used [36]. As the second step, whenever appropriate, 
CRT should be implemented in line with the respective guidelines [35, 36]. In patients who 
remain symptomatic despite optimal medical therapy and CRT (if indicated), mitral valve 
intervention (surgical or transcatheter repair) should be considered; however, there is no evi-
dence that a reduction of functional MR improves survival [13]. Moreover, the surgery has 
never clearly been demonstrated to alter the natural history of the primary disease (dilated 
cardiomyopathy) [85]. Limited empirical data contribute to a lower level of evidence for man-
agement recommendations, highlighting the importance of decisions made by the Heart Team. 
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a consensus on appropriate care. Not only the feasibility of the procedure but also comorbidi-
ties, the level of surgical risk, and surgeon experience should be considered [13]. In patients 
undergoing revascularization, the evaluation and decision to treat (or not to treat) ischemic 
MR should be made prior to surgery. There is an overall agreement that severe functional 
MR should be addressed at the time of coronary artery bypass grafting (CABG). The man-
agement of moderate functional MR in patients undergoing CABG still raises controversies 
[86]. The thresholds of functional MR severity are also a matter of debate (as stated earlier). 
Surgical options in patients with functional MR include mitral valve repair and replacement. 
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Mechanical LV-assisted devices and heart transplantation should be considered in the most 
advanced stage of heart failure.

The controversies regarding an optimal surgical approach should be emphasized [87]. After 
surgical annuloplasty (undersized complete ring to restore leaflet coaptation), residual or 
recurrent functional MR is frequently observed (in approximately one-third of the cases) 
[88]. Valve-sparing mitral valve replacement techniques (leaving the leaflet and subvalvular 
apparatus intact to preserve the LV function) should be considered in patients with echo-
cardiographic predictors of repair failure (Table 2) [88]. The surgery should also be consid-
ered in heart failure patients with severe functional MR and LVEF <30% but with an option 
for CABG and the evidence of myocardial viability. Qualification for surgical treatment of 
functional MR should be restrained if concomitant revascularization is not indicated [89].

Percutaneous edge-to-edge repair (MitraClip device) for FMR is a low-risk procedure and may 
be considered in patients during high surgical risk, whenever feasible [90]. The treatment may 
attenuate symptoms, improve quality of life and promote LV reverse remodeling but is infe-
rior to surgical methods in terms of functional MR reduction. Valve intervention is generally 
contraindicated in patients with LVEF < 15% [13]. Two investigational extracardiac devices, 
CorCap (Acorn Cardiovascular) [91] and Coapsys (Myocor, Inc., Maple Grove, Minnesota) 
[92], which have been used to reshape the LV and thus to reduce the degree of functional MR, 
remained an interesting experiment. In cases of more advanced LV dysfunction (LVEF ≤ 30%) 
with no option for CABG, the Heart Team should choose between a palliative treatment of 
functional MR (surgical or transcatheter procedures, ventricular assist devices, heart trans-
plantation) and a conservative therapy, after careful individual appraisal of the patient [13].

7. Conclusion

Irrespective of heart failure etiology, functional mitral regurgitation has a significant unfavor-
able impact on prognosis. The benefits of surgical treatment in functional mitral regurgitation 

Mitral valve deformation Coaptation distance ≥1 cm

Tenting area > 2.5–3 cm2

Complex jets originating centrally and posteromedially

Posterolateral angle >45° (high posterior leaflet tethering)

Local LV remodeling Interpapillary muscle distance >20 mm

Posterior papillary-fibrosa distance >40 mm

Lateral wall motion abnormality

Global LV remodeling EDD >65 mm, ESD >51 mm (ESV >140 mL) (low likelihood of reverse LV remodeling after 
repair and poor long-term outcome)

Systolic sphericity index >0.7

EDD, end-diastolic diameter; ESD, end-systolic diameter; ESV, end-systolic volume; LV, left ventricle.

Table 2. Unfavorable TTE characteristics for mitral valve repair in secondary MR [88].
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are unclear and thus, resynchronization therapy remains a valuable option in eligible patients. 
Indications for such treatment should be considered as early as possible, before the develop-
ment of a severe left ventricular dilatation, a predictor of failure in resynchronization therapy.

Acronyms and abbreviations

CABG coronary artery bypass grafting

CRT cardiac resynchronization therapy

EROA effective regurgitant orifice area

HF heart failure

LBBB left bundle branch block

LV left ventricle

LVEF left ventricular ejection fraction

MR mitral regurgitation

NYHA New York Heart Association

PISA proximal isovelocity surface area
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Mechanical LV-assisted devices and heart transplantation should be considered in the most 
advanced stage of heart failure.

The controversies regarding an optimal surgical approach should be emphasized [87]. After 
surgical annuloplasty (undersized complete ring to restore leaflet coaptation), residual or 
recurrent functional MR is frequently observed (in approximately one-third of the cases) 
[88]. Valve-sparing mitral valve replacement techniques (leaving the leaflet and subvalvular 
apparatus intact to preserve the LV function) should be considered in patients with echo-
cardiographic predictors of repair failure (Table 2) [88]. The surgery should also be consid-
ered in heart failure patients with severe functional MR and LVEF <30% but with an option 
for CABG and the evidence of myocardial viability. Qualification for surgical treatment of 
functional MR should be restrained if concomitant revascularization is not indicated [89].

Percutaneous edge-to-edge repair (MitraClip device) for FMR is a low-risk procedure and may 
be considered in patients during high surgical risk, whenever feasible [90]. The treatment may 
attenuate symptoms, improve quality of life and promote LV reverse remodeling but is infe-
rior to surgical methods in terms of functional MR reduction. Valve intervention is generally 
contraindicated in patients with LVEF < 15% [13]. Two investigational extracardiac devices, 
CorCap (Acorn Cardiovascular) [91] and Coapsys (Myocor, Inc., Maple Grove, Minnesota) 
[92], which have been used to reshape the LV and thus to reduce the degree of functional MR, 
remained an interesting experiment. In cases of more advanced LV dysfunction (LVEF ≤ 30%) 
with no option for CABG, the Heart Team should choose between a palliative treatment of 
functional MR (surgical or transcatheter procedures, ventricular assist devices, heart trans-
plantation) and a conservative therapy, after careful individual appraisal of the patient [13].

7. Conclusion

Irrespective of heart failure etiology, functional mitral regurgitation has a significant unfavor-
able impact on prognosis. The benefits of surgical treatment in functional mitral regurgitation 

Mitral valve deformation Coaptation distance ≥1 cm

Tenting area > 2.5–3 cm2

Complex jets originating centrally and posteromedially

Posterolateral angle >45° (high posterior leaflet tethering)

Local LV remodeling Interpapillary muscle distance >20 mm

Posterior papillary-fibrosa distance >40 mm

Lateral wall motion abnormality

Global LV remodeling EDD >65 mm, ESD >51 mm (ESV >140 mL) (low likelihood of reverse LV remodeling after 
repair and poor long-term outcome)

Systolic sphericity index >0.7

EDD, end-diastolic diameter; ESD, end-systolic diameter; ESV, end-systolic volume; LV, left ventricle.

Table 2. Unfavorable TTE characteristics for mitral valve repair in secondary MR [88].
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are unclear and thus, resynchronization therapy remains a valuable option in eligible patients. 
Indications for such treatment should be considered as early as possible, before the develop-
ment of a severe left ventricular dilatation, a predictor of failure in resynchronization therapy.

Acronyms and abbreviations

CABG coronary artery bypass grafting

CRT cardiac resynchronization therapy

EROA effective regurgitant orifice area

HF heart failure

LBBB left bundle branch block

LV left ventricle

LVEF left ventricular ejection fraction

MR mitral regurgitation

NYHA New York Heart Association

PISA proximal isovelocity surface area
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Abstract

This chapter presents the recent literature data data on the problems of etiopathogenesis, 
cardiac, and obstetric risk of mitral valve prolapsus, as well as the tactics of patients with 
this pathology. Modern views on the role of genomic, genetic disorders, and metabo-
lomics in violations valvular structures in the etiology and pathogenesis of clinical 
manifestations of the mitral valve prolapsus. In addition, the data on the peculiarities 
of pregnancy and childbirth in women with mitral valve prolapsus (miscarriage, cervi-
cal incompetence, preeclampsia, fetal growth restriction, placental insufficiency, labor 
anomaly, and postpartum hemorrhage) are studied. However, ambiguous and some-
times conflicting data on the relationship and the incidence of these complications with 
mitral valve prolapsus require further research to determine the set of diagnostic and 
preventive measures.

Keywords: mitral valve prolapse, mitral regurgitation, mitral valve prolapsus classification, 
diagnostic imaging techniques, preeclampsia, anomalies of labor activity

1. Introduction

In recent years, the importance of extragenital pathology in severe maternal morbidity and 
mortality has increased significantly worldwide [1–3]. The role of diseases of the cardiovascu-
lar system in the complications of pregnancy and the frequency of perinatal complications are 
increasing [4, 5]. In addition, often in the genesis of diseases of internal organs in a pregnant 
woman is the genetic conditioned systemic disorders of histogenesis, in particular connective 
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tissue dysplasia [5–7]. The prolapse of the mitral valve is one of the most common and stud-
ied visceral manifestations of connective tissue dysplasia (CTD). Connective tissue dysplasia 
(DST) is the disorder of the connective tissue of polygenic multifactorial nature, combined into 
phenotypes on the basis of the commonness of external and/or visceral features [6]. CTD is 
characterized by defects in fibrous structures and the basic substance, leading to a disorder of 
homeostasis at the tissue, organ, and organism levels in the form of various morphofunctional 
disturbances of visceral and locomotor organs.

Interest in the study of MVP is due primarily to its relatively high frequency in the general 
population and among young women of reproductive age, as well as possible complications—
sudden death, arrhythmias and congestive disorders of the heart, infectious endocarditis, and 
thromboembolic disorders. However, previously reported MVP complications such as stroke, 
disautonomy (postural orthostatic tachycardia syndrome (POTS)), panic attacks, feelings of 
fear, and transient ischemic attacks [8] are not currently considered in connection with the 
MVP itself [9]. In the majority of women, no cardiovascular pathology has been detected in 
10 years after the diagnosis of MVP [3].

2. Definition

Primary mitral valve prolapsus (MVP) related to small (minor) cardiac abnormalities (MCA) 
is considered to be one of the most common heart valve anomalies. Mitral valve prolapsus 
(MVP) represents a range of valvular abnormalities that allow one or both mitral valve leaflets 
to extend above the plane that separates the atria and the ventricle.

MVP is such a pathology of the valve apparatus (some redundancy of it), in which one or both 
mitral valve flaps bend (“sag,” prolapse) upward and posteriorly above the plane separating 
the atria and ventricles (above the valvular ring plane) during systole [10–12]. The valves 
can remain connected or can be separated, which leads to a different degree of regurgitation 
(Figure 1).

The more pronounced prolapse can be caused by myxomatous degeneration of mitral valve 
flaps. An anomaly of the mitral valve may be an isolated visceral manifestation of CTD, but 
it can also be a part of dysplastic syndromes. MVP (and sometimes the tricuspid valve pro-
lapse) can be associated with other intracardiac anomalies, in particular, an interstitial septal 
defect [3, 5].

The average frequency of MVP in the population is 3–10% with a widespread frequency 
according to literature data, depending on population factors (gender, age, race) [6, 13, 14], as 
well as the diagnostic method and diagnostic criteria [10, 11].

Individuals with classic MVP (leaflet thickness of ≥5 mm; 1.3%) and non-classic MVP (leaflet 
thickness of <5 mm; 1.1%) had similar age and sex distributions. MVP prevalence was similar 
in three ethnic groups (2.7% in South Asian, 3.1% in European, and 2.2% in Chinese) [10]. 
MVP patients were leaner and had a greater degree of mitral regurgitation (MR) than the 
general population [6, 7]. MVP may be slightly more common in women than in men. The 
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majority of patients with MVP have mitral regurgitation (MR), but most patients with MVP 
(approximately 75%) have mild, trace, or no MR [1]. Severe MR is uncommon, identified in 
4% of patients with MVP. Unlike adults, mitral valvulopathy (MVP) with Marfan syndrome 
in newborns can be accompanied by severe regurgitation and functional disorders of the con-
tractile activity of the heart leading to congestive heart failure [15]. Most often among all pop-
ulation groups (17–38%), MVP is noted in women of reproductive age [10, 16]. According to 
the REPLICA study (mitral valve prolapse prevalence among young people), MVP is detected 
more often—in 4.3% of cases [17].

Therapists working in obstetrics consider MVP the most common heart anomaly in pregnant 
women [18]. The proportion of MVP in the structure of small heart anomalies in pregnant 
women is 60.8% [19]. In the recent past, this pathology was considered to be so frequent, espe-
cially among young women, that a number of authors proposed to consider MVP as a variant of 
the normal structure of the mitral valve [20]. However, the standardization of echocardiographic 
criteria and a better understanding of the structure of the valvular apparatus led to a significant 
decrease in the frequency of the detection of true MVP, which is 0.5–3.0% in the population 
and 1% in women of all age groups with a maximum frequency—in reproductive age. A large 

Figure 1. Mitral valve prolapse.
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 retrospective study, during which 16,185 echocardiograms were analyzed, performed accord-
ing to clinical indications in the Consultative-Diagnostic Center of National Medical Research 
Center of V.A. Almazov (St. Petersburg, Russia) from 2008 to 2011, also showed a low preva-
lence of MVP and in the Russian population—1.3% [21].

3. Classification

For the first time, mitral valve prolapse was described by J.B. Barlow et al. in 1963.

There are multiple ways of classifying MVP, underscoring the heterogeneity of this disorder:

• Etiologically, MVP is classified as primary (degenerative disease in the absence of identifi-
able connective tissue disease, sporadic, or familial) versus secondary MVP (associated 
with an identifiable disorder such as Marfan syndrome).

• Clinically, MVP can be classified as syndromic when extracardiac manifestations are pres-
ent (e.g., pectus excavatum) versus non-syndromic, isolated MVP.

• MVP is also classified by the severity of the abnormal movement of the valve. The leaflets 
are described as billowing when the tips of leaflets remain in the left ventricle (LV) versus 
flail when the tip(s) of one (or both) leaflets prolapses into the left atrium (LA).

• Morphologically, MVP is classified as classic (also known as Barlow’s syndrome with 
markedly and diffusely thickened leaflets (≥5 mm) with bileaflet prolapse) versus non-
classic (with limited or absent thickening (thickness <5 mm) and segmental prolapse).

• Doppler echocardiography can also distinguish MVP without mitral regurgitation (MR) 
from MVP with MR.

The 2014 American Heart Association/American College of Cardiology guidelines for the 
management of patients with valvular heart disease separate mitral regurgitation by a mech-
anism into primary (disease of one or more valve components including leaflets, chordae 
tendineae, papillary muscles, or annulus) and secondary (disease of the left ventricle) [22]. In 
this classification, primary disease includes all forms of MVP along with other causes of MR 
involving the components of the valve (e.g., calcific degeneration, cleft mitral valve, leaflet 
perforations, etc.). Isolate primary (congenital, idiopathic) and secondary prolapse devel-
ops against the background of the already existing diseases of the cardiovascular system. 
Primary prolapse of the mitral valve is a hereditary violation of the formation of the con-
nective tissue [6, 7, 10, 11]. It should be noted that in the MVP structure, the primary occurs 
much more often. The share of the secondary accounts for only 5% of the total number of 
observations. Clinically anatomically, MVP is a syndrome that accompanies many nosologi-
cal forms [10, 15, 16].

Currently, there are several MVP variants [23]:

1. pleiotropic manifestation of some classified hereditary disorders of the connective tis-
sue (syndromes Marfan, Ehlers-Danlo, etc.). Thus, the combination of MVP with aortic 
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 dilatation and signs of connective tissue dysplasia of seven or more points gives reason to 
consider it as associated with the Marfan syndrome. However, it should be emphasized 
that only 1–2% of patients with MVP have one of the monogenic undifferentiated disor-
ders of the connective tissue [6];

2. independent clinically and prognostically significant syndrome: primary familial mitral 
valve prolapse (MIM 157700), primary myxomatous mitral valve prolapse (MIM 607829 
or 610,840). In the absence of signs of one of the monogenic NNST, in the case of detec-
tion of MVP with hemodynamically significant mitral regurgitation and/or myxoma-
tous degeneration of the valves in persons with a young age, it is possible to speak with 
a high probability of the presence of a clinically significant primary MVP. To diagnose 
genetically determined primary MVP, it is not possible to restrict only echocardiogra-
phy to a study, but it is necessary to take into account the results of a family survey, the 
phenotypic data, and the clinical picture of the disease. For evaluation of MVP, its com-
bination with the signs of dysplasia of the connective tissue or the absence thereof is also 
important. The combination of MVP with clinical symptomatics allows talking about the 
syndrome of MVP. It is characterized by vegetative dysfunction, arterial hypotension 
and orthostatic failure, cardiac rhythm disturbances, and repolarization disorders on 
the ECG [6];

3. the minor heart anomaly, often accompanying other classified and unclassified dysplastic 
syndromes.

With the exclusion of MVP syndrome, prolapse of the valves without their thickening and sig-
nificant mitral regurgitation can be regarded as one of the variants of a small heart anomaly, 
the number of which, as is well known, closely correlates with the number of external signs of 
dysembryogenesis detected [24].

4. Etiopathogenesis

To explain the causes of primary prolapse of the mitral valve, several theories have been 
proposed. Proponents of the “myocardial” theory in the histological study of the myocar-
dium found interstitial fibrosis and hypertrophy of myofibrils in patients with mitral valve 
prolapse and in electron microscopy—degenerative changes in mitochondria, endocardium 
thickening [25, 26].

The revealed changes allowed to make an assumption about the similarity of morphological 
changes with mitral valve prolapse and dilated cardiomyopathy. However, after conducting 
a complex echocardiographic, radionuclide, and angiographic study, the hypothesis of the 
cardiomyopathic etiology of the primary prolapse of the mitral valve has not been confirm 
[6, 26]. The theory of the “rheumatic” nature of the prolapse of the mitral valve was also com-
mon. This point of view is confirmed by information about a greater frequency of prolapse in 
patients with rheumatism. Supporters of this theory explained the mechanism of prolapse of 
the valves with partial chord separation as a result of inflammatory changes in the endocar-
dium [5, 27]. There are also data indicating the possible involvement of a viral infection in the 
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development and progression of mitral valve prolapse [28]. However, modern protocols for 
management of patients with MVP do not provide for antibiotic prophylaxis [3].

At the basis of the development of secondary MVP lies the violation of myocardial contractility of 
the left ventricle and dysfunction of the papillary muscles. It develops under the following patho-
logical conditions: inflammatory processes (myocarditis), cardiomyopathy, myocardial dystro-
phy [10, 16], ischemic heart disease, a decrease in tissue elasticity as a result of left ventricular 
contraction asymmetry and papillary muscle ischemia and tendon chords, violation of autonomic 
innervation and impulse conduction in myocarditis, extrasystole, WPW syndrome, with neuro-
ses and hysteria. Also, the cause of secondary MVP can serve as a blunt trauma to the heart [22].

Most researchers are supporters of the “valve” theory. This theory presupposes the presence 
of a genetically determined collagen defect, which leads to the “weakness” of the connective 
tissue of the mitral valve flaps and their prolapse into the atrial cavity. Three gene loci are 
described on 16, 11, and 13 chromosomes, but the genetic defects underlying them are not 
known to date. The recessive form of MVP associated with the X chromosome is known as 
myxomatous dystrophy of the heart valves, and mutations of the gene for the pathogen have 
recently been identified [6].

There are several possible pathogenetic mechanisms that can explain the onset of MVP. 
According to some data, the role of magnesium deficiency in the development of MVP is 
great. The lack of magnesium reduces the activity of magnesium-dependent adenylate 
cyclase, which ensures the removal of defective collagen [29] and affects the ability of fibro-
blasts to produce collagen [16]. In addition to the direct participation of magnesium ions in 
the processes of collagen formation, the role of magnesium in the functioning of the vegetative 
nervous system is undoubtedly important, since a deficiency of magnesium ions promotes an 
increase in the level of catecholamines of the blood plasma, that is, the development of hyper-
catecholaminemia, changes in the tone of the papillary muscles, and the formation of MVP.

5. Clinical picture

Symptoms attributed to mitral valve prolapsus (MVP) cannot clearly be explained by the 
degree of prolapse or mitral regurgitation. However, autonomic or neuroendocrine dysfunc-
tion has been suggested as a possible cause of the nonspecific symptoms in many patients with 
MVP. Patients with MVP tend to exhibit the following findings when compared to controls [3, 4]:

• elevated urine and plasma catecholamine levels;

• an exaggerated heart rate response to phenylephrine;

• a less than expected bradycardiac response to the dive reflex;

• the reproduction of symptoms with isoproterenol infusion.

The specificity of these findings for MVP is uncertain. One study found a series of abnormali-
ties in patients with symptoms of autonomic dysfunction, which did not correlate with the 
presence or absence of MVP [5].
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An association between panic disorder and MVP has also been suggested by several studies, 
including a meta-analysis [6]. However, these studies have been criticized because of inconsis-
tencies in the diagnostic criteria used for both panic disorder and MVP and the use of imperfectly 
matched controls. In addition, panic disorder and MVP are both common illnesses with similar 
age and gender distributions, suggesting that their association may only be a coincidence.

The clinical manifestations of prolapsus of the mitral valve differ in variety [5, 6]. At the same time, 
most researchers note the polymorphism of the clinical picture [3, 17]. Data on the frequency of 
clinical symptoms and the pathogenetic mechanisms of their formation are contradictory [3, 10, 
11, 13]. However, the recognition of prolapsus is accompanied by a fairly clear and definite clini-
cal picture. It is proposed to isolate clinically and morphologically significant MVP syndromes:

1. the pain syndrome in the left half of the chest (32.3–65%) [6, 10, 17]. At the same time, the 
mechanisms of the formation of the pain syndrome remain controversial. Currently, the 
most common explanations of pathogenetic mechanisms of pain syndrome are local myo-
cardial ischemia as a result of tension of papillary muscles, microthrombemia in the zone 
located between the left atrium and the back wall of the mitral valve, a decrease in the dias-
tole duration as a result of an increase in the heart rate, and sinus tachycardia in response 
to stress or physical exertion [3];

2. the syndrome of disturbance of vegetative regulation of heart rhythm (25.8–79%). The com-
plaints about the heartbeat and interruptions in the work of the heart are noted in individu-
als in cases [30]. There was no consensus on the mechanism of cardiac rhythm disturbance 
and repolarization process disturbances in these patients, the role of abnormal traction of 
papillary muscles, the presence of late ventricular potentials, myxomatous degeneration of 
dilated valves, and dysfunction of the autonomic nervous system was discussed [10, 17];

3. the hyperventilation syndrome (dyspnea—15.6–31.5%). Domestic authors with mitral 
valve prolapse noted the presence of a feeling of lack of air and obstacles in the way of 
inhaled air, the need to periodically make deep sighs, and a feeling of dissatisfaction with 
inspiration [6]. The main pathogenetic mechanism is disautonomy [10];

4. the hemorrhagic syndrome: nasal bleeding, tendency to easy formation of bruises, bleeding 
gums, prolonged bleeding after removal of the teeth, prolonged and (or) profuse menstrua-
tion. The tendency to easy bruising and nasal bleeding can be explained by the presence of 
disturbances in the hemostasis system in patients with MVP—a change in the aggregation 
function of platelets, a decrease in the activity of von Willebrand factor in the blood plasma, 
and a disruption of the final stage of blood coagulation [31]. As is known, hemorrhagic syn-
drome is one of the manifestations of mesenchymal dysplasia, which explains its presence 
in patients with prolapse of the mitral valve;

5. the vascular disorders in the limbs of persons with mitral valve prolapse (68.8%), which 
are presented in the form of vascular necklace, Raynaud’s syndrome, changes in the color 
of the limbs, idiopathic pastosity, or swelling [6]. Lipothymia is a complex of sensations 
that preceded the loss of consciousness noted in the work of Т.М. Dominitskaya (1998) 
in 69.0% of patients with mitral valve prolapse in combination with abnormally located 
chord and in 51.0% of persons with abnormally located chord with orthostatic load, emo-
tional stress, prolonged stay in a vertical position, and in stuffy rooms [32];
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development and progression of mitral valve prolapse [28]. However, modern protocols for 
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als in cases [30]. There was no consensus on the mechanism of cardiac rhythm disturbance 
and repolarization process disturbances in these patients, the role of abnormal traction of 
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dilated valves, and dysfunction of the autonomic nervous system was discussed [10, 17];

3. the hyperventilation syndrome (dyspnea—15.6–31.5%). Domestic authors with mitral 
valve prolapse noted the presence of a feeling of lack of air and obstacles in the way of 
inhaled air, the need to periodically make deep sighs, and a feeling of dissatisfaction with 
inspiration [6]. The main pathogenetic mechanism is disautonomy [10];

4. the hemorrhagic syndrome: nasal bleeding, tendency to easy formation of bruises, bleeding 
gums, prolonged bleeding after removal of the teeth, prolonged and (or) profuse menstrua-
tion. The tendency to easy bruising and nasal bleeding can be explained by the presence of 
disturbances in the hemostasis system in patients with MVP—a change in the aggregation 
function of platelets, a decrease in the activity of von Willebrand factor in the blood plasma, 
and a disruption of the final stage of blood coagulation [31]. As is known, hemorrhagic syn-
drome is one of the manifestations of mesenchymal dysplasia, which explains its presence 
in patients with prolapse of the mitral valve;

5. the vascular disorders in the limbs of persons with mitral valve prolapse (68.8%), which 
are presented in the form of vascular necklace, Raynaud’s syndrome, changes in the color 
of the limbs, idiopathic pastosity, or swelling [6]. Lipothymia is a complex of sensations 
that preceded the loss of consciousness noted in the work of Т.М. Dominitskaya (1998) 
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6. the vegetative crises (sympathetic-adrenal, vago-insular, mixed). These are the most strik-
ing manifestations of MVP;

7. the mental disorders: neurasthenia, anxiety disorders, anxiety-phobic disorders, mood 
disorders. When assessing the results of a comprehensive psychological examination, it 
was found that in persons with mitral valve prolapse, there are a number of distinguishing 
features from healthy people: inadequate self-esteem (32.1%), low level and inadequacy of 
attitudes (50.9%), high situational anxiety (32.7%), low emotional stability (39.0%), and a 
decrease in the dynamic indicators of mental activity [6].

Along with the widespread point of view about the propensity of patients with mitral valve 
prolapse to hypotension, recently there have been isolated reports of the presence of arterial 
hypertension in patients with prolapse of the mitral valve [5]. The possibility of hereditary 
predisposition to arterial hypertension, mixed with hereditary pathology of connective tissue, 
is not excluded.

However, not all authors agree with the presence of MPV syndrome with the above-described 
clinical symptoms [3], believing that PMC is only an anatomical feature of the valve structure, 
if it is not a manifestation of the Martha syndrome. Clinical manifestations of approximately 
equal frequency are observed in women with and without EchoCG signs of MPV.

6. Diagnostics

It should be emphasized that the main method of diagnosis of mitral valve prolapse is cur-
rently two-dimensional echocardiography. However, certainly, it is necessary to take into 
account the history of the patient, including the family history, the presence of concomitant 
markers of connective tissue dysplasia, the presence of clinical manifestations of prolapse 
MV, including relatives, clarify the family thrombotic anamnesis or the presence of sudden 
deaths in relatives.

In most cases, the diagnosis of prolapse MV in pregnant women is established even before its 
onset. However, in a part of young primitive women—MVP—a random echocardiographic 
finding requires a careful evaluation of clinical and anamnestic risk factors in each pregnant 
woman [5, 33].

6.1. Cardiac examination

The most common auscultatory features of mitral valve prolapse are the non-ejection click 
(single or multiple) and the murmur of mitral regurgitation. The click is thought to be caused 
by snapping of the mitral chordae during systole when the valve bows into the atrium. The 
click is mobile, meaning its timing varies with maneuvers that change the left ventricular 
volume, occurring earlier in systole with sitting, standing, or other interventions that reduce 
ventricular size, or later with those interventions that increase the chamber size such as squat-
ting (movie 4 and movie 5) [34]. An MVP click should be differentiated from the aortic or 
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pulmonary ejection clicks (occurring early in systole, at the foot of the carotid upstroke) and 
from other cardiac sounds (split first or second heart sounds, pericardial sounds, atrial septal 
aneurysm clicks).

With a routine clinical examination and auscultation of cardiac tones, a systolic click is heard 
between the I and II heart tones, together or without middle diastolic or late systolic mur-
mur, which is a characteristic symptom. The presence of these auscultative data may vary 
depending on the position of the body of the pregnant woman or the degree of her hydra-
tion. Similar auscultative changes can occur in healthy women during pregnancy, varying 
in the time of click occurrence and in mitigating or shortening the time of noise, and when 
series of echocardiographic studies in the presence of MPV in some women EchoCG signs of 
it disappear [6].

6.2. Diagnostic imaging techniques

In most pregnant women who do not show any other clinical signs, so in the absence of sig-
nificant regurgitation in echocardiography, women should talk about the safety of pregnancy 
and childbirth, as well as the absence of a negative effect on the fetus of this condition [3]. 
MVP is diagnosed at the maximum systolic displacement of the mitral valve flaps beyond the 
ring line in the parasternal longitudinal position by more than 2 mm. The use of the paraster-
nal longitudinal section for the diagnosis of MVP is due to the peculiarities of the shape of the 
mitral valve ring, while the isolated displacement of the anterior valve beyond the ring line 
seen in the four-chamber apex position is the main cause of its overdiagnosis. In echocardio-
graphic conclusion, it is necessary to indicate the depth of prolapse, the length and thickness 
of each of the valves, and the degree of mitral regurgitation [6, 12] (Figure 2).

The normal length of the front leaf is 21–24 mm, the rear is 12–14 mm. Depending on the 
thickness of the leaf, the classic MPV is distinguished, with a valve thickness of more than 
5 mm in diastole (reflects the presence of myxomatous degeneration of the valves) and non-
classical MPV—with a thickness of less than 5 mm.

The determination of the degree of mitral regurgitation is currently conducted according to 
the recommendations of the ANA/ACC [6]. For this purpose, the following qualitative indi-
ces are used: the diameter of the vein of the regurgitation jet (vena contracta), the volume of 
regurgitation, and the area of the regurgitation opening calculated according to the area of 
the proximal equal-velocity surface (PISA). Specific for MPV is the mitral regurgitation that 
occurs at the end of the systole; it is usually high speed and eccentric.

The evaluation of LV systolic function is also an important component of EchoCG study. It is 
an important prognostic factor in patients with MVP and severe MH [6, 12]. There is evidence 
of worsening of LV systolic function in young patients with MVP and without significant 
mitral regurgitation [35].

The development of 3D technology, especially real-time 3D-TEE, provides excellent rendering 
of the mitral valve complex. Live 3D-TEE has become routine in pre/intraoperative imaging of 
the mitral valve and in percutaneous mitral valve interventions. 3D-TEE efficiently identifies 
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MV, including relatives, clarify the family thrombotic anamnesis or the presence of sudden 
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In most cases, the diagnosis of prolapse MV in pregnant women is established even before its 
onset. However, in a part of young primitive women—MVP—a random echocardiographic 
finding requires a careful evaluation of clinical and anamnestic risk factors in each pregnant 
woman [5, 33].

6.1. Cardiac examination

The most common auscultatory features of mitral valve prolapse are the non-ejection click 
(single or multiple) and the murmur of mitral regurgitation. The click is thought to be caused 
by snapping of the mitral chordae during systole when the valve bows into the atrium. The 
click is mobile, meaning its timing varies with maneuvers that change the left ventricular 
volume, occurring earlier in systole with sitting, standing, or other interventions that reduce 
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mur, which is a characteristic symptom. The presence of these auscultative data may vary 
depending on the position of the body of the pregnant woman or the degree of her hydra-
tion. Similar auscultative changes can occur in healthy women during pregnancy, varying 
in the time of click occurrence and in mitigating or shortening the time of noise, and when 
series of echocardiographic studies in the presence of MPV in some women EchoCG signs of 
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In most pregnant women who do not show any other clinical signs, so in the absence of sig-
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and childbirth, as well as the absence of a negative effect on the fetus of this condition [3]. 
MVP is diagnosed at the maximum systolic displacement of the mitral valve flaps beyond the 
ring line in the parasternal longitudinal position by more than 2 mm. The use of the paraster-
nal longitudinal section for the diagnosis of MVP is due to the peculiarities of the shape of the 
mitral valve ring, while the isolated displacement of the anterior valve beyond the ring line 
seen in the four-chamber apex position is the main cause of its overdiagnosis. In echocardio-
graphic conclusion, it is necessary to indicate the depth of prolapse, the length and thickness 
of each of the valves, and the degree of mitral regurgitation [6, 12] (Figure 2).

The normal length of the front leaf is 21–24 mm, the rear is 12–14 mm. Depending on the 
thickness of the leaf, the classic MPV is distinguished, with a valve thickness of more than 
5 mm in diastole (reflects the presence of myxomatous degeneration of the valves) and non-
classical MPV—with a thickness of less than 5 mm.

The determination of the degree of mitral regurgitation is currently conducted according to 
the recommendations of the ANA/ACC [6]. For this purpose, the following qualitative indi-
ces are used: the diameter of the vein of the regurgitation jet (vena contracta), the volume of 
regurgitation, and the area of the regurgitation opening calculated according to the area of 
the proximal equal-velocity surface (PISA). Specific for MPV is the mitral regurgitation that 
occurs at the end of the systole; it is usually high speed and eccentric.

The evaluation of LV systolic function is also an important component of EchoCG study. It is 
an important prognostic factor in patients with MVP and severe MH [6, 12]. There is evidence 
of worsening of LV systolic function in young patients with MVP and without significant 
mitral regurgitation [35].

The development of 3D technology, especially real-time 3D-TEE, provides excellent rendering 
of the mitral valve complex. Live 3D-TEE has become routine in pre/intraoperative imaging of 
the mitral valve and in percutaneous mitral valve interventions. 3D-TEE efficiently identifies 
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correct location of prolapse and flail segments, and by reconstruction of the 3D image from 
the left atrial view (surgical view), information is easily communicated to the surgical team. 
In a study comparing 2D TEE with 3D-TEE, both expert and less experienced echocardiog-
raphers more accurately described the mitral valve pathology using 3D-TEE (with surgical 
pathology as the reference), with less experienced interpreters gaining a significantly greater 
advantage from using 3D-TEE [36]. 3D-TEE is the key imaging modality for guidance of per-
cutaneous mitral valve repair with the MitraClip system.

With increased use of 3D-TEE, cleft-like indentations of the posterior mitral leaflet are more 
frequently recognized and may be present in up to one-third of patients with myxomatous 
MVP [36]. Appropriate recognition of cleft-like indentation is important when planning sur-
gical or percutaneous mitral valve repair. However, it must be emphasized that not all cleft-
like indentations apparent on 3D reconstruction are associated with mitral regurgitation (i.e., 
many are “non-functional” clefts, being visible only during diastole, which do not require a 
repair). The best approach to determine the significance of cleft-like indentation is to exam-
ine the mitral valve anatomy from the left ventricular en-face view, in both 3D and 3D color.

3D-TEE also allows insights into the dynamic mitral annulus function, with early-systolic 
area contraction and saddle-shape deepening contributing to mitral competency. The mitral 
annulus in MVP is also dynamic but considerably different from normal patients, with loss 
of early-systolic area contraction and diminished saddle-shape deepening despite similar 
magnitude of ventricular contraction, suggestive of ventricular-annular decoupling [36]. 
With the rapid development of percutaneous interventions for mitral regurgitation, accurate 

Figure 2. Echocardiography in mitral valve prolapse.
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assessment of the mitral valve anatomy (annulus area and perimeter, inter-commissural and 
septal-lateral diameters) becomes increasingly important. These can be reliably measured 
by both 3D echocardiography and computed tomography (CT).

While 2D and 3D imaging techniques allow identification of anatomical substrate, Doppler 
echocardiographic techniques are key to estimating the severity of MR. The criteria used to 
diagnose severe MR are discussed separately.

MR severity should be quantitated in all patients with a visual appearance of greater than 
mild MR on color Doppler. Formal quantification of mitral valve severity not only minimizes 
errors intrinsic to color Doppler visual quantification of severity but also provides essential 
information about a patient’s individual risk. Quantitative measures of MR (regurgitant vol-
ume and orifice) are essential predictors of outcome [36] as confirmed in two independent 
prospective studies totaling more than 1000 patients followed long term.

In a dynamic echocardiographic study in pregnant women with prolapse of the mitral valve 
of women, there are stable sizes of the left chambers of the heart, as well as the thickness of 
the left ventricular myocardium and the interventricular septum throughout the period of 
pregnancy and in the postpartum period [5]. With an increase in the period of pregnancy 
from the first to third trimester, there is a natural increase in the frequency of a greater degree 
of prolapse of the mitral valve and to a lesser extent the degree of mitral regurgitation.

In accordance with the generally accepted approaches, the stratification of the risk of cardiovas-
cular complications and death in patients with MVP should be based, first of all, on the evalu-
ation of the severity of mitral regurgitation and the thickness of the mitral valve leaf [5, 6, 33]. 
The latter characterizes the presence and severity of their myxomatous degeneration. With a 
leaf thickness of 5 mm or more, the total probability of sudden death, endocarditis, and cerebral 
embolism, the likelihood of developing mitral insufficiency, rupture of chords, and ventricular 
arrhythmias in such patients can be attributed to the high-risk group [6, 10, 12, 13, 37].

The degree of risk was determined in the presence and severity of a number of factors: the 
auscultatory pattern, the degree of prolapse, the severity of myxomatic degeneration of the 
valves, mitral regurgitation, age, fibrillation of pre-arthies, chronic heart failure, hyperten-
sion, and others [38].

Most patients with MVP, without signs of MR and mild MR, can be classified as low risk with 
a favorable prognosis [3, 10, 15]. Life expectancy at them corresponds to that in the general 
population [20]. The unfavorable course of MVP is the increase in MR, leading to dilatation of 
the LV and LP, development of atrial fibrillation, LV systolic dysfunction, and chronic heart 
failure. The onset and rapid progression of MP may be due to the rupture of myxomatologi-
cally altered chords [6].

The presence of altered valves with MVP increases the risk of infectious endocarditis, although 
overall its probability in the population of patients with MVP is low [39]. Thromboembolism 
of cerebral vessels is the main cause of neurologic symptoms (transient ischemic attacks and 
strokes) in patients with MVP, and the risk of embolism is higher than in the general popula-
tion [3, 6, 10]. Sudden death is a rare complication of primary MVP (less than 2% of cases with 
prolonged follow-up, with an annual mortality of less than 1%). The main cause of sudden 
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assessment of the mitral valve anatomy (annulus area and perimeter, inter-commissural and 
septal-lateral diameters) becomes increasingly important. These can be reliably measured 
by both 3D echocardiography and computed tomography (CT).

While 2D and 3D imaging techniques allow identification of anatomical substrate, Doppler 
echocardiographic techniques are key to estimating the severity of MR. The criteria used to 
diagnose severe MR are discussed separately.

MR severity should be quantitated in all patients with a visual appearance of greater than 
mild MR on color Doppler. Formal quantification of mitral valve severity not only minimizes 
errors intrinsic to color Doppler visual quantification of severity but also provides essential 
information about a patient’s individual risk. Quantitative measures of MR (regurgitant vol-
ume and orifice) are essential predictors of outcome [36] as confirmed in two independent 
prospective studies totaling more than 1000 patients followed long term.

In a dynamic echocardiographic study in pregnant women with prolapse of the mitral valve 
of women, there are stable sizes of the left chambers of the heart, as well as the thickness of 
the left ventricular myocardium and the interventricular septum throughout the period of 
pregnancy and in the postpartum period [5]. With an increase in the period of pregnancy 
from the first to third trimester, there is a natural increase in the frequency of a greater degree 
of prolapse of the mitral valve and to a lesser extent the degree of mitral regurgitation.

In accordance with the generally accepted approaches, the stratification of the risk of cardiovas-
cular complications and death in patients with MVP should be based, first of all, on the evalu-
ation of the severity of mitral regurgitation and the thickness of the mitral valve leaf [5, 6, 33]. 
The latter characterizes the presence and severity of their myxomatous degeneration. With a 
leaf thickness of 5 mm or more, the total probability of sudden death, endocarditis, and cerebral 
embolism, the likelihood of developing mitral insufficiency, rupture of chords, and ventricular 
arrhythmias in such patients can be attributed to the high-risk group [6, 10, 12, 13, 37].

The degree of risk was determined in the presence and severity of a number of factors: the 
auscultatory pattern, the degree of prolapse, the severity of myxomatic degeneration of the 
valves, mitral regurgitation, age, fibrillation of pre-arthies, chronic heart failure, hyperten-
sion, and others [38].

Most patients with MVP, without signs of MR and mild MR, can be classified as low risk with 
a favorable prognosis [3, 10, 15]. Life expectancy at them corresponds to that in the general 
population [20]. The unfavorable course of MVP is the increase in MR, leading to dilatation of 
the LV and LP, development of atrial fibrillation, LV systolic dysfunction, and chronic heart 
failure. The onset and rapid progression of MP may be due to the rupture of myxomatologi-
cally altered chords [6].

The presence of altered valves with MVP increases the risk of infectious endocarditis, although 
overall its probability in the population of patients with MVP is low [39]. Thromboembolism 
of cerebral vessels is the main cause of neurologic symptoms (transient ischemic attacks and 
strokes) in patients with MVP, and the risk of embolism is higher than in the general popula-
tion [3, 6, 10]. Sudden death is a rare complication of primary MVP (less than 2% of cases with 
prolonged follow-up, with an annual mortality of less than 1%). The main cause of sudden 
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cardiac death in MVP is ventricular tachyarrhythmias, which are especially common in family 
MVP forms [3, 10]. In a number of cases in the presence of pain in the left half of the chest, in 
women, there is an inversion of the T-wave on the ECG, especially in the II and III thoracic 
leads, even in the presence of normal coronary angiography. When conducting a treadmill 
test, it is also possible to detect the depression of the ST segment, indistinguishable from that 
of myocardial ischemia.

7. Mitral valve prolapsus and pregnancy

The features of the course of pregnancy and childbirth in women with DST are not suf-
ficiently studied. Pathology of pregnancy is much more common in women with MVP and 
CTD than in healthy women—85.5 versus 53.3%.The threat of spontaneous abortion and mis-
carriage occurs in 50% of women with MVP, and the threat of premature birth is observed 
six times more often than in healthy pregnant women [13]. The main reason for the habitual 
miscarriage of pregnancy in this group of patients is cervical insufficiency [16]. In women 
with MVP and CTD, the threat of interruption of pregnancy up to 20 weeks is in almost one-
third of cases, the threat of premature birth—in 17.2%, pregnancy ended in premature births 
of 4.6% [40]. The threat of spontaneous termination of pregnancy in the first trimester was 
noted in every third patient with MVP, in the II trimester—in 25.9% of patients with MVP; in 
the third trimester—in 15.5% [33]. The 9.6% of women with habitual miscarriage have MVP 
[41, 42].

The pregnancy in patients with MVP and undifferentiated connective tissue dysplasia is 
accompanied by an increase in the frequency of the threat of interruption in the first trimester 
of pregnancy—OR 1.7, hyperemesis gravidarum—OR 1.8, the threat of interruption in the 
second trimester of pregnancy—2.5%, premature births—OR 3.2, and polyhydramnios—OR 
2.7. The course of labor is complicated by cervical rupture—OR 1.8 and weakness of labor 
activity—OR 3.7 [7].

The most common complication of the second half of pregnancy in women with MVP is 
preeclampsia—51.7% [16, 43], and the course of labor in these patients is characterized by 
frequent complications [16, 40, 43]. It is known that preeclampsia ranks two to three in the 
structure of causes of maternal mortality [33, 44–47] and is one of the main causes of prema-
ture birth and perinatal fetal death. Every fifth child born to a mother with preeclampsia, to 
some extent, deviations in physical and psycho-emotional development are observed [7].

Another complication, no less important for obstetrics—preterm rupture of placental mem-
branes and outflow of amniotic fluid—in women with MVP is observed in 40.0–51.6% of cases 
[7, 29, 43, 48]. The frequency of premature and early outflow of amniotic fluid in pregnant 
women with MVP is 38.1%.

Among the characteristics of the course of labor associated with MVP, the relationship with 
the rapid course of labor is described, and with a severe degree of MVP, the rate of fast and 
rapid delivery in primiparas reaches 50%, and for weakly expressed symptoms of MVP is 
about 12%.
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In women older than 30 years, WLA occurs two times more often than in women at the 
age of 20–25. WLA leads to a prolonged course or complete stopping of labor, the appear-
ance of signs of distress syndrome of the fetus, which causes operative delivery. In the 
structure of an emergency cesarean section, the WLA occupies the second to third place, 
reaching 37%.

The investigation of the causes of WLA concerns mainly the issue of the state of the myome-
trium without sufficient attention to the general anamnestic and clinical signs inherent in the 
MVP, although the causative factors of the WLA may indicate the possible involvement of 
MVP in the pathogenesis of an abnormality of labor [16].

The study of the features of the course of pregnancy and childbirth of women with small and 
large signs of MVP and CTD made it possible to establish that anomalies of labor in the first 
stage of childbirth appeared in 85.2% of women giving birth, compared to 33.9% in the control 
group without CDT. Cesarean section in the main group was performed in 12% of pregnant 
women and only in 4% of patients in the control group. Hypotonic bleeding in the III stage of 
labor took place in 7.3% of mothers with MVP and CTD and were absent in the control group. 
The discrepancy of the pubic joint was diagnosed in 7.2% of women with MVP and CTD and 
was not detected in the control group.

The birth traumatism of newborns from mothers with MVP and CTD was diagnosed in 34.4% 
of cases compared with 3.4% in the control group. This study showed that patients with gen-
eralized manifestations (involvement of three or more organs in the connective tissue defect) 
of MVP and CTD even in the absence of severe forms of this pathology constitute a high-risk 
group for the formation of obstetric and neonatal pathology.

The frequent occurrence of MVP and CDT in pediatric practice, the pronounced clinical poly-
morphism, and multiple organ changes make the problem relevant from the point of view of 
differential diagnostics and complex therapy.

Hemodynamic changes that develop during pregnancy, during childbirth, and in the post-
partum period (primarily changes in bcc and cardiac ejection) cannot but affect the current 
of the woman’s cardiovascular diseases. As well as diseases of the heart and blood vessels 
can adversely affect the course of pregnancy. Changes in hemodynamics in the mother have 
a negative effect on uteroplacental blood circulation, which in some cases may lead to the 
development of placental insufficiency, fetal growth retardation (FGR), and premature birth 
[4, 7, 16]. The central hemodynamics in women with mitral valve prolapse in the III trimester 
is characterized by an increase in the overall peripheral resistance of the vessels against a 
background of a decrease in volume indices, which indicates the voltage of the compensa-
tory-adaptive mechanisms of the cardiovascular system [33].

The features of hemodynamics (heart rate, peripheral resistance of blood vessels, changes 
in blood pressure) are due to changes in the activity of the sympathoadrenal system. The 
pregnant women with MVP showed a significant decrease in MI and BV, as well as CI and BI 
as compared to those in women without MVP with a physiological pregnancy. Perhaps, the 
reduction of these indicators is due to a decrease in the contractility of the myocardium and 
a decrease in the activity of the sympathoadrenal system. Formation in the first trimester of 
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the hypokinetic type of central maternal hemodynamics with a reduced peripheral vascular 
resistance is one of the leading pathogenetic mechanisms of the development of preeclampsia 
and placental insufficiency (fetal hypoxia and IUGR) [4, 33].

The main clinical manifestation of placental insufficiency in patients with MVP is chronic 
intrauterine fetal hypoxia (7.33), which is detected in 34.5% of pregnant women, which 
is significantly higher than in women without MVP (13.2%). Dopplerometric examina-
tion of blood flow velocities revealed a violation of both placental and uterine-placental 
blood flow. In 11.2% of pregnant women with MVP on the background of chronic intra-
uterine fetal hypoxia, the fetal growth retardation (FGR) syndrome was detected, and in 
84.4%—on the background of preeclampsia. In the development of placental insufficiency, 
the main and often initial causes are hemodynamic microcirculatory disorders. The factors 
that are genetically determined, exist in the maternal organism initially, also play a role 
in the formation of placental insufficiency, while the process of collagen formation has a 
certain role [7].

In the presence of a syndrome of non-differentiated dysplasia of connective tissue, the mother 
has the prerequisites for the birth of children with small developmental anomalies and con-
genital heart defects (MVP, TVP, left ventricular abnormal chords, patent foramen ovale, 
open arterial duct, atrial and interventricular septal defect). In children born from mothers 
with MVP, minor heart anomalies were detected in 16.4% [49].

The more significant clinical manifestations and a higher incidence of obstetric and perinatal 
complications are noted when MVP is combined with other intracardiac anomalies. Thus, 
in pregnant women with mitral valve prolapse and in combination with abnormally located 
chord and congenital heart disease (atrial septal defect), there is a significant increase in car-
diac clinical symptoms from the first to the third trimester of pregnancy [5].

The postpartum period is characterized by a significant “positive” dynamics of ultrasound 
indicators of the degree of prolapse of the mitral valve and the degree of mitral regurgita-
tion: they decrease reliably, even in comparison with the data during echocardiography 
in the first trimester of pregnancy. Thus, according to literature data [3, 5, 7, 10, 16, 41, 
49, 50], women with MVP and other connective tissue anomalies of heart development 
are considered to be at high risk for complications of pregnancy, childbirth, and perinatal 
morbidity.

8. Conclusion

In connection with this, the following measures should be taken:

1. systematic prenatal supervision by an obstetrician and a cardiologist as during pregnancy, 
and at the stage of pregravid preparation;

2. in every trimester of pregnancy, it is necessary to carry out echocardiography, ECG, daily 
ECG monitoring;
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3. investigation of the magnesium content in biological fluids and the detection of its defi-
ciency in the appointment of magnesium preparations;

4. in case of complications of pregnancy and (or) complaints from the cardiovascular 
system—hospitalization;

5. systematic control of the fetus with the use of Doppler, cardiotocography, ultrasound in 
the detection of abnormalities timely correction;

6. labor is preferred to lead through the natural birth canal with adequate analgesia, under 
cardiac monitoring of the fetus and contractive activity of the uterus, prevention of abnor-
malities of labor. Cesarean section—according to obstetric indications;

7. examination of newborns with the help of echocardiography and consultation with a car-
diologist and neurologist;

8. control echocardiography of a woman to determine the degree of prolapse of the mitral 
valve after delivery [33].

However, this algorithm is the opinion of only domestic obstetricians. According to data of 
some authors [3, 10], the complicated course of pregnancy and the increase in clinical symp-
toms in women with MVP are extremely rare. Women are primarily advised to avoid stressful 
situations, drinking coffee, strong tea, alcohol and tobacco, and using β-mimetics. Therapy 
is required only in the presence of arrhythmia (often tachycardia and extrasystoles). In this 
case, β-blockers are the drugs of choice. An interesting one is the recommendation of antibi-
otic prophylaxis in the presence of MVP and delivery with cesarean section in order to avoid 
infective endocarditis, but it is also controversial. The risk of serious complications in women 
with uncomplicated MVP younger than 45 years old is 0.2% per year.

Thus, the data presented earlier indicate a number of conflicting views on the etiology, clas-
sification, pathogenetic features of the mitral valve prolapsed, and the significance of its 
presence in the formation of various obstetric and perinatal complications. At present, it is 
urgent to continue research into the complex effects of nondifferentiated connective tissue 
dysplasia (NCTD) and MVP on the course of pregnancy, postpartum and neonatal deliv-
ery, analysis of current classifications of NCTD and pathogenetic (including genetic fac-
tors) of MVP features, and the definition of their importance in the development of obstetric 
complications.
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Abstract

Bicuspid aortic valve (BAV) is one of the most common congenital diseases, affecting 
1–2% of the general population. Although most of them are sporadic, some familial cases 
have also been detected. BAV is a complex developmental and progressive pathology, 
which may present with various clinical findings from newborn to adulthood. It may be 
suspected during cardiac auscultation or may be diagnosed by echocardiography inci-
dentally. Some BAV cases may remain symptomless for years, with findings like valvular 
stenosis, insufficiency, or dilatation in the ascending aorta, whereas some others may 
present with early severe aortic valve dysfunction, premature congestive heart failure, 
and aortic aneurysms even in the newborn period. Such heterogeneous presentations of 
BAV phenotypes may be associated with congenital, genetic, and/or connective tissue 
abnormalities. The natural course of BAV is nonpredictable, it may lead to severe morbid-
ity and mortality.

Keywords: aortopathy, aortic regurgitation, aortic stenosis, aortic dilatation, aortic 
dissection

1. Introduction

Bicuspid aortic valve (BAV) is one of the most common congenital heart diseases. It is phe-
notypically variable and genetically heterogeneous. The prevalence of the disease has been 
determined according to the results of echocardiographic screening and necropsy studies. 
Some patients with isolated BAV may remain asymptomatic throughout their lives, so they 
may be diagnosed accidentally in echocardiographic screening. Although it is difficult to 
define the real incidence of BAV, it is accepted to have a prevalence of 0.5–2% in the gen-
eral population, with a higher prevalence in males than females: M/F = 3/1 [1, 2]. The clini-
cal presentation of BAV is highly variable. Its major manifestations are aortopathy, valvular 
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 dysfunctions, endocarditis, and dissection. In the patients presenting with valvular dysfunc-
tion earlier in life, aortic regurgitation (AR) is more common, whereas aortic stenosis (AS) is 
more prevalent later in life, after the fourth decade. Valve phenotypes, genetic, and hemody-
namic factors have been proposed as underlying mechanisms of aortopathy. Ascending aortic 
aneurysm is generally due to aortopathy and hemodynamics; however, the aortic root aneu-
rysm is considered to be a consequence of aortopathy rather than hemodynamics, especially 
in younger patients. The asymptomatic BAV patients with normal valvular function require 
surgical treatment less frequently than those with valvular dysfunction and aortopathy dur-
ing their lives.

Moreover, BAV may be associated with several genetic disorders with cardiovascular mani-
festations such as hypoplastic left-heart syndrome, congenital left-sided obstructive lesions 
(coarctation of aorta, Shone complex), ventricular septal defect, and syndromic conditions 
(Turner, Loeys Dietz). This chapter enrolls only the isolated bicuspid aortic valves.

2. Genetic and inheritance

2.1. Associated with genetic syndrome

Although most of the BAV patients are sporadic or familial, some may have the symptoms 
knowngenetic syndromes as Trisomy 18, Williams syndrome, and Turner syndrome. The 
highest penetrance of BAV (>30%) occurs in woman with Turner syndrome caused by par-
tial or complete absence of one X chromosome [3]. In the general population, BAV is more 
prevalent in men than women, suggesting that the loss of genes on the X chromosome may 
predispose to BAV phenotype [3, 4].

2.2. Familial inheritance and genetic etiologies

The heritability of BAV is now well established; however, the genes linked to the defect 
remain largely unknown. Autosomal dominant, X-linked, and familial modes of inheritance 
have been reported. BAV heritage revealed a high incidence of familial clustering. The study 
performed in the Canadian population revealed that 11 of 30 families (36%) had at least 1 
additional member with BAV, and the recurrence rate in first-degree relatives was 9% [5]. 
Another study reported that 100 out of 448 subjects in a Mediterranean population had BAVs, 
348 of which were first-degree relatives. In this study, the BAV recurrence rate in the first-
degree relatives was 4.6%. This value was clearly lower than that in the Canadian population. 
The populations or geographic areas may affect the prevalence of BAVs [6].

Epidemiologic studies have demonstrated that BAV is heritable and follows an autosomal 
dominant mode of transmission with reduced penetrance and variable expressivity [7, 8]. 
Through the linkage analysis of BAV pedigrees, investigators have found multiple genetic 
loci and chromosomes associated with BAV disease [7–16]. The most significantly associated 
genes and the chromosomes they are located on are shown in Table 1. However, some of 
these gene mutations have been found to be related with aortopathies. Several mouse studies 
have showed that the NOTCH1 gene mutation plays an important role in the development of 
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ascending aorta aneurysm and BAV [8, 9, 16]. Although the FBN1 gene mutation frequently 
accompanies Marfan syndrome, its association with BAV and ascending aorta dilatation has 
been shown in a recent study [17]. The pathologic hallmark of aortic aneurysm is medial 
degeneration. Disruption of the smooth muscle cells’ (SMC) contractility due to mutations 
may lead to aortic aneurysm. Mutations in the MYH11 and ACTA2 genes are associated with 
the familial thoracic aortic aneurysms [18].

Consequently, BAV and aortopathy are complex multifactorial and multigenetic pathologies. 
Genetic, epigenetic, and environmental modifiers may be responsible for the variable pen-
etrance and phenotypic expression [4].

3. Aortic root

3.1. Embryology of aortic root

Cardiac and valve morphogenesis occur in early fetal life. Actually the abnormal valvulogen-
esis of BAV has not been clearly understood. Earlier theories proposed that abnormal blood 
flow across the developing valves would result in the failure of cusp separation. Current theo-
ries suggest that cell migration, signaling pathway, and genetic susceptibility are the main 
factors in the development of BAV disease.

The embryonic heart and aorta are developed from three precursor cells: proepicardial cells, 
cardiogenic mesodermal cells (contribute to first and second heart fields [SHfs]), and neu-
ral crest cells. Second heart field (SHF) and the cardiac neural crest (CNC) contribute to the 

Candidate genes Chromosomal regions

TGFBR2 (Transforming growth factor, beta receptor II) 3p24.1

NKX2.5 (NK2 Homeobox 5) 5q35.1

NOTCH1 (Translocation-associated notch protein TAN-1) 9q34.3

ACTA2 (Actin, alpha 2) 10q23.31

MYH6 (Myosin heavy chain 6) 14q11.2

MYH7 (Myosin heavy chain 7, cardiac muscle, beta) 14q11.2

FBN1 (Fibrillin 1) 15q21.1

ENG (Endoglin) 9q34.11

AXIN1 (Axin 1) 16p13.3

KCNJ2 (Potassium channel, inwardly rectifying subfamily J, member 2) 17q24.3

GATA5 (GATA binding protein 5) 20q13.33

PDIA2 (Protein disulfide isomerase family A, member 2) 16p13.3

TGFBR 1 (Transforming growth factor, beta receptor I) 9q22.33

Table 1. Genes with association with bicuspid aortic valve.
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development of aortic root, ascending aorta, and aortic arc. Paraxial mesoderm plays role in 
the development of descending aorta [19, 20]. First heart field (FHF) forms the early embry-
onic heart tube that contributes to the left ventricle and a portion of the right ventricle and 
atria. SHF contributes to the myocardium of the outflow tract to form the truncus arteriosus. 
Mesenchymal cells originating from the migrating cardiac neural crest cells reach the outflow 
tract cushions and contribute to the formation of the aortic and pulmonary valves together 
with the endocardially derived mesenchymal cells. Abnormal migration of neural crest cells 
has been postulated as a common pathway that results in BAV and aortopathy [21–24].

Several proteins are used to determine the positional and functional relationship of various 
cellular populations during embryogenesis. Conical Wnt, non-conical Wnt, TGF-β, fibroblast 
growth factor, bone morphogenetic protein, and Notch are some important proteins in the 
development of aortic valve and aorta. Errors of this pathway may result in various outflow 
tract structural abnormalities including BAV disease [11, 16, 19, 23].

3.2. Histopathology of the aorta

The normal aortic valve involves three layers. The first layer is the inner intimal layer, which 
consists of endothelial cells. The second layer is the thicker medial layer formed of smooth 
muscle cells (SMCs) and elastin. The elastin is arranged in fenestrated sheets (lamellae) 
between which collagen fibers, thin layers of proteoglycan-rich extra-cellular matrix (ECM), 
and SMCs are located. Thin elastic fibers embed lamellae into a three-dimensional network 
and connect them with SMCs. The third layer is the strong adventitial layer with collagen 
fibers wrapping the aorta [25, 26]. The relatively high collagen content of the adventitia pre-
vents vascular rupture at extremely high pressures [27]. SMC and ECM play an important 
role both in the normal tissue development and in the main mechanical function of the aortic 
media [2, 28, 29]. SMCs are the major cell types of the aortic wall that synthesize and organize 
the ECM with the elastic fiber network in the arterial wall [25, 26, 30]. SCMs also provide 
lamellar organization, depending on the diameter and stress applied upon the vessels during 
embryogenesis. ECM, mainly composed of elastin and collagen, is important for the aortic 
strength and flexibility to withstand the arterial blood pressure [26]. The number of lamella is 
greater in larger vessels facing greater wall tension and it seems to remain stable after birth. 
In the normal aorta, SMCs have a little active role in managing wall tension; microfibrillar 
structure is the major passive contributor [26, 30]. As the vessel wall matures, SMCs condense 
down around the endothelial tube to form the circumferential layers, which will finally define 
the elastic lamellae of the mature vessel [30].

3.3. Pathogenesis of aortopathy

Aortopathy is very complex pathology, in which both cellular and extracellular mecha-
nisms are involved. Possible mechanisms for aortopathy in patients with BAV include 
medial degeneration (elastic fiber fragmentation and smooth muscle cell apoptosis), fibri-
lin-1 deficiency, increased metalloproteinase (MMP), and decreased MMP tissue inhibitor 
expression.

Medial degeneration: Failure of the balance between the synthesis and degradation of ECMs 
in the aortic wall leads to aortic aneurysm. Especially elastin is the major fibrillar component 
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in the arterial wall, so its destruction directly leads to the expansion of aorta. Moreover, some 
intrinsic medial degenerative differences have been identified between TAV and BAV patients. 
While degeneration in TAVs has been attributed to inflammation and accelerated aging, it has 
been attributed to the maturation defect in BAVs. Several BAV studies have revealed noninflam-
matory loss of vascular SMCs, less-differentiated vascular SMC, low laminin A/C, and progerin 
expression as the other causes of medial degeneration [27, 30, 31]. The total thickness of the 
aortic media is the same for BAV and TAV aortas, but the distance between the elastic lamel-
lae is greater and the lamellae themselves are thinner and more fragmented in BAV patients 
[30, 32]. It was suggested that matrix disruption and SMC apoptosis were earlier in BAVs with 
stenosis than TAVs with respect to the dilatation of aorta [33]. The patients with ascending 
aorta dilatation with BAV showed lesser cystic medial necrosis (focal loss of vacsular smooth 
muscle cell (VSMC) nuclei in the media) than those with TAV [30]. Nondilated BAV aortas may 
have higher rates of vascular SMC apoptosis, particularly at the convexity, where wall stress 
is expectedly higher. Stress-dependent BAV matrix changes may trigger early apoptosis [33].

Deficiency of fibrilin-1: Maturation defect is maintained in the dilated aortic wall in BAV 
patients. Fibrillin-1, which stabilizes the vascular wall, is secreted by the SMC. It is low in 
BAV patients because of the immaturity of SMC [21]. Deficiency of fibrillin-1 results in vas-
cular SMC detachment, matrix disruption, and apoptosis, which ultimately result in a fragile 
aorta, less suited to deal with stress associated with valvular dysfunction. Decreased levels 
of fibrillin-1 may also lead to tinning and weakening of the aortic wall. Some studies have 
showed that aortic tissues in BAVs have significantly less fibrillin-1 than TAV aortas [34, 35].

Increased activity of MMPs: To date, most studies have focused on MMP-2 and MMP-9, 
which belong to a subclass of MMP. An increase in MMPs, enzymes that process or degrade 
the extracellular matrix, may lead to the weakening of the aortic wall and may be associated 
with the development of aortic aneurysms. In particular, MMP-2 and MMP-9, secreted from 
macrophages, which have infiltrated the inflammatory site, are known as powerful protein-
ases that degrade elastin fiber. BAV patients have dilated aortas with a higher content of 
MMP and a lower level of tissue inhibitor of MMP compared to TAV patients, indicating 
an increased collagen turnover. MMP-9 has been closely associated with the formation of 
abdominal aortic aneurysms [31, 36]. MMP-2 has been identified as a key molecular modula-
tor and a circulation biomarker of aortic dilation in patients with BAV [36]. Several markers 
as c-Kit (a marker for differentiated vascular SMCs), pc-Kit (phosphorylated state of c-Kit, 
triggered by the presence of MMP9), HIF1a (influencing hypoxia-inducible-factor-1alpha), 
and endothelial nitric oxide synthase might play an important role in the pathogenesis of the 
aortopathy [31]. Increased collagen turnover and decreased collagen cross-linking may be 
another factor in the formation of aneurysms in BAV cases [37].

4. Phenotypic presentation of aortic valve and root

4.1. Morphology of bicuspid aortic valve

Normal aortic valve is tricuspid, meaning it possesses three leaflets (or cusps: the left coronary, 
the right coronary, and non-coronary cusps, named after their relationship to the  coronary 
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development of aortic root, ascending aorta, and aortic arc. Paraxial mesoderm plays role in 
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consists of endothelial cells. The second layer is the thicker medial layer formed of smooth 
muscle cells (SMCs) and elastin. The elastin is arranged in fenestrated sheets (lamellae) 
between which collagen fibers, thin layers of proteoglycan-rich extra-cellular matrix (ECM), 
and SMCs are located. Thin elastic fibers embed lamellae into a three-dimensional network 
and connect them with SMCs. The third layer is the strong adventitial layer with collagen 
fibers wrapping the aorta [25, 26]. The relatively high collagen content of the adventitia pre-
vents vascular rupture at extremely high pressures [27]. SMC and ECM play an important 
role both in the normal tissue development and in the main mechanical function of the aortic 
media [2, 28, 29]. SMCs are the major cell types of the aortic wall that synthesize and organize 
the ECM with the elastic fiber network in the arterial wall [25, 26, 30]. SCMs also provide 
lamellar organization, depending on the diameter and stress applied upon the vessels during 
embryogenesis. ECM, mainly composed of elastin and collagen, is important for the aortic 
strength and flexibility to withstand the arterial blood pressure [26]. The number of lamella is 
greater in larger vessels facing greater wall tension and it seems to remain stable after birth. 
In the normal aorta, SMCs have a little active role in managing wall tension; microfibrillar 
structure is the major passive contributor [26, 30]. As the vessel wall matures, SMCs condense 
down around the endothelial tube to form the circumferential layers, which will finally define 
the elastic lamellae of the mature vessel [30].

3.3. Pathogenesis of aortopathy

Aortopathy is very complex pathology, in which both cellular and extracellular mecha-
nisms are involved. Possible mechanisms for aortopathy in patients with BAV include 
medial degeneration (elastic fiber fragmentation and smooth muscle cell apoptosis), fibri-
lin-1 deficiency, increased metalloproteinase (MMP), and decreased MMP tissue inhibitor 
expression.

Medial degeneration: Failure of the balance between the synthesis and degradation of ECMs 
in the aortic wall leads to aortic aneurysm. Especially elastin is the major fibrillar component 
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in the arterial wall, so its destruction directly leads to the expansion of aorta. Moreover, some 
intrinsic medial degenerative differences have been identified between TAV and BAV patients. 
While degeneration in TAVs has been attributed to inflammation and accelerated aging, it has 
been attributed to the maturation defect in BAVs. Several BAV studies have revealed noninflam-
matory loss of vascular SMCs, less-differentiated vascular SMC, low laminin A/C, and progerin 
expression as the other causes of medial degeneration [27, 30, 31]. The total thickness of the 
aortic media is the same for BAV and TAV aortas, but the distance between the elastic lamel-
lae is greater and the lamellae themselves are thinner and more fragmented in BAV patients 
[30, 32]. It was suggested that matrix disruption and SMC apoptosis were earlier in BAVs with 
stenosis than TAVs with respect to the dilatation of aorta [33]. The patients with ascending 
aorta dilatation with BAV showed lesser cystic medial necrosis (focal loss of vacsular smooth 
muscle cell (VSMC) nuclei in the media) than those with TAV [30]. Nondilated BAV aortas may 
have higher rates of vascular SMC apoptosis, particularly at the convexity, where wall stress 
is expectedly higher. Stress-dependent BAV matrix changes may trigger early apoptosis [33].

Deficiency of fibrilin-1: Maturation defect is maintained in the dilated aortic wall in BAV 
patients. Fibrillin-1, which stabilizes the vascular wall, is secreted by the SMC. It is low in 
BAV patients because of the immaturity of SMC [21]. Deficiency of fibrillin-1 results in vas-
cular SMC detachment, matrix disruption, and apoptosis, which ultimately result in a fragile 
aorta, less suited to deal with stress associated with valvular dysfunction. Decreased levels 
of fibrillin-1 may also lead to tinning and weakening of the aortic wall. Some studies have 
showed that aortic tissues in BAVs have significantly less fibrillin-1 than TAV aortas [34, 35].

Increased activity of MMPs: To date, most studies have focused on MMP-2 and MMP-9, 
which belong to a subclass of MMP. An increase in MMPs, enzymes that process or degrade 
the extracellular matrix, may lead to the weakening of the aortic wall and may be associated 
with the development of aortic aneurysms. In particular, MMP-2 and MMP-9, secreted from 
macrophages, which have infiltrated the inflammatory site, are known as powerful protein-
ases that degrade elastin fiber. BAV patients have dilated aortas with a higher content of 
MMP and a lower level of tissue inhibitor of MMP compared to TAV patients, indicating 
an increased collagen turnover. MMP-9 has been closely associated with the formation of 
abdominal aortic aneurysms [31, 36]. MMP-2 has been identified as a key molecular modula-
tor and a circulation biomarker of aortic dilation in patients with BAV [36]. Several markers 
as c-Kit (a marker for differentiated vascular SMCs), pc-Kit (phosphorylated state of c-Kit, 
triggered by the presence of MMP9), HIF1a (influencing hypoxia-inducible-factor-1alpha), 
and endothelial nitric oxide synthase might play an important role in the pathogenesis of the 
aortopathy [31]. Increased collagen turnover and decreased collagen cross-linking may be 
another factor in the formation of aneurysms in BAV cases [37].

4. Phenotypic presentation of aortic valve and root

4.1. Morphology of bicuspid aortic valve

Normal aortic valve is tricuspid, meaning it possesses three leaflets (or cusps: the left coronary, 
the right coronary, and non-coronary cusps, named after their relationship to the  coronary 
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arteries). However, BAV is formed of two functional leaflets. There are two types of BAV. The 
typical one is the most frequent and is formed of two leaflets of unequal size with complete 
or incomplete fusion of two cusps. Adjacent cusps fuse into a single cusp, that is generally 
bigger than its counterpart cusp, but these fused cusps are smaller than two normal cusps 
combined. In such cases, there may be one or two raphe. The term “raphe” refers to the fused 
area of two underdeveloped cusps turning into malformed commissure between both cusps 
[28, 29]. The second and less commonly encountered type of BAV is “true BAVs,” which have 
leaflets equal in size with no raphe [28]. Morphology of the aortic valve is defined according 
to spatial position of cusps, fusion types, and the number of raphe. The valve morphologies, 
raphe number, and fusion types are shown in Table 2. The fusion positions between the right 
and left coronary cusps (RL BAV), right and non-coronary cusps (RN BAV), and true BAVs are 
shown in Figure 1. The most prevalent aortic valve morphologies are RL BAV phenotypes and 
second, RN BAV phenotypes, and the least common are LN BAV phenotypes [28, 29, 38, 39].

4.2. Aortic phenotype

The aorta is anatomically composed of ascending aorta, aortic arch, thoracic aorta, and 
abdominal aorta. The aortic root contains aortic sinuses, aortic valve, and coronary ostia. The 
tubular portion of the ascending aorta begins at a point distal to the aortic root (sinotubular 
junction) and ends at the origin of the innominate artery. The aortic arch includes the ori-
gins of innominate artery, the left common carotid artery, and the left subclavian artery [40]. 
Figure 2 shows the echocardiographic images and the measurements of aortic root, tubular 
portion of the ascending aorta, and aortic arc. There are computerized tomography images of 
various aortic phenotypes in Figure 3.

Several classifications have been made according to the structure, diameter of aorta, and the 
extent of aortic dilatation. BAV aortopathies generally present with ascending aorta dilata-
tion or root dilatation or both. The types of aortopathies are summarized in Table 3. The 
most common types of aortic dilatation which are seen are the ascending aorta and varying 
degrees of aortic root. This type was associated with an older age at diagnosis (>50 years), 
valvular stenosis, and the RL BAV fusion pattern [29, 40, 41]. Isolated dilatation of the aortic 
root is a rare type and associated with younger age at diagnosis (<40 years), male sex, aortic 

Morphology of aortic valve Type 1 Type 2 Type 3

Raphe present

(Complete or incomplete 
fusion)

Valve opening

Right–left coronary cusps 
fusion

(RL BAV)

Anterior–posterior

Right-non-coronary cusps 
fusion

(RN BAV)

Right–left

Left-non-coronary cusps 
fusion

(LN BAV)

Right–left

Raphe number* 1 raphe 2 raphe

Raphe absent

Valve opening

Anterior–posterior Right–left Right–left

*Type 0: no raphe

Table 2. The bicuspid aortic valve morphologies, fusion types, and raphe number.
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Figure 1. Echocardiographic views of commissural fusion patterns of BAVs and true BAVs. In the first view: Right-left 
coronary cusp fusion a) closed b) opened position; in the second view: Right non coronary cusp fusion a) closed b) 
opened position; in the third view: true BAV anterior-posterior valve position a) closed b) opened position; in the fourth 
view: True BAV right-left position a) closed b) opened position. RCC: right coronary cusp, LCC: left coronary cusp,  
NCC: non coronary cusp, ANT: anterior, POST: posterior.
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arteries). However, BAV is formed of two functional leaflets. There are two types of BAV. The 
typical one is the most frequent and is formed of two leaflets of unequal size with complete 
or incomplete fusion of two cusps. Adjacent cusps fuse into a single cusp, that is generally 
bigger than its counterpart cusp, but these fused cusps are smaller than two normal cusps 
combined. In such cases, there may be one or two raphe. The term “raphe” refers to the fused 
area of two underdeveloped cusps turning into malformed commissure between both cusps 
[28, 29]. The second and less commonly encountered type of BAV is “true BAVs,” which have 
leaflets equal in size with no raphe [28]. Morphology of the aortic valve is defined according 
to spatial position of cusps, fusion types, and the number of raphe. The valve morphologies, 
raphe number, and fusion types are shown in Table 2. The fusion positions between the right 
and left coronary cusps (RL BAV), right and non-coronary cusps (RN BAV), and true BAVs are 
shown in Figure 1. The most prevalent aortic valve morphologies are RL BAV phenotypes and 
second, RN BAV phenotypes, and the least common are LN BAV phenotypes [28, 29, 38, 39].

4.2. Aortic phenotype

The aorta is anatomically composed of ascending aorta, aortic arch, thoracic aorta, and 
abdominal aorta. The aortic root contains aortic sinuses, aortic valve, and coronary ostia. The 
tubular portion of the ascending aorta begins at a point distal to the aortic root (sinotubular 
junction) and ends at the origin of the innominate artery. The aortic arch includes the ori-
gins of innominate artery, the left common carotid artery, and the left subclavian artery [40]. 
Figure 2 shows the echocardiographic images and the measurements of aortic root, tubular 
portion of the ascending aorta, and aortic arc. There are computerized tomography images of 
various aortic phenotypes in Figure 3.

Several classifications have been made according to the structure, diameter of aorta, and the 
extent of aortic dilatation. BAV aortopathies generally present with ascending aorta dilata-
tion or root dilatation or both. The types of aortopathies are summarized in Table 3. The 
most common types of aortic dilatation which are seen are the ascending aorta and varying 
degrees of aortic root. This type was associated with an older age at diagnosis (>50 years), 
valvular stenosis, and the RL BAV fusion pattern [29, 40, 41]. Isolated dilatation of the aortic 
root is a rare type and associated with younger age at diagnosis (<40 years), male sex, aortic 

Morphology of aortic valve Type 1 Type 2 Type 3

Raphe present

(Complete or incomplete 
fusion)

Valve opening

Right–left coronary cusps 
fusion

(RL BAV)

Anterior–posterior

Right-non-coronary cusps 
fusion

(RN BAV)

Right–left

Left-non-coronary cusps 
fusion

(LN BAV)

Right–left

Raphe number* 1 raphe 2 raphe

Raphe absent

Valve opening

Anterior–posterior Right–left Right–left

*Type 0: no raphe

Table 2. The bicuspid aortic valve morphologies, fusion types, and raphe number.
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Figure 1. Echocardiographic views of commissural fusion patterns of BAVs and true BAVs. In the first view: Right-left 
coronary cusp fusion a) closed b) opened position; in the second view: Right non coronary cusp fusion a) closed b) 
opened position; in the third view: true BAV anterior-posterior valve position a) closed b) opened position; in the fourth 
view: True BAV right-left position a) closed b) opened position. RCC: right coronary cusp, LCC: left coronary cusp,  
NCC: non coronary cusp, ANT: anterior, POST: posterior.
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regurgitation, and aortopathy. This type was considered most likely to be related with a 
genetic cause [29, 40–42].

4.3. Aortic dilatation

Aortic dimensions are generally measured at the levels of annulus, sinus Valsalva, sinotubu-
lar junction (STJ), ascending aorta, aortic arch, descending aorta, and abdominal aorta, from 
inner edge to inner edge, at the end of diastole in the echocardiographic evaluation. Figure 3  
shows computerized tomography images of aortic root and ascending aorta. Because the 
aorta increases in diameter with somatic growth in children, the aortic diameter is typically 
corrected, mostly for body surface area (BSA), age, and gender. It is important to evaluate chil-
dren under the age of 18 according to the z scores of these measurements. Aorta is accepted to 
have dilatation if the aortic z score is >2, aortic/expected aortic diameter is >1.15, or it is 2 SD 
above the mean expected diameter. Aortic dilation was defined as mild (z score > 2 and ≤ 4), 
moderate (z score > 4 and ≤ 6), or severe/aneurysm (z score > 6 or > 6 SD above the mean for 
BSA) [43]. In adults, aortic dilatation is present if the diameter of sinus Valsalva is >35 mm, 
ascending aorta diameter is >34–38 mm, and an aneurysm is present if the aortic/expected 
diameter is >1.4 or ascending aorta is >45 mm [44–47].

Aortic dilatation may begin early in life and progress with age. It is three times more common 
in BAV patients than in TAVs [48]. In total, 40% of patients in referral centers were reported to 
have BAV-associated aortopathy [49]. BAV patients have significantly larger proximal aorta 
than those with TAV, even in the absence of significant valvular hemodynamic disturbance. 
Children with BAV have larger sinus Valsalva and ascending aorta, which increase in size at 
a higher rate than TAVs [48, 50]. Studies showed that aortic aneurysm also was more common 

Figure 2. Echocardiografic images revealing the measurements of a) aortic root in the long axis view at the annular, sinus 
valsalva, sinotubular junction and ascending aorta levels b) aortic arc at the transverse arc, isthmus and descending aorta 
levels c) sinus valsalva dilatation in long axis view d) ascending aorta dilatation in which aortic root was spared in long 
axis view  e) aortic root and  ascending aorta dilatation in long axis view.
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in BAV than in TAV patients. The most common type of dilatation of aorta in BAVs was the 
ascending aorta dilatation, root dilation was the second, and the least common was the root 
dilatation together with the ascending aorta [44, 48, 51]. Aortic aneurysms in BAVs commonly 
involve aortic root, ascending aorta, and aortic arch [42].

The relationship between the aortic valve structure and dilatation has been investigated in 
several studies. It was reported that RL BAV phenotype was usually associated with aortic 
root and/or sinus Valsalva and/or proximal aortic dilatation [28, 29, 44, 49, 52–55]. RN BAV 
phenotype was more commonly associated with ascending aorta dilatation and LN BAV phe-
notypes with aortic root dilatation [29, 56]. In addition, the RN BAV phenotype was associ-
ated with a more rapid growth of the ascending aorta [43]. On the contrary, a relationship 
between the RL BAV phenotypes and increased risk of rapid aortic dilatation in BAV patients 
has been reported [57]. Clinical variation of the BAV patients may be related to different etio-
logical entities of cusp phenotypes. Recently preclinical studies have shown that RN and RL 
cusps’ fusion have different pathogenesis [58, 59]. In contrast to these studies, only minor dif-
ferences in aortic shape can be demonstrated in different BAV phenotypes. Aortic dilatation 
was primarily caused by intrinsic mechanisms of the aortic wall regardless of valve type [48].

Figure 3. Three dimensional computerized tomography images showing a) ascending aorta dilatation b) sinus valsalva 
and ascending aorta dilatation extended to arcus aorta c) aortic root and ascending aorta dilatation.
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regurgitation, and aortopathy. This type was considered most likely to be related with a 
genetic cause [29, 40–42].

4.3. Aortic dilatation

Aortic dimensions are generally measured at the levels of annulus, sinus Valsalva, sinotubu-
lar junction (STJ), ascending aorta, aortic arch, descending aorta, and abdominal aorta, from 
inner edge to inner edge, at the end of diastole in the echocardiographic evaluation. Figure 3  
shows computerized tomography images of aortic root and ascending aorta. Because the 
aorta increases in diameter with somatic growth in children, the aortic diameter is typically 
corrected, mostly for body surface area (BSA), age, and gender. It is important to evaluate chil-
dren under the age of 18 according to the z scores of these measurements. Aorta is accepted to 
have dilatation if the aortic z score is >2, aortic/expected aortic diameter is >1.15, or it is 2 SD 
above the mean expected diameter. Aortic dilation was defined as mild (z score > 2 and ≤ 4), 
moderate (z score > 4 and ≤ 6), or severe/aneurysm (z score > 6 or > 6 SD above the mean for 
BSA) [43]. In adults, aortic dilatation is present if the diameter of sinus Valsalva is >35 mm, 
ascending aorta diameter is >34–38 mm, and an aneurysm is present if the aortic/expected 
diameter is >1.4 or ascending aorta is >45 mm [44–47].

Aortic dilatation may begin early in life and progress with age. It is three times more common 
in BAV patients than in TAVs [48]. In total, 40% of patients in referral centers were reported to 
have BAV-associated aortopathy [49]. BAV patients have significantly larger proximal aorta 
than those with TAV, even in the absence of significant valvular hemodynamic disturbance. 
Children with BAV have larger sinus Valsalva and ascending aorta, which increase in size at 
a higher rate than TAVs [48, 50]. Studies showed that aortic aneurysm also was more common 

Figure 2. Echocardiografic images revealing the measurements of a) aortic root in the long axis view at the annular, sinus 
valsalva, sinotubular junction and ascending aorta levels b) aortic arc at the transverse arc, isthmus and descending aorta 
levels c) sinus valsalva dilatation in long axis view d) ascending aorta dilatation in which aortic root was spared in long 
axis view  e) aortic root and  ascending aorta dilatation in long axis view.

Structural Insufficiency Anomalies in Cardiac Valves106

in BAV than in TAV patients. The most common type of dilatation of aorta in BAVs was the 
ascending aorta dilatation, root dilation was the second, and the least common was the root 
dilatation together with the ascending aorta [44, 48, 51]. Aortic aneurysms in BAVs commonly 
involve aortic root, ascending aorta, and aortic arch [42].

The relationship between the aortic valve structure and dilatation has been investigated in 
several studies. It was reported that RL BAV phenotype was usually associated with aortic 
root and/or sinus Valsalva and/or proximal aortic dilatation [28, 29, 44, 49, 52–55]. RN BAV 
phenotype was more commonly associated with ascending aorta dilatation and LN BAV phe-
notypes with aortic root dilatation [29, 56]. In addition, the RN BAV phenotype was associ-
ated with a more rapid growth of the ascending aorta [43]. On the contrary, a relationship 
between the RL BAV phenotypes and increased risk of rapid aortic dilatation in BAV patients 
has been reported [57]. Clinical variation of the BAV patients may be related to different etio-
logical entities of cusp phenotypes. Recently preclinical studies have shown that RN and RL 
cusps’ fusion have different pathogenesis [58, 59]. In contrast to these studies, only minor dif-
ferences in aortic shape can be demonstrated in different BAV phenotypes. Aortic dilatation 
was primarily caused by intrinsic mechanisms of the aortic wall regardless of valve type [48].

Figure 3. Three dimensional computerized tomography images showing a) ascending aorta dilatation b) sinus valsalva 
and ascending aorta dilatation extended to arcus aorta c) aortic root and ascending aorta dilatation.
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4.4. Hemodynamic effect

Flow abnormalities, related to turbulent and helical flow patterns, as a result of the asymmetric 
movement of valve leaflets, may be a major contributor to aortic dilation in BAV. Even nor-
mally functioning BAVs may have abnormal transvalvular flow patterns, resulting in regional 
increases in wall shear stress [60, 61]. The asymmetric opening of even “clinically normal” BAV 
has been demonstrated. The orifice of the open BAV has been shown to be irregular and dome 
shaped due to the restricted motility of conjoined leaflets. This asymmetric and morphologi-
cally stenotic orifice leads to a nonaxial, turbulent transvalvular flow jet, which propagates 
eccentrically toward the wall of ascending aorta [61]. Restricted systolic conjoint cusp motion 
may cause flow deflection even if the BAV is normofunctional on echocardiographic evaluation. 
Systolic flow deflection toward the right, affecting the right anterolateral-ascending wall, has 
been demonstrated by magnetic resonance imaging (MRI) [62]. Abnormal cusp motions of BAV, 
including folding or wrinkling of the valve tissue and increased cusp doming during the car-
diac cycle, may result in altered flow characteristics even when the cusps are not stenotic [63].

MRI studies have shown that RL BAV phenotype is associated with rightward flow devia-
tion (flow jet directed toward the right anterior aortic wall, which is then propagated in a 
right-handed helical direction) and dilatation of tubular portion of the ascending aorta. Right 
anteriorly oriented flow jet may also result in larger aortic root dimensions and asymmetric 
dilatation of midascending tract [53]. However, RN BAV phenotype has been linked to the 
leftward deviation (flow jet directed toward left posterior aortic wall) and diffuse dilatation of 
the ascending aorta extending to the arch [64, 65]. The RN BAV phenotypes have shown more 
severe hemodynamic flow abnormalities than the RL BAV phenotypes [65].

Classification

Shafer et al. [28] Type N (normal root)

Ascending < sinuses 
>STJ

Type A (ascending 
dilatation)

Ascending > sinuses 
>STJ

Type E (effaced roots)

Sinuses < STJ

Fazel et al. [43] Cluster I

Aortic root alone

Cluster II

Tubular ascending aorta 
alone

Cluster III

Tubular portion and 
transverse arch

Cluster IV

Aortic root and 
tubular portion with 
tapering across the 
transverse arc

Verma et al. [41] Type 1

Dilatation of 
tubular ascending 
aorta primarily 
along convexity of 
aorta, with mild-
to-moderate root 
dilatation

Type 2

Arch dilatation with 
involvement of tubular 
ascending aorta, with 
relative sparing of root

Type 3

Isolated aortic-root 
involvement with 
normal tubular 
ascending aorta and 
arch dimensions

STJ: sinotubular junction

Table 3. Aortic dilatation pattern.
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The increase in regional wall shear stress may explain the RL BAV phenotype with dilatation 
of the aortic root and asymmetric dilatation of the tubular ascending aorta. Conversely, a RN 
BAV phenotype may result in a flow toward the posterior aorta, with increased wall shear 
stress at the right posterior aspect of the aorta leading to dilatation of the aortic arch [39].

4.5. Aortic regurgitation and stenosis

BAV disease is strongly associated with different degrees of stenosis, regurgitation, and mixed 
presentations. Although most of the neonates and infants remain asymptomatic, dysfunction may 
present in older ages. Valve interventions may be necessary in a minority, mainly early in life, 
typically for aortic stenosis (AS) [66]. The progression of stenosis is probably similar to that of TAV 
stenosis but it becomes manifested at least 5–10 years earlier in patients with BAV [67]. AS and 
aortic regurgitation (AR) are equally found in TAVs and BAVs with normal aortic dimensions. If 
the aorta is dilated, AS is predominantly associated with BAV, whereas AR is with TAV [48].

Aortic aneurysms associated with AS have been considered to be poststenotic dilatation 
because of the chronic impact of the high-flow velocity turbulent transvalvular jet on the 
aortic wall. Aortic stenosis in BAVs may present a significant additional risk for patients with 
aneurysm [68]. However, not the severity of AS, but the degree of ascending aorta dilation 
and the presence of moderate or more AR is associated with higher aortic root and ascending 
aortic diameter z scores [43]. Moderate–severe AR is generally associated with larger sinus 
Valsalva diameters compared with normally functioning aortic valve and AS. On the other 
hand, moderate–severe AS is associated with a larger ascending aortic diameter compared 
with the normally functioning aortic valve without AR [55]. It is very confusing whether 
the AR causes aortic root dilatation or if the visa versa is true, so careful follow-up of these 
patients is important to understand which presents earlier. The root aneurysm and AR with 
BAV has been linked more often to a genetic/aortopathy cause, which occurs earlier in life, 
independent of hemodynamic factors [44]. In young adults, it has been shown that RN BAV 
pattern is more commonly associated with moderate or severe AS and moderate or more 
AR when compared with other BAV phenotypes. In addition, RN BAV phenotype is associ-
ated with progressive valve dysfunction and is strongly predictive of valve intervention when 
compared with RL BAV phenotype [39, 66]. Similarly, AS has been revealed to be more com-
mon in RN BAV phenotype, whereas AR is most commonly encountered in the patients with 
NL BAV and RL BAV phenotypes [45, 56, 69]. Consequently, despite a variety of study results, 
it can be concluded that RN or RL BAV phenotypes may show progression and AS or AR may 
accompany with both valve morphologies.

5. Diagnosis

Most patients with BAV are unaware of the diagnosis until elderly because the symptoms and 
physical findings are usually absent for many years. Unless echocardiography is requested 
for other indications, the diagnosis is usually made at the time of an adverse cardiovascular 
outcome.

Bicuspid Aortic Valve
http://dx.doi.org/10.5772/intechopen.76643

109



4.4. Hemodynamic effect

Flow abnormalities, related to turbulent and helical flow patterns, as a result of the asymmetric 
movement of valve leaflets, may be a major contributor to aortic dilation in BAV. Even nor-
mally functioning BAVs may have abnormal transvalvular flow patterns, resulting in regional 
increases in wall shear stress [60, 61]. The asymmetric opening of even “clinically normal” BAV 
has been demonstrated. The orifice of the open BAV has been shown to be irregular and dome 
shaped due to the restricted motility of conjoined leaflets. This asymmetric and morphologi-
cally stenotic orifice leads to a nonaxial, turbulent transvalvular flow jet, which propagates 
eccentrically toward the wall of ascending aorta [61]. Restricted systolic conjoint cusp motion 
may cause flow deflection even if the BAV is normofunctional on echocardiographic evaluation. 
Systolic flow deflection toward the right, affecting the right anterolateral-ascending wall, has 
been demonstrated by magnetic resonance imaging (MRI) [62]. Abnormal cusp motions of BAV, 
including folding or wrinkling of the valve tissue and increased cusp doming during the car-
diac cycle, may result in altered flow characteristics even when the cusps are not stenotic [63].

MRI studies have shown that RL BAV phenotype is associated with rightward flow devia-
tion (flow jet directed toward the right anterior aortic wall, which is then propagated in a 
right-handed helical direction) and dilatation of tubular portion of the ascending aorta. Right 
anteriorly oriented flow jet may also result in larger aortic root dimensions and asymmetric 
dilatation of midascending tract [53]. However, RN BAV phenotype has been linked to the 
leftward deviation (flow jet directed toward left posterior aortic wall) and diffuse dilatation of 
the ascending aorta extending to the arch [64, 65]. The RN BAV phenotypes have shown more 
severe hemodynamic flow abnormalities than the RL BAV phenotypes [65].

Classification

Shafer et al. [28] Type N (normal root)

Ascending < sinuses 
>STJ

Type A (ascending 
dilatation)

Ascending > sinuses 
>STJ

Type E (effaced roots)

Sinuses < STJ

Fazel et al. [43] Cluster I

Aortic root alone

Cluster II

Tubular ascending aorta 
alone

Cluster III

Tubular portion and 
transverse arch

Cluster IV

Aortic root and 
tubular portion with 
tapering across the 
transverse arc

Verma et al. [41] Type 1

Dilatation of 
tubular ascending 
aorta primarily 
along convexity of 
aorta, with mild-
to-moderate root 
dilatation

Type 2

Arch dilatation with 
involvement of tubular 
ascending aorta, with 
relative sparing of root

Type 3

Isolated aortic-root 
involvement with 
normal tubular 
ascending aorta and 
arch dimensions

STJ: sinotubular junction

Table 3. Aortic dilatation pattern.
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The increase in regional wall shear stress may explain the RL BAV phenotype with dilatation 
of the aortic root and asymmetric dilatation of the tubular ascending aorta. Conversely, a RN 
BAV phenotype may result in a flow toward the posterior aorta, with increased wall shear 
stress at the right posterior aspect of the aorta leading to dilatation of the aortic arch [39].

4.5. Aortic regurgitation and stenosis

BAV disease is strongly associated with different degrees of stenosis, regurgitation, and mixed 
presentations. Although most of the neonates and infants remain asymptomatic, dysfunction may 
present in older ages. Valve interventions may be necessary in a minority, mainly early in life, 
typically for aortic stenosis (AS) [66]. The progression of stenosis is probably similar to that of TAV 
stenosis but it becomes manifested at least 5–10 years earlier in patients with BAV [67]. AS and 
aortic regurgitation (AR) are equally found in TAVs and BAVs with normal aortic dimensions. If 
the aorta is dilated, AS is predominantly associated with BAV, whereas AR is with TAV [48].

Aortic aneurysms associated with AS have been considered to be poststenotic dilatation 
because of the chronic impact of the high-flow velocity turbulent transvalvular jet on the 
aortic wall. Aortic stenosis in BAVs may present a significant additional risk for patients with 
aneurysm [68]. However, not the severity of AS, but the degree of ascending aorta dilation 
and the presence of moderate or more AR is associated with higher aortic root and ascending 
aortic diameter z scores [43]. Moderate–severe AR is generally associated with larger sinus 
Valsalva diameters compared with normally functioning aortic valve and AS. On the other 
hand, moderate–severe AS is associated with a larger ascending aortic diameter compared 
with the normally functioning aortic valve without AR [55]. It is very confusing whether 
the AR causes aortic root dilatation or if the visa versa is true, so careful follow-up of these 
patients is important to understand which presents earlier. The root aneurysm and AR with 
BAV has been linked more often to a genetic/aortopathy cause, which occurs earlier in life, 
independent of hemodynamic factors [44]. In young adults, it has been shown that RN BAV 
pattern is more commonly associated with moderate or severe AS and moderate or more 
AR when compared with other BAV phenotypes. In addition, RN BAV phenotype is associ-
ated with progressive valve dysfunction and is strongly predictive of valve intervention when 
compared with RL BAV phenotype [39, 66]. Similarly, AS has been revealed to be more com-
mon in RN BAV phenotype, whereas AR is most commonly encountered in the patients with 
NL BAV and RL BAV phenotypes [45, 56, 69]. Consequently, despite a variety of study results, 
it can be concluded that RN or RL BAV phenotypes may show progression and AS or AR may 
accompany with both valve morphologies.

5. Diagnosis

Most patients with BAV are unaware of the diagnosis until elderly because the symptoms and 
physical findings are usually absent for many years. Unless echocardiography is requested 
for other indications, the diagnosis is usually made at the time of an adverse cardiovascular 
outcome.
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The systolic ejection murmur of the aortic stenosis, auscultated on the left side of the ster-
num, and the diastolic murmur of the aortic regurgitation, heard mainly on the apex, are 
highly valuable in the diagnosis. In the current area, transthoracic echocardiogram usually 
confirms the diagnosis of BAV disease. For the confirmation, the valve must be visualized 
in systole and diastole in the short axis view. The valve openings are fish-mouth shaped. 
Diastolic images can be misleading because the cusp fusion in the larger leaflet of a bicuspid 
valve may simulate a tri-leaflet valve in the closed position. It may be more difficult to make 
the diagnosis if there is an incomplete fusion between the cusps. The valve closure is usually 
eccentric and the leaflets show doming in the long axis views.

It may be difficult to make the diagnosis in the obese patients due to the nonqualified, blurred 
vision. In such cases, the diagnosis can be established by means of transoesaphagial echocar-
diography (TEE) or cardiac MRI or computerized tomography (CT) imaging.

6. Clinical course

The clinical course of BAV patients is highly non-predictable. The factors determining the 
prognosis are older age, RN or RL BAV phenotype, flow dynamics (right-handed flow), male 
gender, elevated systolic blood pressure, smoking, presence of valvular and ventricular dys-
functions, aortic dilatation, endocarditis, high total cholesterol levels, valve degeneration 
score, and genetic predisposition [45, 69]. Aneurysm formation, aortic dissection, severe val-
vular dysfunction, and endocarditis are the most important causes of morbidity and mortality 
of BAV disease. AR is the most common complication in younger patients, more common in 
males, whereas AS is more common in elderly and females [45, 55]. In addition, RN BAV phe-
notype is strongly predictive of valve intervention when compared with RL BAV phenotype. 
RN BAV phenotype has a fourfold risk of time-related valve intervention compared with RL 
BAV phenotype during childhood [39, 66].

Some BAV cases may present with severe stenosis or regurgitation especially in infants or 
children. Children who present with AS in infancy have more severe disease and poor out-
comes. Fortunately, balloon valvuloplasty is the successful treatment of choice for severe AS 
in this age group because of very little calcification [70].

With respect to the BAV manifestations, it is estimated that only 1 in 50 children would have 
a clinically significant valve disease by adolescence. The majorities of BAV patients have rela-
tively normal valve function and remain undiagnosed until 40 years of age, when stenosis 
develops because of leaflet calcification. In total, 53% of the BAV patients with isolated AS 
undergo valve replacement [65, 70, 71]. In the elderly population, AS is the most common 
presentation which causes 75% of patients to undergo surgery, while AR was the reason for 
intervention in only 13–16% of BAV patients [45, 72]. Asymptomatic adults without signifi-
cant valve dysfunction enjoy excellent long-term survival with a 10- and 20-year survival rate 
of 97 and 90%, respectively, identical to the expected survival of the population matched for 
age and sex [73]. Mean follow-up of 15 years showed a 6.7% death ratio, 1.4% of which were 
related with the aortic valve endocarditis, 0.47% with AS, and 0.47% with AR. In total, 18.3% 
of these patients underwent aortic valve surgery, most of which were due to severe AS [73]. 
The 10-year survival rate of the asymptomatic young adults with BAV was found to be 96%. 
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Aortic valve and ascending aorta surgery were performed in 29% of these patients [46]. On 
the other hand, patients with BAV-AR and root aneurysm have shown a higher risk of aortic 
dissection and rupture [74].

Aortic dissection occurs 9 times more often and at an average of 1 decade earlier among 
patients with BAV than those with TAV [63]. The patients with BAV and aortic aneurysm 
>4.5 cm have been found eight times more likely to undergo an aortic dissection [75]. The 
patients with BAV-AR have a tenfold higher risk of post-AVR aortic dissection than the 
patients with BAV-AS [76]. The aortic dissection rate in BAVs has been found to be 0.77% and 
the frequency of aortic dissection is 0.1% per patient’s year of follow-up [45].

The aortic diameter at the baseline is also an important predictor of aortic dilatation. In chil-
dren under 18 years old, ascending aorta z score has been shown to progress with time and an 
initial z score > 2 with the presence of AS has been accepted as a clinical marker for higher z 
scores in early adulthood [48]. The z scores of 4 or above, present in 13% of the patients under 
18 years old, have been considered to reveal significant aortic dilation which predicts the sub-
sequent aneurysm development [75] Relevantly, it has been shown that an aortic diameter of 
4 cm or more at the baseline evaluation independently predicts the subsequent development 
of aneurysm. The incidence of aortic dissection in these patients during 16 years of follow-
up was 3.1%, significantly higher than the general population [75]. Dissection rates in the 
patients with the aortic diameters of above 3.5, 4.5, and 5.5 cm are 8.5, 57.1, and 10%, respec-
tively [77]. The aortic size larger than 4.5 cm or aortic cross-sectional area/height > 8–10 should 
be considered for concurrent aortic valve and ascending aorta surgery [78, 79].

BAV types can predict the progression of aortic valve dysfunction or the development of aortic 
aneurysms [80]. The presence of a raphe has been associated with a higher prevalence of signif-
icant AS and AR, which increase the need for surgery. Despite the higher mortality in patients 
with BAV and raphe, raphe is not independently associated with increased all-cause mortality.

7. Treatment strategies

7.1. Medical treatment

Beta-adrenergic blockers, angiotensin converting enzyme inhibitors, and angiotensin recep-
tor blockers are the antihypertensive agents of choice. Beta-adrenergic blockers have the theo-
retical advantage of reducing aortic wall shear stress, whereas angiotensin receptor blockers 
have been shown to reduce the rate of aortic growth in patients with Marfan’s syndrome [24]. 
The studies about the various treatment modalities are continuing vigorously.

7.2. Intervention

During childhood, insertion of a prosthetic valve is suboptimal because of the continuing 
growth of the child. Fortunately, at this stage, the aortic valve is usually not calcified and 
valvuloplasty can successfully disrupt the commissural fusion and relieve obstruction. 
Valvuloplasty is the interventional strategy of choice in children and in some young adults 
with BAV and AS [70].
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The systolic ejection murmur of the aortic stenosis, auscultated on the left side of the ster-
num, and the diastolic murmur of the aortic regurgitation, heard mainly on the apex, are 
highly valuable in the diagnosis. In the current area, transthoracic echocardiogram usually 
confirms the diagnosis of BAV disease. For the confirmation, the valve must be visualized 
in systole and diastole in the short axis view. The valve openings are fish-mouth shaped. 
Diastolic images can be misleading because the cusp fusion in the larger leaflet of a bicuspid 
valve may simulate a tri-leaflet valve in the closed position. It may be more difficult to make 
the diagnosis if there is an incomplete fusion between the cusps. The valve closure is usually 
eccentric and the leaflets show doming in the long axis views.

It may be difficult to make the diagnosis in the obese patients due to the nonqualified, blurred 
vision. In such cases, the diagnosis can be established by means of transoesaphagial echocar-
diography (TEE) or cardiac MRI or computerized tomography (CT) imaging.

6. Clinical course

The clinical course of BAV patients is highly non-predictable. The factors determining the 
prognosis are older age, RN or RL BAV phenotype, flow dynamics (right-handed flow), male 
gender, elevated systolic blood pressure, smoking, presence of valvular and ventricular dys-
functions, aortic dilatation, endocarditis, high total cholesterol levels, valve degeneration 
score, and genetic predisposition [45, 69]. Aneurysm formation, aortic dissection, severe val-
vular dysfunction, and endocarditis are the most important causes of morbidity and mortality 
of BAV disease. AR is the most common complication in younger patients, more common in 
males, whereas AS is more common in elderly and females [45, 55]. In addition, RN BAV phe-
notype is strongly predictive of valve intervention when compared with RL BAV phenotype. 
RN BAV phenotype has a fourfold risk of time-related valve intervention compared with RL 
BAV phenotype during childhood [39, 66].

Some BAV cases may present with severe stenosis or regurgitation especially in infants or 
children. Children who present with AS in infancy have more severe disease and poor out-
comes. Fortunately, balloon valvuloplasty is the successful treatment of choice for severe AS 
in this age group because of very little calcification [70].

With respect to the BAV manifestations, it is estimated that only 1 in 50 children would have 
a clinically significant valve disease by adolescence. The majorities of BAV patients have rela-
tively normal valve function and remain undiagnosed until 40 years of age, when stenosis 
develops because of leaflet calcification. In total, 53% of the BAV patients with isolated AS 
undergo valve replacement [65, 70, 71]. In the elderly population, AS is the most common 
presentation which causes 75% of patients to undergo surgery, while AR was the reason for 
intervention in only 13–16% of BAV patients [45, 72]. Asymptomatic adults without signifi-
cant valve dysfunction enjoy excellent long-term survival with a 10- and 20-year survival rate 
of 97 and 90%, respectively, identical to the expected survival of the population matched for 
age and sex [73]. Mean follow-up of 15 years showed a 6.7% death ratio, 1.4% of which were 
related with the aortic valve endocarditis, 0.47% with AS, and 0.47% with AR. In total, 18.3% 
of these patients underwent aortic valve surgery, most of which were due to severe AS [73]. 
The 10-year survival rate of the asymptomatic young adults with BAV was found to be 96%. 
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Aortic valve and ascending aorta surgery were performed in 29% of these patients [46]. On 
the other hand, patients with BAV-AR and root aneurysm have shown a higher risk of aortic 
dissection and rupture [74].

Aortic dissection occurs 9 times more often and at an average of 1 decade earlier among 
patients with BAV than those with TAV [63]. The patients with BAV and aortic aneurysm 
>4.5 cm have been found eight times more likely to undergo an aortic dissection [75]. The 
patients with BAV-AR have a tenfold higher risk of post-AVR aortic dissection than the 
patients with BAV-AS [76]. The aortic dissection rate in BAVs has been found to be 0.77% and 
the frequency of aortic dissection is 0.1% per patient’s year of follow-up [45].

The aortic diameter at the baseline is also an important predictor of aortic dilatation. In chil-
dren under 18 years old, ascending aorta z score has been shown to progress with time and an 
initial z score > 2 with the presence of AS has been accepted as a clinical marker for higher z 
scores in early adulthood [48]. The z scores of 4 or above, present in 13% of the patients under 
18 years old, have been considered to reveal significant aortic dilation which predicts the sub-
sequent aneurysm development [75] Relevantly, it has been shown that an aortic diameter of 
4 cm or more at the baseline evaluation independently predicts the subsequent development 
of aneurysm. The incidence of aortic dissection in these patients during 16 years of follow-
up was 3.1%, significantly higher than the general population [75]. Dissection rates in the 
patients with the aortic diameters of above 3.5, 4.5, and 5.5 cm are 8.5, 57.1, and 10%, respec-
tively [77]. The aortic size larger than 4.5 cm or aortic cross-sectional area/height > 8–10 should 
be considered for concurrent aortic valve and ascending aorta surgery [78, 79].

BAV types can predict the progression of aortic valve dysfunction or the development of aortic 
aneurysms [80]. The presence of a raphe has been associated with a higher prevalence of signif-
icant AS and AR, which increase the need for surgery. Despite the higher mortality in patients 
with BAV and raphe, raphe is not independently associated with increased all-cause mortality.

7. Treatment strategies

7.1. Medical treatment

Beta-adrenergic blockers, angiotensin converting enzyme inhibitors, and angiotensin recep-
tor blockers are the antihypertensive agents of choice. Beta-adrenergic blockers have the theo-
retical advantage of reducing aortic wall shear stress, whereas angiotensin receptor blockers 
have been shown to reduce the rate of aortic growth in patients with Marfan’s syndrome [24]. 
The studies about the various treatment modalities are continuing vigorously.

7.2. Intervention

During childhood, insertion of a prosthetic valve is suboptimal because of the continuing 
growth of the child. Fortunately, at this stage, the aortic valve is usually not calcified and 
valvuloplasty can successfully disrupt the commissural fusion and relieve obstruction. 
Valvuloplasty is the interventional strategy of choice in children and in some young adults 
with BAV and AS [70].
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7.3. Surgical treatment

Patients who have an aortic root or ascending aorta with a diameter of 45–50 mm may be 
considered for surgery only if they have high-risk features such as a family history of aortic 
dissection, rupture, or sudden death, and an aortic growth rate of more than 5 mm per year 
and if there is no need for valvular surgery [81]. Currently, aortic root surgery is not usually 
performed if the root measurement is <45 mm, or ratio of maximum ascending aorta area to 
body-height ratio is <10 cm2/m [82]. Guidelines recommend ascending aortic replacement in 
patients with BAV if the ascending aortic diameter is ≥50 mm. Concomitant aortic surgery is 
suggested if the diameter exceeds 45 mm [83]. Nonetheless, some authors have recommended 
ascending aorta surgery at 40 mm along with concomitant aortic valve regurgitataion (AVR), 
if the operation risk is low and expected survival is 1 decade or longer. Moreover, many sur-
geons consider reinforcing or replacing the ascending aorta at the time of valve surgery if there 
is an increased risk of further root dilation [84–86]. Aortic root dilatation may progress after 
AVR in the patients with pure AR. BAV patients with AR and root dilatation of 40–50 mm (root 
phenotype) are associated with significant risk (34%) of post-AVR aortic events. Therefore, 
simultaneous aortic root surgery is suggested in the patients with BAV-AR and aortic root 
diameter > 40 mm during their initial AVR procedure [86]. Some of the surgeons recommend 
aortic repair at the time of BAV surgery if either the aortic diameter exceeds approximately 
45 mm or the aortic cross-sectional area/height is above 8–9 cm2/m or z score is above 7 [82].

8. Conclusion

BAV is a very common, congenital, phenotypically variable, and genetically heteroge-
neous heart disease. It has a complex developmental process and distinct morphological 
phenotypes. The clinical course is highly non-predictable. Children with BAV are mostly 
asymptomatic. However, the cases with severe AS may be encountered early in life and 
need intervention. Aortic dilatation and valvular dysfunction may begin in infancy and 
make progress with age. The factors determining the prognosis of BAV disease are older 
age, RN or RL BAV phenotype, flow dynamics (right-handed flow), male gender, elevated 
systolic blood pressure, smoking, presence of valvular and ventricular dysfunctions, aortic 
dilatation, endocarditis, high total cholesterol levels, valve degeneration score, and genetic 
predisposition. Surgery is recommended for the patients with severe valvular dysfunction 
(AS, AR), aortic dilatation, or aneurysm.
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7.3. Surgical treatment

Patients who have an aortic root or ascending aorta with a diameter of 45–50 mm may be 
considered for surgery only if they have high-risk features such as a family history of aortic 
dissection, rupture, or sudden death, and an aortic growth rate of more than 5 mm per year 
and if there is no need for valvular surgery [81]. Currently, aortic root surgery is not usually 
performed if the root measurement is <45 mm, or ratio of maximum ascending aorta area to 
body-height ratio is <10 cm2/m [82]. Guidelines recommend ascending aortic replacement in 
patients with BAV if the ascending aortic diameter is ≥50 mm. Concomitant aortic surgery is 
suggested if the diameter exceeds 45 mm [83]. Nonetheless, some authors have recommended 
ascending aorta surgery at 40 mm along with concomitant aortic valve regurgitataion (AVR), 
if the operation risk is low and expected survival is 1 decade or longer. Moreover, many sur-
geons consider reinforcing or replacing the ascending aorta at the time of valve surgery if there 
is an increased risk of further root dilation [84–86]. Aortic root dilatation may progress after 
AVR in the patients with pure AR. BAV patients with AR and root dilatation of 40–50 mm (root 
phenotype) are associated with significant risk (34%) of post-AVR aortic events. Therefore, 
simultaneous aortic root surgery is suggested in the patients with BAV-AR and aortic root 
diameter > 40 mm during their initial AVR procedure [86]. Some of the surgeons recommend 
aortic repair at the time of BAV surgery if either the aortic diameter exceeds approximately 
45 mm or the aortic cross-sectional area/height is above 8–9 cm2/m or z score is above 7 [82].

8. Conclusion

BAV is a very common, congenital, phenotypically variable, and genetically heteroge-
neous heart disease. It has a complex developmental process and distinct morphological 
phenotypes. The clinical course is highly non-predictable. Children with BAV are mostly 
asymptomatic. However, the cases with severe AS may be encountered early in life and 
need intervention. Aortic dilatation and valvular dysfunction may begin in infancy and 
make progress with age. The factors determining the prognosis of BAV disease are older 
age, RN or RL BAV phenotype, flow dynamics (right-handed flow), male gender, elevated 
systolic blood pressure, smoking, presence of valvular and ventricular dysfunctions, aortic 
dilatation, endocarditis, high total cholesterol levels, valve degeneration score, and genetic 
predisposition. Surgery is recommended for the patients with severe valvular dysfunction 
(AS, AR), aortic dilatation, or aneurysm.
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Abstract

Aortic root pathology is diverse, and it is the most common cause of aortic valve incom-
petence in the United States. Aortic root surgery is undergoing continuous development 
and refinements. From the original description of Bentall on aortic root replacement, 
many advances have been made in the field of aortic root surgery. The surgical armamen-
tarium available today provides advanced repair options as well as replacement options 
for the aortic root. The aim of this chapter is to provide an insight into the basics of aortic 
root surgery as well as to further describes the current up-to-date solutions for aortic 
valve and aortic root pathologies.

Keywords: aortic root replacement, aortic valve repair, aortic root, aortic operation

1. Introduction

Aortic root pathology is diverse, and it is the most common cause of aortic valve incompe-
tence in the developed countries. The aortic root serves three main purposes: (1) being the 
outflow tract of the left ventricle, (2) a conduit for coronary perfusion, and (3) path for blood 
flow to the end-organs.

Current conventional treatment for significant aortic incompetence (AI) caused by a dilated, 
aneurysmal aortic root is replacement of the ascending aorta using a synthetic graft, replace-
ment of the aortic valve with a prosthesis (the graft and prosthesis are usually combined as a 
“composite graft”), and reimplantation of the coronary arteries, i.e., the Bentall procedure. The 
options for both root and valve replacement vary, and each option entails its pros and cons.

This chapter will discuss the different contemporary surgical options for replacement and 
repair of the aortic root.
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2. Historical perspective

The first successful replacement of a fusiform ascending aortic aneurysm was reported by 
Cooley and De Bakey in 1956 [1]. That first report was made possible thanks to the intro-
duction of cardiopulmonary bypass to aortic aneurysm surgery. Following, several surgeons 
forged ahead and described similar experiences with similar pathologic entities.

Handling of the aortic root, below the sinotubular junction was first reported in 1964, when 
Wheat reported his team’s efforts to replace the entire ascending aorta [2]. Although the pro-
cedure performed may not have involved the entire aorta as the title claimed, its legacy was 
secured as a description of how to handle pathology extending proximal to the coronary ostia. 
Their approach to the displaced coronary ostia was to resect the aorta 1.5–2 cm proximal to 
this level, while leaving a tongue of tissue surrounding the two coronary takeoffs. In this way, 
they maintained the integrity of the ostia and ensured the sutures were far enough from the 
coronary arteries.

While others continued to work tirelessly, the group at Oregon, including Drs. Herr and 
Starr, were diligently at work devising mechanical valves that would eventually be used for 
Bentall's historic procedure [3, 4]. In 1968, they published their ongoing clinical experience and 
engineering progress. Their ingenuity to use a composite valve-graft prosthesis was a major 
step in the progression of aortic root surgery, and the composite valve-graft, whether using a 
mechanical (as originally done) or tissue valve, is still considered the gold standard today [5].

Following, new concepts evolved for sparing the aortic valve and replacing the aortic root 
only. The first was developed by Sir Yacoub, and had been used in his practice since 1979 [6, 
7]. The procedure, which he designed, later became referred to as the “remodeling technique.” 
The functional focus was to preserve the native valve, while recreating the aortic sinuses. This 
goal was achieved by fashioning a scalloped Dacron® graft such that three tongues extended 
to replace the intrinsic sinuses. Interposed between these three extensions, native tissue was 
left intact at the attachment of the cusps. Once the graft was attached, the coronary arteries 
would be mobilized and anastomosed to the neoaorta.

In the late 1980s, David and his colleagues at the University of Toronto developed an alterna-
tive class of valve-sparing procedures [8]. Their procedure went through numerous iterations 
and variations, but classically the technique became referred to as the “reimplantation tech-
nique.” [9, 10] This approach had the benefit of stabilizing the aortic annulus by sewing the 
native valve directly into a Dacron® graft of a fixed circumference.

3. Surgery of the aortic root

There are several indications to repair the aortic root and the ascending aorta. The most fre-
quent one is the aneurysmal dilation of the aortic root ± ascending aorta that is associated 
with aortic valve dysfunction (in general regurgitation). In this case, the aortic valve leaflets 
may be fundamentally normal. This may lead to insufficient coaptation of the leaflets and 
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therefore cause valve-regurgitation. In other patients, the aortic valve leaflets may be abnor-
mal because of bicuspid morphology and the disease is associated with an enlarged ascend-
ing aorta. When the primary indication to operate on the patient is the aortic valve disease 
or myocardial revascularization, the ascending aorta is usually replaced very liberally (this 
means if the diameter is larger than 4.5 cm). Another situation that calls for the repair of the 
aortic root and ascending aorta is the patient that presents with severe aortic valve stenosis 
(either bicuspid or tricuspid aortic valve) and with post-stenotic dilation of the ascending 
aorta. In this category of patients, if the sinotubular junction is maintained and the aortic root 
diameter at the level of sinuses of Valsalva does not exceed 4 cm, it is generally accepted that a 
separate aortic valve replacement and supracoronary replacement of the ascending aorta with 
a prosthetic graft can be performed.

During the last decade, the authors have been increasingly aggressive in the replacement of 
the complete ascending aorta and base of the aortic arch using a short period of antegrade 
cerebral perfusion, performing the distal anastomosis without aortic cross clamp.

Contemporary surgical options for the aortic root include either a full aortic root replacement 
(biological or mechanical), or valve sparing aortic root replacement. Different graft options 
and/or valve options exist and are further discussed below.

3.1. Graft and valve options for aortic root surgery

The aortic root can be replaced with either a synthetic material (usually Dacron) or a biologic 
prosthesis. Biologic options come in the form of xenografts or homografts. Synthetic graft 
options includes expanded poly (ethylene terephthalate) (Dacron) or poly(tetrafluoroethylene) 
(ePTFE), and represent the most widely employed vascular substitutes in cardiovascular sur-
gery. Dacron grafts can come in a straight tubular shape or in a specifically designed form 
that, on implantation and pressurization, generates pseudosinuses of Valsalva.

3.1.1. Xenografts

Xenografts can come in the form of stented or stentless valve. Some of the stentless valves 
present as a full root products and can either be implanted as a full root replacement and/or 
as a valve replacement alone. The stented valves may be used for valve replacement alone, or 
may be composed to any graft type in order to be served for full root replacement.

Some options for stentless valves include the following:

3.1.1.1. Freestyle™ porcine aortic root bioprosthesis (medtronic)

This third-generation device presents as the complete porcine aortic root with thin polyester 
covering of the septal myocardium. The tissue is glutaraldehyde fixed using the physiologic 
root pressure technique: there is zero net pressure applied to the valve cusps to preserve col-
lagen crimp while the aorta is distended to normal configuration. The graft may be implanted 
as a valve replacement in the subcoronary position, as an inclusion root cylinder, or as a full 
aortic root replacement.
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3.1. Graft and valve options for aortic root surgery

The aortic root can be replaced with either a synthetic material (usually Dacron) or a biologic 
prosthesis. Biologic options come in the form of xenografts or homografts. Synthetic graft 
options includes expanded poly (ethylene terephthalate) (Dacron) or poly(tetrafluoroethylene) 
(ePTFE), and represent the most widely employed vascular substitutes in cardiovascular sur-
gery. Dacron grafts can come in a straight tubular shape or in a specifically designed form 
that, on implantation and pressurization, generates pseudosinuses of Valsalva.

3.1.1. Xenografts

Xenografts can come in the form of stented or stentless valve. Some of the stentless valves 
present as a full root products and can either be implanted as a full root replacement and/or 
as a valve replacement alone. The stented valves may be used for valve replacement alone, or 
may be composed to any graft type in order to be served for full root replacement.

Some options for stentless valves include the following:

3.1.1.1. Freestyle™ porcine aortic root bioprosthesis (medtronic)

This third-generation device presents as the complete porcine aortic root with thin polyester 
covering of the septal myocardium. The tissue is glutaraldehyde fixed using the physiologic 
root pressure technique: there is zero net pressure applied to the valve cusps to preserve col-
lagen crimp while the aorta is distended to normal configuration. The graft may be implanted 
as a valve replacement in the subcoronary position, as an inclusion root cylinder, or as a full 
aortic root replacement.
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3.1.1.2. Toronto SPV glutaraldehyde-preserved porcine xenograft (St. Jude Medical)

The aortic tissue is removed from all three sinuses, and the graft is covered with a thin coat 
of polyester. It can only be implanted as a subcoronary valve replacement. It has no antimin-
eralization treatment. Hemodynamic performance has been excellent and equivalent to the 
Medtronic Freestyle device.

3.1.1.3. Edwards Prima (Edwards Lifesciences)

The Prima device is a low-pressure glutaraldehyde-fixed porcine aortic root similar to the 
Freestyle device. It has a thin cloth reinforcement over the muscle bar. The porcine coronar-
ies were excised in the earlier version but preserved in the later version without ligation. The 
Prima Plus is a low-pressure fixed valve with proprietary XenoLogiX treatment for calcium 
mitigation.

3.1.1.4. CryoLife-O’Brien (CryoLife International)

Stentless porcine aortic valve is a manufactured composite of the noncoronary sinus and cusp 
from three porcine aortic roots. It is designed to be implanted below the coronary arteries in a 
supra-annular position in the sinuses of Valsalva by a single suture line.

The tissue is fixed in glutaraldehyde but there is no specific antimineralization treatment of 
this valve. Experience is limited to a few centers, and the technical aspects of implantation 
may be more difficult than with other stentless bioprostheses.

3.1.1.5. Pericarbon Freedom (Sorin Group).

The Pericarbon Freedom stentless valve is composed of two sheets of bovine pericardium 
sewn together to produce a cylindrical shape and fixed with glutaraldehyde.

3.1.1.6. Biocor stentless (Biocor Industria e Pesquisas LTDA)

Biocor stentless (Biocor Industria e Pesquisas LTDA) is a porcine aortic valve treated with the 
No-React (Shelhigh Inc., Union, NJ) process.

3.1.2. Allografts

3.1.2.1. Cryopreserved aortic allograft

Human donor aortic valve allografts are presented as the complete aortic root, ascending 
aorta, and some or all of the aortic arch. The anterior leaflet of the mitral valve typically 
remains attached.

3.1.2.2. Pulmonary autograft

Pulmonary autograft, the patient’s own pulmonary trunk, including the pulmonary valve, may 
be used to replace the aortic valve, usually as a full aortic root replacement. The pulmonary 
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trunk is then replaced with a cryopreserved pulmonary allograft as described earlier. This 
operation (Ross procedure) is hemodynamically superior to other procedures for replacing 
the aortic valve, because the patient’s own pulmonary valve is properly sized to accept cardiac 
output with little or no pressure gradient.

3.1.3. Straight tubular grafts

Straight tubular Dacron grafts of different manufacturers can be used for a full aortic root 
replacement when combined with either a stented or a stentless biological valve, and/or a 
mechanical valve. The advantages/disadvantages of straight tubular grafts versus grafts 
incorporating pseudosinuses of Valsalva are discussed in the following paragraph.

3.1.4. Grafts incorporating pseudosinuses of Valsalva

The native aortic root is not a stiff tube but rather a highly dynamic structure that accommo-
dates to changes in the pressure-volume relationship in a very subtle way. During the early 
1990s, Robicsek described the dynamic function of the aortic root and especially the sinuses 
of Valsalva [11]. The sinuses of Valsalva reduce the shear stress on the cusps of the aortic 
valve and promote optimal coronary blood flow during diastole [11, 12]. Another important 
aspect is of the facilitation of vortex formation that seems to help in smooth valve closure with 
less bending deformation in the longitudinal direction, and reduce the stress on the coronary 
anastomosis [12–15]. All the above factors can affect the durability and performance and lon-
gevity of the aortic bio-prosthetic valves.

Many attempts had been made by both surgeons and commercial companies to create a graft 
that resembles in shape and function of the native aortic root. The Valsalva graft is a Dacron 
graft with a specific design that, on implantation and pressurization, it generates three inde-
pendent pseudosinuses. It is commonly used either in aortic-valve sparing procedures or in 
aortic root replacements when it is combined with a stented or stentless biological valve.

3.1.5. Composite grafts

Combination of either a tubular or a pseudosinuses-graft, with a biological (stented or non-
stented) or mechanical valve, will create a composite graft.

Various such combinations are clinically common. The clinical differences stem mainly from 
the type of valve used, and in cases a pseudosinuses-graft is used, its potential benefits can be 
added to that of the valve it is combined with.

3.2. Composite versus valve sparing root replacement

The question of whether to replace the aortic root with a composite graft or to perform a 
valve-sparing operation is dependent on multiple patient characteristics as well as the sur-
geon preference. Over the last decade surgeons have debated which technique provides the 
best peri-operative and long-term results. The etiology of the aortic root disease, as well as 
individual patient preferences, must be taken into account so the correct procedure is per-
formed for each patient.
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3.1.1.2. Toronto SPV glutaraldehyde-preserved porcine xenograft (St. Jude Medical)

The aortic tissue is removed from all three sinuses, and the graft is covered with a thin coat 
of polyester. It can only be implanted as a subcoronary valve replacement. It has no antimin-
eralization treatment. Hemodynamic performance has been excellent and equivalent to the 
Medtronic Freestyle device.

3.1.1.3. Edwards Prima (Edwards Lifesciences)

The Prima device is a low-pressure glutaraldehyde-fixed porcine aortic root similar to the 
Freestyle device. It has a thin cloth reinforcement over the muscle bar. The porcine coronar-
ies were excised in the earlier version but preserved in the later version without ligation. The 
Prima Plus is a low-pressure fixed valve with proprietary XenoLogiX treatment for calcium 
mitigation.

3.1.1.4. CryoLife-O’Brien (CryoLife International)

Stentless porcine aortic valve is a manufactured composite of the noncoronary sinus and cusp 
from three porcine aortic roots. It is designed to be implanted below the coronary arteries in a 
supra-annular position in the sinuses of Valsalva by a single suture line.

The tissue is fixed in glutaraldehyde but there is no specific antimineralization treatment of 
this valve. Experience is limited to a few centers, and the technical aspects of implantation 
may be more difficult than with other stentless bioprostheses.

3.1.1.5. Pericarbon Freedom (Sorin Group).

The Pericarbon Freedom stentless valve is composed of two sheets of bovine pericardium 
sewn together to produce a cylindrical shape and fixed with glutaraldehyde.

3.1.1.6. Biocor stentless (Biocor Industria e Pesquisas LTDA)

Biocor stentless (Biocor Industria e Pesquisas LTDA) is a porcine aortic valve treated with the 
No-React (Shelhigh Inc., Union, NJ) process.

3.1.2. Allografts

3.1.2.1. Cryopreserved aortic allograft

Human donor aortic valve allografts are presented as the complete aortic root, ascending 
aorta, and some or all of the aortic arch. The anterior leaflet of the mitral valve typically 
remains attached.

3.1.2.2. Pulmonary autograft

Pulmonary autograft, the patient’s own pulmonary trunk, including the pulmonary valve, may 
be used to replace the aortic valve, usually as a full aortic root replacement. The pulmonary 
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trunk is then replaced with a cryopreserved pulmonary allograft as described earlier. This 
operation (Ross procedure) is hemodynamically superior to other procedures for replacing 
the aortic valve, because the patient’s own pulmonary valve is properly sized to accept cardiac 
output with little or no pressure gradient.

3.1.3. Straight tubular grafts

Straight tubular Dacron grafts of different manufacturers can be used for a full aortic root 
replacement when combined with either a stented or a stentless biological valve, and/or a 
mechanical valve. The advantages/disadvantages of straight tubular grafts versus grafts 
incorporating pseudosinuses of Valsalva are discussed in the following paragraph.

3.1.4. Grafts incorporating pseudosinuses of Valsalva

The native aortic root is not a stiff tube but rather a highly dynamic structure that accommo-
dates to changes in the pressure-volume relationship in a very subtle way. During the early 
1990s, Robicsek described the dynamic function of the aortic root and especially the sinuses 
of Valsalva [11]. The sinuses of Valsalva reduce the shear stress on the cusps of the aortic 
valve and promote optimal coronary blood flow during diastole [11, 12]. Another important 
aspect is of the facilitation of vortex formation that seems to help in smooth valve closure with 
less bending deformation in the longitudinal direction, and reduce the stress on the coronary 
anastomosis [12–15]. All the above factors can affect the durability and performance and lon-
gevity of the aortic bio-prosthetic valves.

Many attempts had been made by both surgeons and commercial companies to create a graft 
that resembles in shape and function of the native aortic root. The Valsalva graft is a Dacron 
graft with a specific design that, on implantation and pressurization, it generates three inde-
pendent pseudosinuses. It is commonly used either in aortic-valve sparing procedures or in 
aortic root replacements when it is combined with a stented or stentless biological valve.

3.1.5. Composite grafts

Combination of either a tubular or a pseudosinuses-graft, with a biological (stented or non-
stented) or mechanical valve, will create a composite graft.

Various such combinations are clinically common. The clinical differences stem mainly from 
the type of valve used, and in cases a pseudosinuses-graft is used, its potential benefits can be 
added to that of the valve it is combined with.

3.2. Composite versus valve sparing root replacement

The question of whether to replace the aortic root with a composite graft or to perform a 
valve-sparing operation is dependent on multiple patient characteristics as well as the sur-
geon preference. Over the last decade surgeons have debated which technique provides the 
best peri-operative and long-term results. The etiology of the aortic root disease, as well as 
individual patient preferences, must be taken into account so the correct procedure is per-
formed for each patient.
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Patients with connective tissue disorders, bicuspid valves, or history of valve infection may be 
best served with Bentall-type replacement rather than valve-sparing reconstruction. Despite 
the surgical complexity, long-term experience with VSRR among bicuspid and/or patients 
with connective tissue disorders are associated with excellent outcomes [16].

The current literature still lacks a definite answer to that question. Different authors pub-
lish very promising short, intermediate and long-term outcomes with both types of surgery. 
One recent large series published by Girardi et al. describes the outcomes of 890 patients 
(289 mechanical composites, 421 biological composites, and 180 VSRR). Operative mortality 
was 0.2% (0% in the VSRR group); the incidence of major postoperative complications was 
less than 0.5%. Predictors of adverse in-hospital outcome were age, nonelective operation, 
renal status, reoperation, New York Heart Association class, ejection fraction, and concomi-
tant procedures. Five-year survival was 89.4%. In the propensity-matched groups, the type 
of operation performed did not affect in-hospital and late outcome. Aortic reintervention 
rates at 5 years were 0% for the mechanical composite valved graft group, 2.4% for the bio-
logic composite valved graft group, and 7.3% for the valve-sparing reconstruction series. The 
authors concluded that in the current era, aortic root replacement can be performed with low 
perioperative risk in high-volume aortic centers. The type of operation performed does not 
affect early or late survival. Although the mechanical composite valved graft remains the gold 
standard for durability, the biologic composite valved graft and valve-sparing reconstruction 
are excellent options for those who cannot take or want to avoid long-term anticoagulation.

Another recent paper by David et al. was looking into the outcomes of a young (<70 years) 
patients group (total of 616 patients); and used propensity matching to compare valve-spar-
ing root replacement to mechanical composite root replacement. The mean age at the work 
was 46 ± 14 years, mean follow up was 9.8 ± 5.3 years. Their outcomes showed reduced cardiac 
mortality among the valve-sparing group, the authors concluded that valve-sparing surgery 
should be the operation of choice for young patients with aortic root aneurysm and normal or 
near-normal aortic cusps [17].

4. Surgical technique

4.1. Aortic root replacement

4.1.1. Aortic root replacement with a composite graft

This operation is frequently referred to as the Bentall procedure, regardless of whether the 
composite is a mechanical or biological. Construction of the composite graft can be done 
either before opening the chest, or during the surgery itself, depending on the surgeon’s pref-
erence. Constructing a biological composite with a graft and a stentless valve (i.e., Valsalva 
graft and Freestyle valve), might require more time then when using a stented valve and a 
tubular Dacron graft, and in these cases it is preferable to construct the composite before 
opening the chest.
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CPB is established at 34°C using a single two-stage venous cannula and left atrial vent. The 
aorta is occluded just proximal to the brachiocephalic artery. Cardioplegia is given. The 
ascending aorta is opened transversely in its midportion. The patient’s aortic root is dissected 
from the surrounding tissues. Traction stitches are placed above each aortic valve commis-
sure to expose the aortic root. The aortic valve is excised. The coronary arteries are mobilized, 
retaining a generous button of sinus aorta. A limited dissection of the coronary artery is suf-
ficient to ensure that excision of the coronary artery is complete and that the coronary button 
will move easily up to the composite prosthesis without kinking or creating undue tension on 
the artery. The remaining sinus aorta is removed. Diameter of the annulus is calibrated, and 
an appropriately sized composite prosthesis is chosen. Stitches are placed through the annu-
lus of the aortic valve and brought up through the sewing ring of the prosthesis preferably 
using single interrupted braided sutures. It is the authors’ preference to implant the valve 
in the vascular graft 2–3 mm above the lower end of the graft, and to place the root stitches 
through the graft itself and not through the valve ring itself. Doing so, provides the future 
option of explanting the valve itself if need be for replacement without disrupting the entire 
root. The composite valve is brought down, and sutures are tied down. Next, a direct anasto-
mosis of the coronary ostia to the graft is made.

The distal end of the graft is then shortened to approximate the distal end of the aorta. The 
anastomosis is constructed using continuous stitches of 4–0 or 5–0 polypropylene, depending 
on the thickness and strength of the aorta.

It is the author’s preference to use a composite graft constructed from a 27 to 29 mm Freestyle 
MS valve (Medtronic) sutured into a 28–30 mm Gelweave Valsalva prosthesis (Sulzer 
Vascutek, Renfrewshire, Scotland) as the choice when implanting a biological tissue valve. 
This composite requires 30–40 min preparation time, but provides the patient with the poten-
tial benefits of: (1) avoiding the need for anticoagulation, (2) excellent hemodynamic perfor-
mance of stentless valves, (3) incorporation of sinuses of Valsalva into the neoaortic root can 
improve the function and longevity of stentless valves.

4.1.2. Aortic root replacement with an allograft

This is typically performed in the setting of an aortic root infection. An aortic allograft may 
be used to replace the patient’s aortic root completely. The initial steps of the surgery are 
similar to those mentioned in Section 4.1.2. Typically, the allograft is used intact and in natu-
ral anatomic orientation, with only the excess of septal myocardium and the anterior leaflet 
of the mitral valve removed. Size match is not nearly as important as it is for freehand sub-
coronary valve replacement, but if the aortic annulus is more than 3 mm larger in diam-
eter than the largest available aortic allograft, the patient’s aortic root should be narrowed to 
approximate the size of the allograft. This can be done conveniently by placing a pledgeted 
mattress stitch through the aortic annulus alongside the commissures so that when tied, the 
intercusp triangle below the commissure is obliterated. The allograft is attached to the LVOT 
at the aortic annulus and below the commissures by simple interrupted stitches of 3–0 or 4–0 
polypropylene.
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Patients with connective tissue disorders, bicuspid valves, or history of valve infection may be 
best served with Bentall-type replacement rather than valve-sparing reconstruction. Despite 
the surgical complexity, long-term experience with VSRR among bicuspid and/or patients 
with connective tissue disorders are associated with excellent outcomes [16].

The current literature still lacks a definite answer to that question. Different authors pub-
lish very promising short, intermediate and long-term outcomes with both types of surgery. 
One recent large series published by Girardi et al. describes the outcomes of 890 patients 
(289 mechanical composites, 421 biological composites, and 180 VSRR). Operative mortality 
was 0.2% (0% in the VSRR group); the incidence of major postoperative complications was 
less than 0.5%. Predictors of adverse in-hospital outcome were age, nonelective operation, 
renal status, reoperation, New York Heart Association class, ejection fraction, and concomi-
tant procedures. Five-year survival was 89.4%. In the propensity-matched groups, the type 
of operation performed did not affect in-hospital and late outcome. Aortic reintervention 
rates at 5 years were 0% for the mechanical composite valved graft group, 2.4% for the bio-
logic composite valved graft group, and 7.3% for the valve-sparing reconstruction series. The 
authors concluded that in the current era, aortic root replacement can be performed with low 
perioperative risk in high-volume aortic centers. The type of operation performed does not 
affect early or late survival. Although the mechanical composite valved graft remains the gold 
standard for durability, the biologic composite valved graft and valve-sparing reconstruction 
are excellent options for those who cannot take or want to avoid long-term anticoagulation.

Another recent paper by David et al. was looking into the outcomes of a young (<70 years) 
patients group (total of 616 patients); and used propensity matching to compare valve-spar-
ing root replacement to mechanical composite root replacement. The mean age at the work 
was 46 ± 14 years, mean follow up was 9.8 ± 5.3 years. Their outcomes showed reduced cardiac 
mortality among the valve-sparing group, the authors concluded that valve-sparing surgery 
should be the operation of choice for young patients with aortic root aneurysm and normal or 
near-normal aortic cusps [17].

4. Surgical technique

4.1. Aortic root replacement

4.1.1. Aortic root replacement with a composite graft

This operation is frequently referred to as the Bentall procedure, regardless of whether the 
composite is a mechanical or biological. Construction of the composite graft can be done 
either before opening the chest, or during the surgery itself, depending on the surgeon’s pref-
erence. Constructing a biological composite with a graft and a stentless valve (i.e., Valsalva 
graft and Freestyle valve), might require more time then when using a stented valve and a 
tubular Dacron graft, and in these cases it is preferable to construct the composite before 
opening the chest.
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CPB is established at 34°C using a single two-stage venous cannula and left atrial vent. The 
aorta is occluded just proximal to the brachiocephalic artery. Cardioplegia is given. The 
ascending aorta is opened transversely in its midportion. The patient’s aortic root is dissected 
from the surrounding tissues. Traction stitches are placed above each aortic valve commis-
sure to expose the aortic root. The aortic valve is excised. The coronary arteries are mobilized, 
retaining a generous button of sinus aorta. A limited dissection of the coronary artery is suf-
ficient to ensure that excision of the coronary artery is complete and that the coronary button 
will move easily up to the composite prosthesis without kinking or creating undue tension on 
the artery. The remaining sinus aorta is removed. Diameter of the annulus is calibrated, and 
an appropriately sized composite prosthesis is chosen. Stitches are placed through the annu-
lus of the aortic valve and brought up through the sewing ring of the prosthesis preferably 
using single interrupted braided sutures. It is the authors’ preference to implant the valve 
in the vascular graft 2–3 mm above the lower end of the graft, and to place the root stitches 
through the graft itself and not through the valve ring itself. Doing so, provides the future 
option of explanting the valve itself if need be for replacement without disrupting the entire 
root. The composite valve is brought down, and sutures are tied down. Next, a direct anasto-
mosis of the coronary ostia to the graft is made.

The distal end of the graft is then shortened to approximate the distal end of the aorta. The 
anastomosis is constructed using continuous stitches of 4–0 or 5–0 polypropylene, depending 
on the thickness and strength of the aorta.

It is the author’s preference to use a composite graft constructed from a 27 to 29 mm Freestyle 
MS valve (Medtronic) sutured into a 28–30 mm Gelweave Valsalva prosthesis (Sulzer 
Vascutek, Renfrewshire, Scotland) as the choice when implanting a biological tissue valve. 
This composite requires 30–40 min preparation time, but provides the patient with the poten-
tial benefits of: (1) avoiding the need for anticoagulation, (2) excellent hemodynamic perfor-
mance of stentless valves, (3) incorporation of sinuses of Valsalva into the neoaortic root can 
improve the function and longevity of stentless valves.

4.1.2. Aortic root replacement with an allograft

This is typically performed in the setting of an aortic root infection. An aortic allograft may 
be used to replace the patient’s aortic root completely. The initial steps of the surgery are 
similar to those mentioned in Section 4.1.2. Typically, the allograft is used intact and in natu-
ral anatomic orientation, with only the excess of septal myocardium and the anterior leaflet 
of the mitral valve removed. Size match is not nearly as important as it is for freehand sub-
coronary valve replacement, but if the aortic annulus is more than 3 mm larger in diam-
eter than the largest available aortic allograft, the patient’s aortic root should be narrowed to 
approximate the size of the allograft. This can be done conveniently by placing a pledgeted 
mattress stitch through the aortic annulus alongside the commissures so that when tied, the 
intercusp triangle below the commissure is obliterated. The allograft is attached to the LVOT 
at the aortic annulus and below the commissures by simple interrupted stitches of 3–0 or 4–0 
polypropylene.
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The allograft is slipped over the sutures into the desired position in the LVOT. The sutures are 
then tied down. Incorporating a felt strip within the suture loops or using pledged sutures has 
been advocated by some authors, however, it was not found to be necessary in our experience.

The remainder of the operation proceeds as described for aortic root replacement with a com-
posite graft.

4.1.3. Aortic root replacement with an autograft

The aortic valve may be replaced with the patient’s own pulmonary valve (pulmonary auto-
graft) and a pulmonary/aortic allograft used to replace the pulmonary valve. This operation was 
devised by Ross and carries his name. The detailed surgical technique is described elsewhere. 
The operation has the advantage of placing autogenous tissue in the high pressure aortic posi-
tion that theoretically should last indefinitely. The allograft tissue is placed in the low-pressure 
pulmonary position, where even if it should fail, valve regurgitation is tolerated for a long time.

One main surgical pitfall of this technique entails potential coronary injury, separating the 
pulmonary trunk from the RVOT above the infundibular septum.

4.2. Valve sparing aortic root replacement

The exact surgical details of the remodeling and reimplantation procedures are beyond the 
scope of this chapter, but the main differences are discussed below.

The remodeling operation consists of removing the sinus aorta except for a small rim of aortic 
tissue around the coronary ostia and a rim of about 5 mm of aortic wall above the aortic valve 
annulus. Commissures are positioned to achieve good coaptation of the aortic valve cusps. 
An appropriately trimmed Dacron graft is sutured to the aortic root along the valve circum-
ference (Figure 1). It is recommended that when aortic root remodeling procedures, such as 
the Yacoub operation, are performed in patients with Marfan syndrome, or when the aortic 
annulus is dilated, an aortic annuloplasty should be performed.

Reimplantation Procedure, in this procedure, the aortic valve is reimplanted within a polyes-
ter tubular graft. The graft is secured to a level plane in the LVOT just below the valve, except 
in the one sixth of the circumference occupied by the conduction system. This fixes the diam-
eter of the LVOT, but one may reduce the diameter if necessary. The aortic valve is attached 
(reimplanted) to the inside of the prosthetic graft. The graft determines the diameter of the 
sinotubular junction.

The reimplantation procedure has undergone a number of modifications by both David and 
other surgeons. However, the basic concept has been retained (Figure 1).

The graft is usually 30–32 mm in diameter, although 28- or 34-mm grafts are occasionally used.

A classification schema beyond simply calling a procedure reimplantation versus remodel-
ing can be seen in Table 1. David’s classic reimplantation procedure using a cylindrical tube 
graft is described as David-I, while Yacoub’s classic remodeling procedure is described as a 
David-II. In this system, David-III referred to a remodeling variation where a synthetic strip 
is placed over the fibrous portion of the left ventricular outflow tract, achieving a narrowing 
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and reinforcing annuloplasty. The final two methods identified are variations on reimplanta-
tion. David-IV refers to the technique of using a graft 4 mm larger than the annulus to allow 
for plication, and David-V employs an even larger graft (6–8 mm larger than the diameter) in 
order to facilitate the creation of pseudosinuses. Thus, David-I, -IV, and -V are variations on 
reimplantation, whereas David-II and -III are variations on the remodeling technique origi-
nally devised by Yacoub. In the late 1990s through the present day, attention shifted to focus 
on the finest details in technique, such as cusp reinforcement, graft sizing to allow for billow-
ing, and plication as a means to recreate sinuses.

Dr. Cameron and the group at Johns Hopkins have published some of the largest series on 
elective repair of patients with connective tissue disorders in need of aortic root surgery [19]. 
Although a “classic” Bentall (i.e., composite valve-graft replacement) remains the gold standard 
in their practice, over the years they have introduced valve-sparing procedures when possible.

Their initial valve-sparing approach focused on preservation of sinuses with a remodeling 
procedure, but it soon became apparent that recurrent aortic insufficiency and annular dilation 
occurred in a significant number of patients soon after their initial procedure. At their cen-
ter, as these results began to bear out, they transitioned to the reimplantation technique. This 
transition coincided with the newly approved De Paulis Valsalva graft and this combination 
became their exclusive procedure for valve-sparing operations [20].

Figure 1. Schema of valve-sparing aortic root repair. (a) Remodeling and (b) reimplantation [18].

Type # Modification

Reimplantation I Classic

Remodeling II Classic

Remodeling III Adding an external synthetic strip over the fibrous portion of the LVOT

Reimplantation IV Adding a graft plication (diameter + 4 mm) at the sinotubular junction

Reimplantation V Adding a graft plication (diameter + 6–8 mm) at both the sinotubular junction and basal 
ring to create pseudosinuses

Table 1. David classification by Millar for valve-sparing aortic root replacement surgery.
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The allograft is slipped over the sutures into the desired position in the LVOT. The sutures are 
then tied down. Incorporating a felt strip within the suture loops or using pledged sutures has 
been advocated by some authors, however, it was not found to be necessary in our experience.

The remainder of the operation proceeds as described for aortic root replacement with a com-
posite graft.

4.1.3. Aortic root replacement with an autograft

The aortic valve may be replaced with the patient’s own pulmonary valve (pulmonary auto-
graft) and a pulmonary/aortic allograft used to replace the pulmonary valve. This operation was 
devised by Ross and carries his name. The detailed surgical technique is described elsewhere. 
The operation has the advantage of placing autogenous tissue in the high pressure aortic posi-
tion that theoretically should last indefinitely. The allograft tissue is placed in the low-pressure 
pulmonary position, where even if it should fail, valve regurgitation is tolerated for a long time.

One main surgical pitfall of this technique entails potential coronary injury, separating the 
pulmonary trunk from the RVOT above the infundibular septum.

4.2. Valve sparing aortic root replacement

The exact surgical details of the remodeling and reimplantation procedures are beyond the 
scope of this chapter, but the main differences are discussed below.

The remodeling operation consists of removing the sinus aorta except for a small rim of aortic 
tissue around the coronary ostia and a rim of about 5 mm of aortic wall above the aortic valve 
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Reimplantation Procedure, in this procedure, the aortic valve is reimplanted within a polyes-
ter tubular graft. The graft is secured to a level plane in the LVOT just below the valve, except 
in the one sixth of the circumference occupied by the conduction system. This fixes the diam-
eter of the LVOT, but one may reduce the diameter if necessary. The aortic valve is attached 
(reimplanted) to the inside of the prosthetic graft. The graft determines the diameter of the 
sinotubular junction.

The reimplantation procedure has undergone a number of modifications by both David and 
other surgeons. However, the basic concept has been retained (Figure 1).

The graft is usually 30–32 mm in diameter, although 28- or 34-mm grafts are occasionally used.

A classification schema beyond simply calling a procedure reimplantation versus remodel-
ing can be seen in Table 1. David’s classic reimplantation procedure using a cylindrical tube 
graft is described as David-I, while Yacoub’s classic remodeling procedure is described as a 
David-II. In this system, David-III referred to a remodeling variation where a synthetic strip 
is placed over the fibrous portion of the left ventricular outflow tract, achieving a narrowing 
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and reinforcing annuloplasty. The final two methods identified are variations on reimplanta-
tion. David-IV refers to the technique of using a graft 4 mm larger than the annulus to allow 
for plication, and David-V employs an even larger graft (6–8 mm larger than the diameter) in 
order to facilitate the creation of pseudosinuses. Thus, David-I, -IV, and -V are variations on 
reimplantation, whereas David-II and -III are variations on the remodeling technique origi-
nally devised by Yacoub. In the late 1990s through the present day, attention shifted to focus 
on the finest details in technique, such as cusp reinforcement, graft sizing to allow for billow-
ing, and plication as a means to recreate sinuses.

Dr. Cameron and the group at Johns Hopkins have published some of the largest series on 
elective repair of patients with connective tissue disorders in need of aortic root surgery [19]. 
Although a “classic” Bentall (i.e., composite valve-graft replacement) remains the gold standard 
in their practice, over the years they have introduced valve-sparing procedures when possible.

Their initial valve-sparing approach focused on preservation of sinuses with a remodeling 
procedure, but it soon became apparent that recurrent aortic insufficiency and annular dilation 
occurred in a significant number of patients soon after their initial procedure. At their cen-
ter, as these results began to bear out, they transitioned to the reimplantation technique. This 
transition coincided with the newly approved De Paulis Valsalva graft and this combination 
became their exclusive procedure for valve-sparing operations [20].

Figure 1. Schema of valve-sparing aortic root repair. (a) Remodeling and (b) reimplantation [18].

Type # Modification

Reimplantation I Classic

Remodeling II Classic

Remodeling III Adding an external synthetic strip over the fibrous portion of the LVOT

Reimplantation IV Adding a graft plication (diameter + 4 mm) at the sinotubular junction

Reimplantation V Adding a graft plication (diameter + 6–8 mm) at both the sinotubular junction and basal 
ring to create pseudosinuses

Table 1. David classification by Millar for valve-sparing aortic root replacement surgery.
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4.3. Reoperation of the aortic root

Structural failure of the root, pseudoaneurysms, or infection may necessitate redo aortic root 
replacement. This is an operation that typically carries a higher risk of mortality and morbid-
ity. Some special considerations include: calcified homografts or stentless valves, coronary 
artery length, and infection.

In patients with a heavily calcified neo-aortic wall it is often extremely difficult to dissect out 
the wall and redo the root as it becomes very adherent to the adjacent structures and pulmo-
nary artery and coronaries can be injured. Replacing just the aortic valve within the calcified 
root is an option. With the advent of transaortic valve implantation (TAVI), this may be an 
option in high risk patients. El-Hamamsy et al. compared the Freestyle graft with homograft 
aortic root replacement in a prospective, randomized trial, and showed an improved age of 
survival, lower rate of reoperation, and echocardiographically less signs of valvular deteriora-
tion in the Freestyle group [21].

There can be difficulty with mobilizing the coronary buttons and placing them in into the 
new root or they can be damaged. The Cabrol technique should then be deployed, where a 
graft is sutured end to end to both the right and left coronary buttons then sutured side to 
side to the aorta. A second option is to place an interposition vein graft between the coro-
nary buttons and the graft. This is the author’s preferred method as we find the grafting 
to be easier. Lastly bypass-grafting can be done with ligation of the coronary arteries. This 
is typically a last resort when bleeding and technical difficulties with the anastomosis are 
encountered.

Infected roots pose a major problem because of the amount of debridement and reconstruc-
tion that is required. The same surgical principles apply of removal of all infected and foreign 
tissue. Results have been promising using homograft replacements as demonstrated in peri-
operative and with long-term follow-up studies.

5. Conclusion

The anatomic complexity and serious pathology that affect the aortic root challenge the car-
diac surgeon. In the 61 years since De Bakey and Cooley first replaced an ascending aneurysm 
with the aid of cardiopulmonary bypass, a number of surgeons’ devised innovative steps 
to improve patient outcomes. Leaders in the field of cardiac surgery such as Bono, Bentall, 
Yacoub, and David have contributed greatly to our surgical armamentarium for treatment of 
aortic root pathology.

The design of the De Paulis Valsalva graft is another great addition to the surgeon’s arsenal 
and reinforces the need to continue analyzing and improving surgical techniques based on the 
dynamic physiologic environment of the aortic root during aortic valve sparing procedures. 
While it is common to hear surgeons refer to aortic root replacements as a “Bentall,” the pro-
cedures currently employed have undergone an evolution, enough so that what is done now 
does not resemble the aortic inclusion and side-to-side coronary anastomosis technique.
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Abstract

Ebstein’s anomaly (EA), a rare congenital heart disease, results from the failure of delami-
nation of tricuspid valve (TV) leaflets from the endocardium of the right ventricle (RV) 
and apical displacement, particularly of the septal and posterior leaflets of TV. The most 
commonly accompanying cardiac malformation is atrial septal defect. Most EA cases are 
sporadic; familial ones are rare. EA patients may present at any age. Symptoms result from 
TV regurgitation, RV dysfunction, inadequate left ventricular filling owing to ventricular 
septal bowing, inadequate pulmonary flow, and arrhythmias. Atrial tachyarrhythmias 
are the most common late complications. There have been more techniques of tricuspid 
repair reported in the literature than any other congenital or acquired cardiac lesion. 
Neonatal operation has a higher risk of mortality than the operations performed beyond 
infancy. Late survival rate and the quality of life for hospital survivors are excellent.

Keywords: congenital heart anomaly, heart failure, tricuspid regurgitation

1. Introduction

EA is a congenital malformation involving the tricuspid valve (TV) and right ventricle (RV). 
This myopathy is associated with the failure of TV delamination and highly variable tricuspid 
valve morphology that usually results in severe regurgitation and atrialized right ventricular 
dilatation. This anomaly has an extremely variable natural history depending on the degree 
of abnormality of the right ventricle and the tricuspid valvar apparatus. If the deformity of 
the TV is severe, it may result in profound congestive heart failure in the neonatal period or 
even in intrauterine death. At the other end of the spectrum, patients with mild degrees of 
displacement and dysfunction may remain asymptomatic until late adult life or may remain 
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symptomless throughout life. There is a genetic heterogeneity; most of the cases are sporadic, 
familial ones are rare. Asymptomatic patients with EA can be conservatively treated and kept 
under close follow-up, whereas surgical operation is indicated for those with the evidence of 
right heart dilation and progressively impaired ventricular systolic function. A biventricular 
repair is suitable for most of the patients. While 1.5-ventricular repair (bidirectional Glenn 
shunt) is indicated for the patients with poor right ventricular function, heart transplantation 
is suggested for the patients with severe left ventricular dysfunction.

2. History

This anomaly was first described by Wilhelm Ebstein, a German physician, in a report titled 
“Concerning a very rare case of insufficiency of the tricuspid valve caused by a congenital 
malformation” [1, 2]. Ebstein’s own description of the malformation in 1866, with illustrations 
by Dr. Weiss, was based upon the anatomical findings related to the heart of Joseph Prescher, 
a 19-year-old cyanotic laborer with dyspnea, palpitations, jugular venous distension, and 
cardiomegaly [1, 2]. Ebstein described an enlarged and fenestrated anterior leaflet of the tri-
cuspid valve in the findings of the autopsy. The posterior and septal leaflets were hypoplastic, 
thickened, and adherent to the right ventricle. There was also a thinned and dilated atrialized 
portion of the right ventricle, an enlarged right atrium, and a patent foramen ovale [3, 4]. The 
first case described in the English literature was not published until 1900 years [5–7]. In the 
1950s, successful surgical palliation was achieved.

3. Prevalence

EA occurs in about 1/200.000 live births. It accounts for no more than 0.3–0.5% of congenital 
heart disease [8, 9]. The male–female incidence is equal [9].

4. Anatomy of tricuspid valve

Normally, the TV has three valvar leaflets referred to as the anterosuperior, the septal and the 
mural leaflets. However, in EA, the anterosuperior is the largest, redundant anterior leaflet, 
which contains fenestrations. It stretches from the infundibulum anteriorly to the inferolateral 
wall posteriorly, whereas the septal leaflet, the smallest, arises medially from the annulus above 
the interventricular septum. Mural or posterior leaflet attaches along the posterior margin of 
the tricuspid annulus from the septum to the inferolateral wall [10]. The leaflets of TV develop 
equally from the endocardial cushion tissues and the myocardium [10]. EA is a myopathy of 
the RV with abnormalities in both myocardial structure and function, besides the characteristic 
valvar deformities [9, 11]. Embryonic failure of delamination of the septal, inferior and anterior 
leaflets of the TV results in the apical displacement of the tricuspid leaflets to the underlying 
RV myocardium. Such failure in delamination creates the characteristic downward (apical) 
displacement of the functional orifice and dilation of the atrialized right ventricle (aRV), with 
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various degrees of hypertrophy and thinning of the wall. This malformation is characterized by 
the displacement of the points of attachment, or the hinges, of the septal and mural leaflets into 
the right ventricle, away from the atrioventricular junction. As the anterosuperior leaflet has a 
different developmental origin, its junctional hinge usually retains a normal position [8, 13, 14].

The failure in delamination also results in various degrees of displacement of TV leaflets, and 
the movement of the tricuspid hinge points both anteriorly and toward the right ventricular 
apex. The adherent portions of the valvar leaflets usually have little or no motion. This gener-
ally leads to tricuspid regurgitation or rarely to stenosis. [10–13]. Chordae tendinea of anterior 
leaflets are generally short, tethered, poorly formed and severely deformed. Therefore, the 
only mobile leaflet tissue is displaced into the right ventricular outflow tract (RVOT), where 
it may cause obstruction or forms a large sail-like intracavitary curtain. The septal and mural 
leaflets are usually rudimentary, dysplastic or may be absent due to failure of delamination. 
These leaflets may be freely mobile or adhered (tethered) to the endocardium [9, 13].

The maximal displacement is at the commissure level between the mural and septal leaflets of 
the TV [14]. Apical displacement of the septal leaflet by at least 8 mm/m2 of body surface area 
is considered as a diagnostic feature of EA in the echocardiographic evaluation [12]. The spec-
trum of the malformation in EA may range from a minimal displacement of the septal and 
mural leaflets to an imperforate membrane or muscular shelf between the inlet and trabecular 
zones of the right ventricle. There is often a marked dilatation of the true TV annulus, and the 
aRV separating this true annulus from the functional right ventricle (fRV) [6, 12].

4.1. Atrium and atrioventricular sulcus

The right atrium is usually very dilated, and the right atrioventricular junction, or true annu-
lus of the TV, is enlarged circumferentially. The valve of the inferior vena cava (eustachian 
valve) is often very prominent.

4.2. Coronary arteries

In the usual form of Ebstein’s anomaly, the coronary arteries are normal except the right coro-
nary artery (RCA). It may be displaced superiorly and posteriorly because of an aneurysmatic 
dilatation of aRV. Therefore, the surgeon should carefully follow the course of the RCA dur-
ing the operation. It demarcates the level of the true annulus and may become kinked during 
plication annuloplasty procedures or TV replacement [12].

4.3. Right ventricle

Because of the displaced TV, the RV is divided into two regions in Ebstein’s anomaly: the 
inlet portion [atrialized right ventricle (aRV)] and the trabecular or outlet portion [functional 
ventricle (fRV)]. The inlet portion, directly involved with the malformation, is functionally 
integrated with the right atrium, whereas the outlet portion constitutes the functional RV. The 
aRV usually has a thinner wall than the fRV and may account for more than half of the RV 
volume in extreme cases, instead of its usual location in one-third of the RV [8, 9]. There is 
often a marked dilatation of the true TV annulus and a large chamber separating this annulus 
from the functional RV. Two-thirds of EA cases possess dilated RV, which commonly involve 
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symptomless throughout life. There is a genetic heterogeneity; most of the cases are sporadic, 
familial ones are rare. Asymptomatic patients with EA can be conservatively treated and kept 
under close follow-up, whereas surgical operation is indicated for those with the evidence of 
right heart dilation and progressively impaired ventricular systolic function. A biventricular 
repair is suitable for most of the patients. While 1.5-ventricular repair (bidirectional Glenn 
shunt) is indicated for the patients with poor right ventricular function, heart transplantation 
is suggested for the patients with severe left ventricular dysfunction.

2. History

This anomaly was first described by Wilhelm Ebstein, a German physician, in a report titled 
“Concerning a very rare case of insufficiency of the tricuspid valve caused by a congenital 
malformation” [1, 2]. Ebstein’s own description of the malformation in 1866, with illustrations 
by Dr. Weiss, was based upon the anatomical findings related to the heart of Joseph Prescher, 
a 19-year-old cyanotic laborer with dyspnea, palpitations, jugular venous distension, and 
cardiomegaly [1, 2]. Ebstein described an enlarged and fenestrated anterior leaflet of the tri-
cuspid valve in the findings of the autopsy. The posterior and septal leaflets were hypoplastic, 
thickened, and adherent to the right ventricle. There was also a thinned and dilated atrialized 
portion of the right ventricle, an enlarged right atrium, and a patent foramen ovale [3, 4]. The 
first case described in the English literature was not published until 1900 years [5–7]. In the 
1950s, successful surgical palliation was achieved.

3. Prevalence

EA occurs in about 1/200.000 live births. It accounts for no more than 0.3–0.5% of congenital 
heart disease [8, 9]. The male–female incidence is equal [9].

4. Anatomy of tricuspid valve

Normally, the TV has three valvar leaflets referred to as the anterosuperior, the septal and the 
mural leaflets. However, in EA, the anterosuperior is the largest, redundant anterior leaflet, 
which contains fenestrations. It stretches from the infundibulum anteriorly to the inferolateral 
wall posteriorly, whereas the septal leaflet, the smallest, arises medially from the annulus above 
the interventricular septum. Mural or posterior leaflet attaches along the posterior margin of 
the tricuspid annulus from the septum to the inferolateral wall [10]. The leaflets of TV develop 
equally from the endocardial cushion tissues and the myocardium [10]. EA is a myopathy of 
the RV with abnormalities in both myocardial structure and function, besides the characteristic 
valvar deformities [9, 11]. Embryonic failure of delamination of the septal, inferior and anterior 
leaflets of the TV results in the apical displacement of the tricuspid leaflets to the underlying 
RV myocardium. Such failure in delamination creates the characteristic downward (apical) 
displacement of the functional orifice and dilation of the atrialized right ventricle (aRV), with 
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various degrees of hypertrophy and thinning of the wall. This malformation is characterized by 
the displacement of the points of attachment, or the hinges, of the septal and mural leaflets into 
the right ventricle, away from the atrioventricular junction. As the anterosuperior leaflet has a 
different developmental origin, its junctional hinge usually retains a normal position [8, 13, 14].

The failure in delamination also results in various degrees of displacement of TV leaflets, and 
the movement of the tricuspid hinge points both anteriorly and toward the right ventricular 
apex. The adherent portions of the valvar leaflets usually have little or no motion. This gener-
ally leads to tricuspid regurgitation or rarely to stenosis. [10–13]. Chordae tendinea of anterior 
leaflets are generally short, tethered, poorly formed and severely deformed. Therefore, the 
only mobile leaflet tissue is displaced into the right ventricular outflow tract (RVOT), where 
it may cause obstruction or forms a large sail-like intracavitary curtain. The septal and mural 
leaflets are usually rudimentary, dysplastic or may be absent due to failure of delamination. 
These leaflets may be freely mobile or adhered (tethered) to the endocardium [9, 13].

The maximal displacement is at the commissure level between the mural and septal leaflets of 
the TV [14]. Apical displacement of the septal leaflet by at least 8 mm/m2 of body surface area 
is considered as a diagnostic feature of EA in the echocardiographic evaluation [12]. The spec-
trum of the malformation in EA may range from a minimal displacement of the septal and 
mural leaflets to an imperforate membrane or muscular shelf between the inlet and trabecular 
zones of the right ventricle. There is often a marked dilatation of the true TV annulus, and the 
aRV separating this true annulus from the functional right ventricle (fRV) [6, 12].

4.1. Atrium and atrioventricular sulcus

The right atrium is usually very dilated, and the right atrioventricular junction, or true annu-
lus of the TV, is enlarged circumferentially. The valve of the inferior vena cava (eustachian 
valve) is often very prominent.

4.2. Coronary arteries

In the usual form of Ebstein’s anomaly, the coronary arteries are normal except the right coro-
nary artery (RCA). It may be displaced superiorly and posteriorly because of an aneurysmatic 
dilatation of aRV. Therefore, the surgeon should carefully follow the course of the RCA dur-
ing the operation. It demarcates the level of the true annulus and may become kinked during 
plication annuloplasty procedures or TV replacement [12].

4.3. Right ventricle

Because of the displaced TV, the RV is divided into two regions in Ebstein’s anomaly: the 
inlet portion [atrialized right ventricle (aRV)] and the trabecular or outlet portion [functional 
ventricle (fRV)]. The inlet portion, directly involved with the malformation, is functionally 
integrated with the right atrium, whereas the outlet portion constitutes the functional RV. The 
aRV usually has a thinner wall than the fRV and may account for more than half of the RV 
volume in extreme cases, instead of its usual location in one-third of the RV [8, 9]. There is 
often a marked dilatation of the true TV annulus and a large chamber separating this annulus 
from the functional RV. Two-thirds of EA cases possess dilated RV, which commonly involve 
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the functional RV apex and outflow tract. In some cases, RV dilatation is so significant that the 
ventricular septum bulges leftward, compressing the left ventricular (LV) chamber, and may 
cause episodic left ventricular outflow tract (LVOT) obstruction [8]. In such cases, the short-
axis view demonstrates a circular right ventricle and a crescentic left ventricle.

4.4. Conduction tissue

EA cases have specialized conduction tissues [9, 14]. The sinoatrial node appears to be nor-
mally positioned, but various abnormalities of the right bundle branch have been reported. 
It may be located superficially in the subendocardium of the atrialized ventricle and encased 
in fibroelastic tissue. Arrhythmias such as accessory conduction pathways (Wolff-Parkinson-
White (WPW) syndrome), atrial fibrillation or flutter are common. They occur with increasing 
frequency with advancing age [15]. Patients who have accessory conduction pathways are 
diagnosed and treated by catheter ablation technique with high succession rates.

4.5. Left ventricle

Histology of the left LV in patients with EA has shown variable degrees of fibrosis, hypertro-
phy, and nonspecific dysplasia [14]. LV dysfunction leads to abnormal leftward bowing of the 
ventricular septum and mitral valve prolapse. Regional dysfunction of LV may also develop 
secondary to RV dilatation.

4.6. Associated cardiac defects

The most commonly associated cardiac defects are atrial septal defect and patent foramen 
ovale, present in 80–94% of EA patients [16]. Other associated anomalies include bicuspid or 
atretic aortic valves, pulmonary atresia or hypoplastic pulmonary artery, subaortic stenosis, 
coarctation, mitral valve prolapse, accessory mitral valve tissue or muscle bands of the left 
ventricle, ventricular septal defects (VSD), and pulmonary stenosis [17]. Abnormalities of 
LV morphology and function, as well as other left-sided heart lesions, may also occur in 
EA [9, 10, 16–23]. Most patients with congenitally corrected transposition of the great arter-
ies have an abnormal systemic TV, which fulfills the criteria for EA in 15–50% of cases. It 
is unclear whether the fundamental nature of the anomaly is identical in concordant and 
discordant atrioventricular connections [24–26]. The morphological RV is rarely dilated in 
congenitally corrected transposition.

5. Classifications

There are two approaches in the description of the anatomic severity of EA. The first approach 
is based on the echocardiographic appearance. The abnormality is described anatomically as 
mild, moderate, or severe. The amount of displacement and tethering of the leaflets and the 
degree of RV dilatation are assessed. This classification is imprecise but simple. The second 
approach is to describe the exact anatomy of each of the involved cardiac structures as visual-
ized at operation. This nomenclature system emphasizes the characteristics that surgeons find 
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important when considering repair versus replacement of the TV [10]. In 1988, according to 
the classification of Carpentier, EA was divided into four types. Type A: The volume of the 
true RV is adequate. Type B: Large atrialized component of the RV exists, but the anterior leaf-
let of the TV moves freely. Type C: The anterior leaflet is severely restricted in its movement 
and may cause significant obstructions of the RVOT. Type D: Almost complete atrialization of 
the ventricle except for a small infundibular component [27].

The Celermajer classification [28] of EA was according to echocardiographic measurements 
calculating the ratio of the combined area of the right atrium and aRV to that of the fRV and 
the left heart in a four-chamber view at the end diastole (GOSE = RA + aRV/fRV + LV + LA). 
There is an echocardiographic grading score for neonates with Ebstein’s anomaly, The Great 
Ormond Street Echocardiography (GOSE) score, with grades 1 to 4. Increasing severity, that 
is, a higher grade, was associated with a high mortality rate. This classification is particularly 
helpful with neonatal Ebstein’s anomaly [28]. The Great Ormond Street Echocardiography 
(GOSE) score and mortality rate are demonstrated in the Table 1.

6. Causation and genetics

No specific cause has been consistently associated with EA. Based on retrospective case report-
ing, treatment with lithium during the first trimester of pregnancy was thought to be strongly 
associated, a 400-fold relative risk, with the occurrence of EA in the fetus. However, recent 
cohort and case–control epidemiologic studies have not confirmed these initial findings.

There are heterogeneous genetic factors in EA. Most cases are sporadic; familial ones are rare. 
Duplication of 15q affects the early morphogenesis of cardiac structures, including the normal 
formation of TV. Therefore, the gene located on the long arm (q) of chromosome 15 is likely to 
be involved in the development of EA [29, 30]. Distinct rearrangements of the chromosomal 
region 11q arm and deletion of 10p13–p14 and 1p34.3–p36.11 have also been described in 
association with EA. Genetic bases of this anomalies may be associated with the mutations in 
the genes MYH7 and NKX2.5 and among others [31–38]. Moreover, heterozygous mutations 
of NKX2.5 have been identified in the EA cases accompanied by atrioventricular (AV) block, 
atrial septal defect (ASD), ventricular septal defect (VSD), tetralogy of Fallot or double-outlet 
RV, and other TV abnormalities [39].

GOSE score Ratio Mortality rate (%)

Grade 1 <0.5 5–8

Grade 2 0.5–0.99 8–10

Grade 3 1–1.49 45 (acyanotic)

100 (cyanotic)

Grade 4 >1.5 100

Table 1. The Great Ormond Street Echocardiography (GOSE) score and mortality rate are seen.
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the functional RV apex and outflow tract. In some cases, RV dilatation is so significant that the 
ventricular septum bulges leftward, compressing the left ventricular (LV) chamber, and may 
cause episodic left ventricular outflow tract (LVOT) obstruction [8]. In such cases, the short-
axis view demonstrates a circular right ventricle and a crescentic left ventricle.

4.4. Conduction tissue

EA cases have specialized conduction tissues [9, 14]. The sinoatrial node appears to be nor-
mally positioned, but various abnormalities of the right bundle branch have been reported. 
It may be located superficially in the subendocardium of the atrialized ventricle and encased 
in fibroelastic tissue. Arrhythmias such as accessory conduction pathways (Wolff-Parkinson-
White (WPW) syndrome), atrial fibrillation or flutter are common. They occur with increasing 
frequency with advancing age [15]. Patients who have accessory conduction pathways are 
diagnosed and treated by catheter ablation technique with high succession rates.

4.5. Left ventricle

Histology of the left LV in patients with EA has shown variable degrees of fibrosis, hypertro-
phy, and nonspecific dysplasia [14]. LV dysfunction leads to abnormal leftward bowing of the 
ventricular septum and mitral valve prolapse. Regional dysfunction of LV may also develop 
secondary to RV dilatation.

4.6. Associated cardiac defects

The most commonly associated cardiac defects are atrial septal defect and patent foramen 
ovale, present in 80–94% of EA patients [16]. Other associated anomalies include bicuspid or 
atretic aortic valves, pulmonary atresia or hypoplastic pulmonary artery, subaortic stenosis, 
coarctation, mitral valve prolapse, accessory mitral valve tissue or muscle bands of the left 
ventricle, ventricular septal defects (VSD), and pulmonary stenosis [17]. Abnormalities of 
LV morphology and function, as well as other left-sided heart lesions, may also occur in 
EA [9, 10, 16–23]. Most patients with congenitally corrected transposition of the great arter-
ies have an abnormal systemic TV, which fulfills the criteria for EA in 15–50% of cases. It 
is unclear whether the fundamental nature of the anomaly is identical in concordant and 
discordant atrioventricular connections [24–26]. The morphological RV is rarely dilated in 
congenitally corrected transposition.

5. Classifications

There are two approaches in the description of the anatomic severity of EA. The first approach 
is based on the echocardiographic appearance. The abnormality is described anatomically as 
mild, moderate, or severe. The amount of displacement and tethering of the leaflets and the 
degree of RV dilatation are assessed. This classification is imprecise but simple. The second 
approach is to describe the exact anatomy of each of the involved cardiac structures as visual-
ized at operation. This nomenclature system emphasizes the characteristics that surgeons find 
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important when considering repair versus replacement of the TV [10]. In 1988, according to 
the classification of Carpentier, EA was divided into four types. Type A: The volume of the 
true RV is adequate. Type B: Large atrialized component of the RV exists, but the anterior leaf-
let of the TV moves freely. Type C: The anterior leaflet is severely restricted in its movement 
and may cause significant obstructions of the RVOT. Type D: Almost complete atrialization of 
the ventricle except for a small infundibular component [27].

The Celermajer classification [28] of EA was according to echocardiographic measurements 
calculating the ratio of the combined area of the right atrium and aRV to that of the fRV and 
the left heart in a four-chamber view at the end diastole (GOSE = RA + aRV/fRV + LV + LA). 
There is an echocardiographic grading score for neonates with Ebstein’s anomaly, The Great 
Ormond Street Echocardiography (GOSE) score, with grades 1 to 4. Increasing severity, that 
is, a higher grade, was associated with a high mortality rate. This classification is particularly 
helpful with neonatal Ebstein’s anomaly [28]. The Great Ormond Street Echocardiography 
(GOSE) score and mortality rate are demonstrated in the Table 1.

6. Causation and genetics

No specific cause has been consistently associated with EA. Based on retrospective case report-
ing, treatment with lithium during the first trimester of pregnancy was thought to be strongly 
associated, a 400-fold relative risk, with the occurrence of EA in the fetus. However, recent 
cohort and case–control epidemiologic studies have not confirmed these initial findings.

There are heterogeneous genetic factors in EA. Most cases are sporadic; familial ones are rare. 
Duplication of 15q affects the early morphogenesis of cardiac structures, including the normal 
formation of TV. Therefore, the gene located on the long arm (q) of chromosome 15 is likely to 
be involved in the development of EA [29, 30]. Distinct rearrangements of the chromosomal 
region 11q arm and deletion of 10p13–p14 and 1p34.3–p36.11 have also been described in 
association with EA. Genetic bases of this anomalies may be associated with the mutations in 
the genes MYH7 and NKX2.5 and among others [31–38]. Moreover, heterozygous mutations 
of NKX2.5 have been identified in the EA cases accompanied by atrioventricular (AV) block, 
atrial septal defect (ASD), ventricular septal defect (VSD), tetralogy of Fallot or double-outlet 
RV, and other TV abnormalities [39].

GOSE score Ratio Mortality rate (%)

Grade 1 <0.5 5–8

Grade 2 0.5–0.99 8–10

Grade 3 1–1.49 45 (acyanotic)

100 (cyanotic)

Grade 4 >1.5 100

Table 1. The Great Ormond Street Echocardiography (GOSE) score and mortality rate are seen.
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7. Pathophysiology

The broad spectrum of anatomic severity in EA is due to the wide spectrum of clinical and 
hemodynamic manifestations. The pathophysiologic changes are related to the RV functional 
impairment and the degree of TV regurgitation or, rarely, stenosis; the size of the interatrial 
communication; LV dysfunction and other associated congenital cardiovascular malforma-
tions. The aRV acts as a passive reservoir during contraction of the atrium due to the decreas-
ing volume of ejected blood. The overall effect on the right atrium is dilatation and an increase 
in size of the interatrial communication. Tricuspid regurgitation increases with perogressive 
annular dilatation. To a lesser degree, the pathologic substrates predisposing to tachyarrhyth-
mias produce an additional dimension contributing to the pathophysiology.

Dysfunction of the RV myocardium, and the abnormalities of the TV contribute to the 
impaired flow into the right heart and the pulmonary circulation. The dilated right atrium 
and RVa decrease the right heart flow. There is no valvar tissue separating this area from the 
true atrial chamber and the great veins. This results in increased venous pressure, which leads 
to an elevation in resistance to forward flow. A larger volume of RA due to RA distension 
results in right to left shunting at the atrial level in the presence of an ASD. When the aRV 
relaxes, it will expand, and can even balloon outwards during true atrial contraction. This 
creates a reservoir for venous blood and decreases the amount of effective forward flow that 
crosses the abnormal TV. This to-and-fro flow pattern between the right atrium and the aRV 
not only decreases effective output from the right heart but also provides an ongoing stimulus 
for atrial dilatation and atrial arrhythmias. The degree of functional impairment has been 
directly related to these anatomic and physiologic abnormalities. A small fRV and large aRV, 
extreme displacement or absence of the septal leaflet, the degree of displacement or tethering 
of the anterosuperior leaflet, and the aneurysmal dilation of the RVOT were all associated 
with a reduced functional state of the New York Heart Association [40]. A small fRV and large 
aRV, and extreme displacement of the septal leaflet is shown in https://mts.intechopen.com/
download/index/process/176/authkey/53ae2bbd4b7866a29632305139289c32.

Although the primary focus in patients with EA has been on right-sided structures, there 
have been an increasing number of reports of left-sided abnormalities, especially in LV size, 
shape, and function [35–37]. Radionuclide scans and cineangiograms have shown disturbed 
LV function at rest in nonoperated patients. During formal exercise testing, these patients 
show an appropriate increase in LV ejection fraction due to a reduced end-systolic volume 
and unchanged end diastolic volume [37]. EA is related to the abnormal echocardiographic 
appearance of the LV myocardium: myocardial noncompaction and hypertrabeculated seg-
ments. Most patients have satisfactory LV function; a small percentage show severe systolic 
and diastolic dysfunction even if patients have LV myocardial abnormalities [41]. These left-
sided myocardial abnormalities, although seen in only a few patients, support the concept 
that EA is actually a global myocardial disorder that primarily manifests itself within the RV 
and TV. Pulmonary vascular resistance is always high immediately after birth and usually 
decreases rapidly in the first days of life. It is highly difficult for the infant with severe EA to 
deal with neonatal circulation due to the high pulmonary vascular resistance. The combination 
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of RV myopathy, tricuspid regurgitation, and elevated pulmonary resistance can lead to poor 
pulmonary perfusion when the arterial duct constricts or closes. Venous pressures rise, lead-
ing to right-heart failure and cyanosis due to right-to-left shunting across the foramen ovale. 
Until the pulmonary resistance decreases, and the pulmonary flow increases, these infants 
present a diagnostic and therapeutic dilemma. Patency of the pulmonary outflow tract and 
valve must be confirmed [42]. This can be achieved by demonstrating the opening of the pul-
monary valvar leaflets by cross sectional echocardiographic scans, or by documenting either 
forward or more commonly regurgitant flow across the valve using Doppler techniques.

8. Clinical presentation

The manifestations of EA are cyanosis, right-sided heart failure, arrhythmias, and sudden 
cardiac death. The hemodynamic variations and clinical presentation depend on the age at 
presentation, anatomic severity, hemodynamics, and the degree of right-to-left interatrial 
shunting [38, 41].

Patients with EA may present at any age and the majority is diagnosed in infancy or child-
hood, but a small percentage with less severe malformations present in adulthood. The most 
severe cases present prenatally or as newborns. Prenatal diagnosis is dependent upon ultra-
sonic screening examinations. The mortality rate is higher in the patients with severe EA. In 
the severe forms of EA, cardiomegaly, hydrops, and tachyarrhythmias may be seen in the fetal 
echocardiography. Marked cardiac enlargement may lead to pulmonary parenchymal hypo-
plasia in the most severe cases. Prenatal arrhythmia is not common. Neonates usually present 
with cyanosis and heart failure and secondary TV regurgitation resulting from decreased 
pulmonary blood flow, depressed RV function, and low cardiac output [42]. Murmurs and 
arrhythmias are frequently encountered presenting complaints in children, adolescents and 
adults. Adults also present with progressive cyanosis, decreasing exercise tolerance, fatigue, 
or right-sided heart failure. Palpitations in a cyanotic child should raise the possibility of EA 
[38, 41, 42]. In the presence of an interatrial communication, the risk of paradoxical embo-
lization, brain abscess, and sudden death increases. Exercise tolerance is dependent on the 
cardiac function and oxygen saturation [43, 44].

9. Physical findings

Growth and development are generally normal. Physical signs vary depending on the severity 
of pathology and magnitude of the right-to-left atrial shunt, which may lead to cyanosis and 
digital clubbing in patients with interatrial communication. Cyanosis is typically pronounced 
in the neonate and infants, whereas it is milder (sometimes only exertional) in older children. 
Many have an unusual facial coloration, described as violaceous hue, red-cheeked, or malar 
rush. Usually these patients have an associated mild polycythemia. Asymmetry of the chest is 
a frequent finding secondary to the right heart dilatation. Arterial and venous pulsations are 
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7. Pathophysiology

The broad spectrum of anatomic severity in EA is due to the wide spectrum of clinical and 
hemodynamic manifestations. The pathophysiologic changes are related to the RV functional 
impairment and the degree of TV regurgitation or, rarely, stenosis; the size of the interatrial 
communication; LV dysfunction and other associated congenital cardiovascular malforma-
tions. The aRV acts as a passive reservoir during contraction of the atrium due to the decreas-
ing volume of ejected blood. The overall effect on the right atrium is dilatation and an increase 
in size of the interatrial communication. Tricuspid regurgitation increases with perogressive 
annular dilatation. To a lesser degree, the pathologic substrates predisposing to tachyarrhyth-
mias produce an additional dimension contributing to the pathophysiology.

Dysfunction of the RV myocardium, and the abnormalities of the TV contribute to the 
impaired flow into the right heart and the pulmonary circulation. The dilated right atrium 
and RVa decrease the right heart flow. There is no valvar tissue separating this area from the 
true atrial chamber and the great veins. This results in increased venous pressure, which leads 
to an elevation in resistance to forward flow. A larger volume of RA due to RA distension 
results in right to left shunting at the atrial level in the presence of an ASD. When the aRV 
relaxes, it will expand, and can even balloon outwards during true atrial contraction. This 
creates a reservoir for venous blood and decreases the amount of effective forward flow that 
crosses the abnormal TV. This to-and-fro flow pattern between the right atrium and the aRV 
not only decreases effective output from the right heart but also provides an ongoing stimulus 
for atrial dilatation and atrial arrhythmias. The degree of functional impairment has been 
directly related to these anatomic and physiologic abnormalities. A small fRV and large aRV, 
extreme displacement or absence of the septal leaflet, the degree of displacement or tethering 
of the anterosuperior leaflet, and the aneurysmal dilation of the RVOT were all associated 
with a reduced functional state of the New York Heart Association [40]. A small fRV and large 
aRV, and extreme displacement of the septal leaflet is shown in https://mts.intechopen.com/
download/index/process/176/authkey/53ae2bbd4b7866a29632305139289c32.

Although the primary focus in patients with EA has been on right-sided structures, there 
have been an increasing number of reports of left-sided abnormalities, especially in LV size, 
shape, and function [35–37]. Radionuclide scans and cineangiograms have shown disturbed 
LV function at rest in nonoperated patients. During formal exercise testing, these patients 
show an appropriate increase in LV ejection fraction due to a reduced end-systolic volume 
and unchanged end diastolic volume [37]. EA is related to the abnormal echocardiographic 
appearance of the LV myocardium: myocardial noncompaction and hypertrabeculated seg-
ments. Most patients have satisfactory LV function; a small percentage show severe systolic 
and diastolic dysfunction even if patients have LV myocardial abnormalities [41]. These left-
sided myocardial abnormalities, although seen in only a few patients, support the concept 
that EA is actually a global myocardial disorder that primarily manifests itself within the RV 
and TV. Pulmonary vascular resistance is always high immediately after birth and usually 
decreases rapidly in the first days of life. It is highly difficult for the infant with severe EA to 
deal with neonatal circulation due to the high pulmonary vascular resistance. The combination 
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of RV myopathy, tricuspid regurgitation, and elevated pulmonary resistance can lead to poor 
pulmonary perfusion when the arterial duct constricts or closes. Venous pressures rise, lead-
ing to right-heart failure and cyanosis due to right-to-left shunting across the foramen ovale. 
Until the pulmonary resistance decreases, and the pulmonary flow increases, these infants 
present a diagnostic and therapeutic dilemma. Patency of the pulmonary outflow tract and 
valve must be confirmed [42]. This can be achieved by demonstrating the opening of the pul-
monary valvar leaflets by cross sectional echocardiographic scans, or by documenting either 
forward or more commonly regurgitant flow across the valve using Doppler techniques.

8. Clinical presentation

The manifestations of EA are cyanosis, right-sided heart failure, arrhythmias, and sudden 
cardiac death. The hemodynamic variations and clinical presentation depend on the age at 
presentation, anatomic severity, hemodynamics, and the degree of right-to-left interatrial 
shunting [38, 41].

Patients with EA may present at any age and the majority is diagnosed in infancy or child-
hood, but a small percentage with less severe malformations present in adulthood. The most 
severe cases present prenatally or as newborns. Prenatal diagnosis is dependent upon ultra-
sonic screening examinations. The mortality rate is higher in the patients with severe EA. In 
the severe forms of EA, cardiomegaly, hydrops, and tachyarrhythmias may be seen in the fetal 
echocardiography. Marked cardiac enlargement may lead to pulmonary parenchymal hypo-
plasia in the most severe cases. Prenatal arrhythmia is not common. Neonates usually present 
with cyanosis and heart failure and secondary TV regurgitation resulting from decreased 
pulmonary blood flow, depressed RV function, and low cardiac output [42]. Murmurs and 
arrhythmias are frequently encountered presenting complaints in children, adolescents and 
adults. Adults also present with progressive cyanosis, decreasing exercise tolerance, fatigue, 
or right-sided heart failure. Palpitations in a cyanotic child should raise the possibility of EA 
[38, 41, 42]. In the presence of an interatrial communication, the risk of paradoxical embo-
lization, brain abscess, and sudden death increases. Exercise tolerance is dependent on the 
cardiac function and oxygen saturation [43, 44].

9. Physical findings

Growth and development are generally normal. Physical signs vary depending on the severity 
of pathology and magnitude of the right-to-left atrial shunt, which may lead to cyanosis and 
digital clubbing in patients with interatrial communication. Cyanosis is typically pronounced 
in the neonate and infants, whereas it is milder (sometimes only exertional) in older children. 
Many have an unusual facial coloration, described as violaceous hue, red-cheeked, or malar 
rush. Usually these patients have an associated mild polycythemia. Asymmetry of the chest is 
a frequent finding secondary to the right heart dilatation. Arterial and venous pulsations are 
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usually normal, even in the presence of tricuspid insuficiency. The jugular venous pulsations 
may not have a large V wave because of poor transmission of the venous pulse wave in the 
presence of a dilated and compliant right atrium [41, 42]. Jugular venous and hepatic distention 
may be present in advanced cases. The praecordium is usually not overactive. After the neona-
tal period, it is auscultation that often alerts the physician to the diagnosis of EA. The systolic 
murmur of tricuspid regurgitation is variable and its intensity depends on the degree to which 
contractility of the fRV is preserved. Multiple first heart sounds are heard because the highly 
mobile anterosuperior valvar leaflets and anterior leaflet mimic ejection clicks. Occasionally, 
the heart sounds are soft, but usually they are of normal intensity. The first heart sound is 
widely split because of the increased excursion of the anterosuperior leaflet and the subsequent 
delayed closure of the abnormal TV. The second heart sound is often split owing to the late 
closure of the pulmonary valve as a result of the conduction delay associated with severe RV 
enlargement. A holosystolic murmur is found along the left sternal border in those with an 
organized jet of tricuspid regurgitation. Diastolic murmurs are rare, unless there is coexist-
ing pulmonary regurgitation. Low-intensity diastolic murmurs can be auscultated in the same 
location as a result of antero-grade flow across the TV [42]. Importantly, murmurs may be very 
soft or absent if the coaptation gap is very large; the velocity of to-and-fro flow is low, and rapid 
equalization of pressure across the functional TV does not result in blood flow turbulence.

10. Diagnosis

10.1. Electrocardiography

The electrocardiogram (ECG) is usually abnormal and helps to confirm the clinical diagnosis. 
Sinus rhythm is usually present at the time of initial diagnosis. ECG may show tall and broad 
P waves as a result of right atrial enlargement, as well as complete or incomplete right bundle-
branch block. Complete AV block is rare and first degree AV block is present in approximately 
half the patients. The QRS axis in the frontal plane occasionally shows right-axis deviation. Most 
patients have right bundle branch block and many have low-voltage QRS complexes in the right 
precordial leads. Right ventricular hypertrophy criterion are extremely uncommon [41, 45].

The downward displacement of the septal leaflet of the TV is associated with discontinuity 
of the central fibrous body and septal atrioventricular ring with direct muscular connections, 
thus creating a potential substrate for accessory atrioventricular connections and preexcita-
tion. Occasionally, the pattern is transient or intermittent. Paroxysmal tachyarrhythmias in 
EA are based on fast conducting atrioventricular accessory pathways with both antegrade 
and retrograde conduction properties in most patients. In addition, wide QRS tachycardia 
over a septal accessory atrioventricular pathway, ventricular tachycardia, or flutter, as well as 
ectopic atrial tachycardia, atrial flutter, and atrial fibrillation can occur. Concealed accessory 
pathways, without manifest delta waves, are also common. Absence of anterograde preexcita-
tion, therefore, neither indicates that the accessory connection is no longer present nor that the 
patient is no longer susceptible to tachycardia. The patient may still have retrograde conduc-
tion, which allows for atrioventricular reciprocating tachycardia. The presence of left axis 
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deviation in a patient with EA suggests the presence of the Mahaim variant of preexcitation, 
produced by atriofascicular tracts.The patients with arrhythmias or symptoms compatible 
with arrhythmia are significantly older than those without symptoms or arrhythmias [46–48]. 
Accessory conduction pathways [Wolff-Parkinson-White (WPW) syndrome] arrhythmias are 
seen approximately 15–20%. Atrial fibrillation or flutter can occur with increasing frequency 
with older age. ECG shows EA patients with WPW syndrome in Figure 1.

Even prior to the widespread application of complex surgical antiarrhythmic procedures, 
surgical intervention appeared to decrease the frequency of arrhythmias, at least in early, 
short-term follow-up. Despite the overall reduction in arrhythmias, when arrhythmias were 
observed early during postoperative recovery, these patients had an increased risk of late 
sudden death [15, 49].

10.2. Chest radiography

The cardiac silhouette may vary from nearly normal to extreme cardiomegaly. When the heart 
is severely dilated, it takes a globular shape similar to that observed with large pericardial 
effusions or severe dilated cardiomyopathy. The dilated right atrium is responsible for most 
of the enlarged cardiac silhouette. In the frontal view, the right atrium produces a significant 
convexity of the right heart border, and in the lateral view, the right atrium may fill the entire 
retrosternal space. The convex left border is primarily due to dilation of the right ventricular 
outflow tract. The convexities of both left and right heart borders produce the characteristic 

Figure 1. ECG of a patient with Ebstein’s anomaly and the wolf Parkinson white syndrome showing the typical changes, 
with reduced PR interval, and preexcitation (delta wave) configuration of the QRS complex.
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enlargement. A holosystolic murmur is found along the left sternal border in those with an 
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equalization of pressure across the functional TV does not result in blood flow turbulence.
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Sinus rhythm is usually present at the time of initial diagnosis. ECG may show tall and broad 
P waves as a result of right atrial enlargement, as well as complete or incomplete right bundle-
branch block. Complete AV block is rare and first degree AV block is present in approximately 
half the patients. The QRS axis in the frontal plane occasionally shows right-axis deviation. Most 
patients have right bundle branch block and many have low-voltage QRS complexes in the right 
precordial leads. Right ventricular hypertrophy criterion are extremely uncommon [41, 45].

The downward displacement of the septal leaflet of the TV is associated with discontinuity 
of the central fibrous body and septal atrioventricular ring with direct muscular connections, 
thus creating a potential substrate for accessory atrioventricular connections and preexcita-
tion. Occasionally, the pattern is transient or intermittent. Paroxysmal tachyarrhythmias in 
EA are based on fast conducting atrioventricular accessory pathways with both antegrade 
and retrograde conduction properties in most patients. In addition, wide QRS tachycardia 
over a septal accessory atrioventricular pathway, ventricular tachycardia, or flutter, as well as 
ectopic atrial tachycardia, atrial flutter, and atrial fibrillation can occur. Concealed accessory 
pathways, without manifest delta waves, are also common. Absence of anterograde preexcita-
tion, therefore, neither indicates that the accessory connection is no longer present nor that the 
patient is no longer susceptible to tachycardia. The patient may still have retrograde conduc-
tion, which allows for atrioventricular reciprocating tachycardia. The presence of left axis 
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deviation in a patient with EA suggests the presence of the Mahaim variant of preexcitation, 
produced by atriofascicular tracts.The patients with arrhythmias or symptoms compatible 
with arrhythmia are significantly older than those without symptoms or arrhythmias [46–48]. 
Accessory conduction pathways [Wolff-Parkinson-White (WPW) syndrome] arrhythmias are 
seen approximately 15–20%. Atrial fibrillation or flutter can occur with increasing frequency 
with older age. ECG shows EA patients with WPW syndrome in Figure 1.

Even prior to the widespread application of complex surgical antiarrhythmic procedures, 
surgical intervention appeared to decrease the frequency of arrhythmias, at least in early, 
short-term follow-up. Despite the overall reduction in arrhythmias, when arrhythmias were 
observed early during postoperative recovery, these patients had an increased risk of late 
sudden death [15, 49].

10.2. Chest radiography

The cardiac silhouette may vary from nearly normal to extreme cardiomegaly. When the heart 
is severely dilated, it takes a globular shape similar to that observed with large pericardial 
effusions or severe dilated cardiomyopathy. The dilated right atrium is responsible for most 
of the enlarged cardiac silhouette. In the frontal view, the right atrium produces a significant 
convexity of the right heart border, and in the lateral view, the right atrium may fill the entire 
retrosternal space. The convex left border is primarily due to dilation of the right ventricular 
outflow tract. The convexities of both left and right heart borders produce the characteristic 
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globular cardiac silhouette. In cyanotic patients with a right-to-left shunt, the pulmonary vas-
cularity is decreased. A cardiothoracic ratio of 0.65 carries a poor prognosis [14].

10.3. Echocardiography

Two-dimensional echocardiography is the diagnostic test used also in the long-term assess-
ment of patients with EA. More recently 3D echocardiography has been utilized as an adjunct 
for the assessment of additional details about TV anatomy-leaflets and subvalvar apparatus, 
the size and function of the cardiac chambers, and other associated cardiac defects. The single 
most sensitive and specific diagnostic feature is the displacement of the annular hinge of the 
septal leaflet. The distance between the valvar hinge points can easily be measured. Apical 
displacement of the septal leaflet of the TV from the insertion of the mitral anterior leaflet 
hinge point should be at least 8 mm/m2 when evaluated in the apical four-chamber view [14]. 
An echocardiogram (four-chamber view) of a patient with severe Ebstein’s anomaly showing 
a displaced septal leaflet, atrialized RV and small functional RV is shown in Figure 2.

Other echocardiographic features that help in diagnosis include: (1) elongation of the antero-
superior leaflet, (2) tethering of the leaflets to the underlying myocardium, (3) shortened 
cordal support, (4) attachment of the leading edge of the anterosuperior leaflet to the right 
ventricular myocardium, (5) displacement of the annular attachment of the anterosuperior 
leaflet, (6) absence of the septal or mural leaflets, (7) congenital fenestration of the leaflets, and 
(8) enlargement of the valvar annulus [24].

Echocardiography is also used to evaluate the suitability for valvar repair, associated car-
diovascular abnormalities, and myocardial function. The most important determinant of a 
durable monoleaflet repair is a freely mobile anterosuperior leaflet, especially its leading 
edge. The mobile leaflet tissue should be visualized within the right ventricular inflow tract, 
and this assessment must be made in the apical four-chamber view. Extensive adherence of 
more than half of the anterosuperior leaflet to the ventricular myocardium makes a successful 
repair unlikely. A single central jet of regurgitation is more easily eliminated than multiple 
regurgitant orifices. Even when there is a significant amount of leaflet tissue, direct muscular 
insertions from the ventricular free wall into the body of the anterosuperior leaflet can make 
repair impossible. The functional impact of the malformation of the RV and TV should be 
determined. Anatomic and functional severities are usually similar, but they are not always 
the same. For example, a patient can have a severe anatomic displacement with EA but only 
mild functional impairment. This generally occurs if the interatrial communication is small, 
the displaced valve is relatively competent, and the myocardium is only mildly dysfunctional. 
Both aspects of severity play an important role in determining the functional state, prognosis, 
and reparability of the TV. The degree of RA and RV enlargement and functional state of the 
RV myocardium should also be defined. Other important features include the degree of dila-
tion of RVOT, the presence and size of any ASD, and the degree of transvalvar regurgitation. 
The left ventricular myocardium has also been described as being abnormal in a significant 
number of patients with EA. Therefore, quantitative evaluation of LV performance should 
also be a routine component of the echocardiographic evaluation in EA patients. VSD and pul-
monary stenosis may also be associated with EA. Doppler and color flow echocardiographic 
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assessment can help determine hemodynamic alterations such as valvar regurgitation and 
intracardiac shunting [13, 17, 24, 40]. An echocardiogram shows the displacement septal leaf-
let of TV and the anterosuperior leaflet which is the largest, redundant and contains fenestra-
tions that led to tricupid regurgitations Figure 3.

Figure 2. (a) Echocardiographic view (four-chamber view, apex up) of a patient with Ebstein’s anomaly showing a 
displaced septal leaflet (arrow). (b)The anterior leaflet is severely tethered and nearly immobile. The functional right 
ventricle (RV) is small. aRV indicates atrialized right ventricle; LA, left atrium; LV, left ventricle; and RA, right atrium.
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globular cardiac silhouette. In cyanotic patients with a right-to-left shunt, the pulmonary vas-
cularity is decreased. A cardiothoracic ratio of 0.65 carries a poor prognosis [14].
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the size and function of the cardiac chambers, and other associated cardiac defects. The single 
most sensitive and specific diagnostic feature is the displacement of the annular hinge of the 
septal leaflet. The distance between the valvar hinge points can easily be measured. Apical 
displacement of the septal leaflet of the TV from the insertion of the mitral anterior leaflet 
hinge point should be at least 8 mm/m2 when evaluated in the apical four-chamber view [14]. 
An echocardiogram (four-chamber view) of a patient with severe Ebstein’s anomaly showing 
a displaced septal leaflet, atrialized RV and small functional RV is shown in Figure 2.

Other echocardiographic features that help in diagnosis include: (1) elongation of the antero-
superior leaflet, (2) tethering of the leaflets to the underlying myocardium, (3) shortened 
cordal support, (4) attachment of the leading edge of the anterosuperior leaflet to the right 
ventricular myocardium, (5) displacement of the annular attachment of the anterosuperior 
leaflet, (6) absence of the septal or mural leaflets, (7) congenital fenestration of the leaflets, and 
(8) enlargement of the valvar annulus [24].

Echocardiography is also used to evaluate the suitability for valvar repair, associated car-
diovascular abnormalities, and myocardial function. The most important determinant of a 
durable monoleaflet repair is a freely mobile anterosuperior leaflet, especially its leading 
edge. The mobile leaflet tissue should be visualized within the right ventricular inflow tract, 
and this assessment must be made in the apical four-chamber view. Extensive adherence of 
more than half of the anterosuperior leaflet to the ventricular myocardium makes a successful 
repair unlikely. A single central jet of regurgitation is more easily eliminated than multiple 
regurgitant orifices. Even when there is a significant amount of leaflet tissue, direct muscular 
insertions from the ventricular free wall into the body of the anterosuperior leaflet can make 
repair impossible. The functional impact of the malformation of the RV and TV should be 
determined. Anatomic and functional severities are usually similar, but they are not always 
the same. For example, a patient can have a severe anatomic displacement with EA but only 
mild functional impairment. This generally occurs if the interatrial communication is small, 
the displaced valve is relatively competent, and the myocardium is only mildly dysfunctional. 
Both aspects of severity play an important role in determining the functional state, prognosis, 
and reparability of the TV. The degree of RA and RV enlargement and functional state of the 
RV myocardium should also be defined. Other important features include the degree of dila-
tion of RVOT, the presence and size of any ASD, and the degree of transvalvar regurgitation. 
The left ventricular myocardium has also been described as being abnormal in a significant 
number of patients with EA. Therefore, quantitative evaluation of LV performance should 
also be a routine component of the echocardiographic evaluation in EA patients. VSD and pul-
monary stenosis may also be associated with EA. Doppler and color flow echocardiographic 
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assessment can help determine hemodynamic alterations such as valvar regurgitation and 
intracardiac shunting [13, 17, 24, 40]. An echocardiogram shows the displacement septal leaf-
let of TV and the anterosuperior leaflet which is the largest, redundant and contains fenestra-
tions that led to tricupid regurgitations Figure 3.

Figure 2. (a) Echocardiographic view (four-chamber view, apex up) of a patient with Ebstein’s anomaly showing a 
displaced septal leaflet (arrow). (b)The anterior leaflet is severely tethered and nearly immobile. The functional right 
ventricle (RV) is small. aRV indicates atrialized right ventricle; LA, left atrium; LV, left ventricle; and RA, right atrium.
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Echocardiography also plays an important role in the intraoperative and postoperative assess-
ment of adequacy of TV repair or replacement. The most important use of intraoperative 
echocardiography is the immediate evaluation of the repaired valve functions. The postop-
erative examination is used to assess prosthetic valvar function, the changes in right and left 
ventricular functions and to exclude significant residual atrial level shunting. Postoperative 
echocardiography is also important to evalute the adequacy of the surgical repair, presence of 
pericardial or pleural effusion, mediastinal hematoma, intracardiac thrombus, and the degree 
of residual tricuspid regurgitation or tricuspid stenosis. The flow can rarely be compromised 
in the RCA because of its proximity to the plicated portion of the aRV [13, 41].

10.3.1. Prenatal detection of Ebstein’s malformation

Echocardiography can accurately define the EA features in the fetus. Characteristics related 
with the early neonatal mortality include marked enlargement of the right heart, severe teth-
ering of the anterosuperior leaflet, left ventricular compression, and associated lesions as pul-
monary atresia [42). Pulmonary hypoplasia develops as a result of severe cardiomegaly and 
hydrops with pleural and pericardial effusions. Detection of rhythm disturbances, such as 
supraventricular tachycardia, should be attempted at the time of fetal echocardiography due 

Figure 3. An echocardiogram (four-chamber view, apex up)showing the displacement of septal leaflet(in the right hand 
panel), anterior leaflet fenestrations, and tricuspid regurgitations (in the left hand panel). The hinge point of the normal 
septal tricuspid leaflet is positioned slightly toward the cardiac apex relative to the septal hinge point of the anterior 
mitral leaflet. This displacement is exaggerated in hearts with Ebstein’s malformation, as shown in the image (outlined 
by the arrow, in the right hand panel) This can be quantitated by the displacement index, dividing the distance between 
the valvar insertions divided by the body surface area. A value of greater than 8 mm/m2 is diagnostic of Ebstein’s 
malformation. It should be noted that the valvar leaflets are also abnormal in Ebstein’s malformation. LA, left atrium; 
LV, left ventricle; RA, right atrium; RV, right ventricle.
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to its contribution to the development of hydrops. If the ratio of the combined right atrial and 
atrialized ventricular area compared to the combined area of the functional right ventricle and 
left heart is greater than one, fetal or neonatal outcome is very poor. Other fetal or neonatal 
findings associated with increased risk of mortality were a larger ASD, functional or anatomic 
pulmonary atresia, or reduced LV function [40–42].

10.4. Cardiac catheterization and hemodynamics

Diagnostic cardiac catheterization is rarely necessary in EA patients, except for preoperative 
coronary angiography or diagnosis of the associated cardiac anomalies. RV and pulmonary 
artery pressures are usually normal, even if the RV end-diastolic pressure is increased. RA 
pressure may be normal, despite severe TV regurgitation, especially if the right atrium is 
markedly dilated. Oximetry may show systemic arterial desaturation in the presence of an 
interatrial communication and right-to-left shunting [13, 14].

10.5. Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging (CMRI) is used for the quantitative measurement of right 
atrial and ventricular size and systolic function in Ebstein’s patient. Axial imaging is a more 
reliable analysis for defining the disease severity [41]. Cardiac magnetic resonance imaging of a 
patient with severe Ebstein’s anomaly showing displacement of septal leaflet, atrialized right ven-
tricle (ARV) and small functional right ventricle is shown in Figure 4, septal bowing in Figure 5.

Figure 4. Cardiac MRI of a patient with Ebstein’s anomaly showing displacement of septal leaflet, atrialized right 
ventricle (ARV) and small functional right ventricle (fRV); LA, left atrium; LV, left ventricle; and RA, right atrium.
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Echocardiography also plays an important role in the intraoperative and postoperative assess-
ment of adequacy of TV repair or replacement. The most important use of intraoperative 
echocardiography is the immediate evaluation of the repaired valve functions. The postop-
erative examination is used to assess prosthetic valvar function, the changes in right and left 
ventricular functions and to exclude significant residual atrial level shunting. Postoperative 
echocardiography is also important to evalute the adequacy of the surgical repair, presence of 
pericardial or pleural effusion, mediastinal hematoma, intracardiac thrombus, and the degree 
of residual tricuspid regurgitation or tricuspid stenosis. The flow can rarely be compromised 
in the RCA because of its proximity to the plicated portion of the aRV [13, 41].

10.3.1. Prenatal detection of Ebstein’s malformation

Echocardiography can accurately define the EA features in the fetus. Characteristics related 
with the early neonatal mortality include marked enlargement of the right heart, severe teth-
ering of the anterosuperior leaflet, left ventricular compression, and associated lesions as pul-
monary atresia [42). Pulmonary hypoplasia develops as a result of severe cardiomegaly and 
hydrops with pleural and pericardial effusions. Detection of rhythm disturbances, such as 
supraventricular tachycardia, should be attempted at the time of fetal echocardiography due 
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septal tricuspid leaflet is positioned slightly toward the cardiac apex relative to the septal hinge point of the anterior 
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by the arrow, in the right hand panel) This can be quantitated by the displacement index, dividing the distance between 
the valvar insertions divided by the body surface area. A value of greater than 8 mm/m2 is diagnostic of Ebstein’s 
malformation. It should be noted that the valvar leaflets are also abnormal in Ebstein’s malformation. LA, left atrium; 
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to its contribution to the development of hydrops. If the ratio of the combined right atrial and 
atrialized ventricular area compared to the combined area of the functional right ventricle and 
left heart is greater than one, fetal or neonatal outcome is very poor. Other fetal or neonatal 
findings associated with increased risk of mortality were a larger ASD, functional or anatomic 
pulmonary atresia, or reduced LV function [40–42].

10.4. Cardiac catheterization and hemodynamics

Diagnostic cardiac catheterization is rarely necessary in EA patients, except for preoperative 
coronary angiography or diagnosis of the associated cardiac anomalies. RV and pulmonary 
artery pressures are usually normal, even if the RV end-diastolic pressure is increased. RA 
pressure may be normal, despite severe TV regurgitation, especially if the right atrium is 
markedly dilated. Oximetry may show systemic arterial desaturation in the presence of an 
interatrial communication and right-to-left shunting [13, 14].

10.5. Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging (CMRI) is used for the quantitative measurement of right 
atrial and ventricular size and systolic function in Ebstein’s patient. Axial imaging is a more 
reliable analysis for defining the disease severity [41]. Cardiac magnetic resonance imaging of a 
patient with severe Ebstein’s anomaly showing displacement of septal leaflet, atrialized right ven-
tricle (ARV) and small functional right ventricle is shown in Figure 4, septal bowing in Figure 5.

Figure 4. Cardiac MRI of a patient with Ebstein’s anomaly showing displacement of septal leaflet, atrialized right 
ventricle (ARV) and small functional right ventricle (fRV); LA, left atrium; LV, left ventricle; and RA, right atrium.
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11. Management

11.1. Medical treatment

Any patient with EA needs to be evaluated regularly by a cardiologist who has expertise in 
congenital heart disease. Prophylaxis for endocarditis is recommended despite its low risk. In 
neonates, congestive heart failure or profound cyanosis may be substantial. Medical therapy 
is the initial and preferred line of treatment. However, failure in weaning from the ventilator 
or persistent metabolic abnormalities often result in the need for operation. Patients with EA 
and cardiac failure who are not candidates for surgery are treated with standard cardiac fail-
ure therapy, including diuretics and digoxin. The efficacy of angiotensin-converting enzyme 
inhibitors in the patients with right-sided heart failure is unproved. Medical management 
of arrhythmias should be individualized and combined with operative or catheter-based 
intervention.

11.2. Catheter ablation

Electrophysiological evaluation and radiofrequency ablation of symptomatic accessory path-
ways should be performed when feasible in EA patients with tachyarrhythmias. Catheter 
ablation has a lower success rate in patients with an accompanying anomaly than in those with 
structurally normal hearts, and the risk of recurrence is increased [45, 46]. Supraventricular 
tachyarrhythmia associated with EA can also be ablated at the time of operative repair [45].

Tachycardia mediated via an accessory pathway is very common. Ten percent of the patients 
have other mechanisms for their tachyarrhythmias. The pathways are right-sided or septal in 
the majority of patients with reentrant arrhythmias, with only 4% being left-sided. Thirty per-
cent of the patients may have multiple pathways. Radio-frequency ablation is able to eliminate 

Figure 5. An example of a cardiac MRI showing septal bowing in short axis views. (Used with permission of the 
Sonomed Imaging Center).
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the tachycardia in almost 90% of cases, depending on its mechanism; however, recurrence is 
common. Long-term success is achieved in only one-third of the cases [15, 46–48].

11.3. Surgical treatment

11.3.1. Indications for operation

Children who have survived infancy generally remain asymptomatic for several years. The 
surgery can be postponed until symptoms appear, cyanosis becomes evident, or paradoxi-
cal emboli occur. Deliberations about an operation should begin if evidence of deteriora-
tion exists, such as progressive increase in right heart size, reduction in systolic function, or 
appearance of ventricular or atrial tachyarrhythmias. Indications for operation in the symp-
tomatic neonates include severe cyanosis, GOSE of three or four with mild cyanosis, cardio-
thoracic ratio > 80% and severe TR. However, in older ages, operation is clearly indicated if 
the symptoms progress to New York Heart Association functional class III or IV and medical 
management has little to offer. A biventricular reconstruction is feasible if the LV is function-
ally normal, enough RV cavity is present and TV morphology is suitable. A 1.5 ventricle repair 
can be applied to the patients with the RV failure. Heart transplantation is reserved for the 
patients with severe biventricular dysfunction.

Some patients with cyanosis on exercise, who have a shunt at the atrial level but only mild or 
moderate regurgitation of the TV, may benefit from device closure to alleviate cyanosis and 
to prevent paradoxical emboli. Some centers commonly perform such procedures either as 
a staged approach or for long-term palliation [50]. The degree of TV regurgitation must be 
assessed carefully because closure of an ASD alone may worsen RV dysfunction.

11.3.2. Surgical options

A variety of surgical methods were introduced in the treatment of Ebstein’s anomaly. Those 
treatments included a TV repair or replacement for the principle element in the treatment 
of Ebstein’s anomaly and additional concomitant procedures for the correction of comorbid 
anomalies such as ablation of accessory conduction pathways, resection or plication of the 
atrialized right ventricle, application of 1.5-ventricular repair (bidirectional cavo-pulmonary 
shunt), and single-ventricle repair for advanced right ventricular dysfunction. Heart trans-
plantation is suggested for the patients with severe left ventricular dysfunction. Neonatal 
operation has high operative mortality, whereas operation performed beyond infancy and 
into adulthood has low operative mortality. Late survival and quality of life for hospital sur-
vivors are excellent for the majority of patients in all age brackets [51–54].

12. Conclusion

Ebstein’s anomaly is a complex congenital anomaly with a wide anatomic and clinical spec-
trum. Management is complex and must be individual because of the different anatomic and 
hemodynamic variables, and associated malformations, in Ebstein’s anomaly. These patients 

Ebstein’s Anomaly
http://dx.doi.org/10.5772/intechopen.78067

147



11. Management

11.1. Medical treatment
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Figure 5. An example of a cardiac MRI showing septal bowing in short axis views. (Used with permission of the 
Sonomed Imaging Center).
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thoracic ratio > 80% and severe TR. However, in older ages, operation is clearly indicated if 
the symptoms progress to New York Heart Association functional class III or IV and medical 
management has little to offer. A biventricular reconstruction is feasible if the LV is function-
ally normal, enough RV cavity is present and TV morphology is suitable. A 1.5 ventricle repair 
can be applied to the patients with the RV failure. Heart transplantation is reserved for the 
patients with severe biventricular dysfunction.

Some patients with cyanosis on exercise, who have a shunt at the atrial level but only mild or 
moderate regurgitation of the TV, may benefit from device closure to alleviate cyanosis and 
to prevent paradoxical emboli. Some centers commonly perform such procedures either as 
a staged approach or for long-term palliation [50]. The degree of TV regurgitation must be 
assessed carefully because closure of an ASD alone may worsen RV dysfunction.

11.3.2. Surgical options

A variety of surgical methods were introduced in the treatment of Ebstein’s anomaly. Those 
treatments included a TV repair or replacement for the principle element in the treatment 
of Ebstein’s anomaly and additional concomitant procedures for the correction of comorbid 
anomalies such as ablation of accessory conduction pathways, resection or plication of the 
atrialized right ventricle, application of 1.5-ventricular repair (bidirectional cavo-pulmonary 
shunt), and single-ventricle repair for advanced right ventricular dysfunction. Heart trans-
plantation is suggested for the patients with severe left ventricular dysfunction. Neonatal 
operation has high operative mortality, whereas operation performed beyond infancy and 
into adulthood has low operative mortality. Late survival and quality of life for hospital sur-
vivors are excellent for the majority of patients in all age brackets [51–54].

12. Conclusion

Ebstein’s anomaly is a complex congenital anomaly with a wide anatomic and clinical spec-
trum. Management is complex and must be individual because of the different anatomic and 
hemodynamic variables, and associated malformations, in Ebstein’s anomaly. These patients 
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are evaluated by a cardiologist who has expertise in congenital heart disease. Developing better 
management strategies and survival of patients with this anomaly will continue to improve.
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are evaluated by a cardiologist who has expertise in congenital heart disease. Developing better 
management strategies and survival of patients with this anomaly will continue to improve.
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