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   Foreword   

  It is my great delight and distinct honor to write the foreword to  The Tricuspid Valve 
in Congenital Heart Disease . Alessandro Giamberti and Massimo Chessa are to be 
congratulated for their prescience in editing this outstanding contribution. In doing 
so, they have assembled a pantheon of experts in the fi eld to address this sometimes 
misunderstood, often underestimated, but never to be ignored structure, so central to 
our management of both paediatric and adult congenital heart disease. 

 While it would be unfair to single out any one of the heart valves as more impor-
tant than the other, the emergence of tricuspid valve function as a key determinant 
of outcomes of fetal heart disease, heart disease in childhood, and increasingly in 
adolescence and adults as they mature with their repaired or palliated congenital 
heart disease, sets aside the tricuspid valve as particularly important in patients born 
with a structurally malformed heart.  The Tricuspid Valve in Congenital Heart 
Disease  addresses all of these areas, and each of the chapters provides a fundamen-
tal contribution to our understanding of the management of these patients, high-
lighting the knowns and unknowns in the fi eld. 

 Never before has such a concentrated effort been made to provide the reader with 
a state-of-the-art review of the pathogenesis of tricuspid valve disease. Consequently, 
I believe this contribution will be “required reading” for all of us in the fi eld.  

 Andrew Redington
Head of Cardiology

The Hospital for Sick Children
Toronto, ON, Canada 
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        The tricuspid valve is often called the “forgotten valve” or “lost valve,” because it is 
relatively understudied compared to the other cardiac valves. This is understandable 
since most acquired cardiac disease involves the left heart. However, in patients 
with congenital heart defects, the tricuspid valve often assumes particular impor-
tance. In fact, in patients with hypoplastic left heart syndrome, it is the only func-
tional atrioventricular valve. In other defects such as pulmonary atresia with intact 
ventricular septum, tricuspid valve function can be the limiting factor for a success-
ful surgical outcome. Long-term outcomes after a Mustard or Senning operation for 
transposition of the great arteries depend largely on how well the tricuspid valve 
functions as the systemic atrioventricular valve. As the number of adults with con-
genital heart defects now exceeds the number of children, understanding of the 
anatomy and potential weak points of the tricuspid valve is essential for cardiolo-
gists and surgeons, both pediatric and adult. 

1.1     Embryology of the Tricuspid Valve 

 Formation of the atrioventricular valves begins during the fi fth embryonic week 
as swellings form in the atrioventricular canal – the junction between the devel-
oping left atrium and the embryonic ventricle. In response to local signaling from 
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the underlying myocardium, the cardiac jelly between the myocardium and 
endocardium accumulates hydrated hyaluronic acid, proteoglycans, and other 
substances and increases in thickness, forming block-like endocardial cushions 
[ 1 ]. The two principal cushions, the superior and inferior cushions, form fi rst, 
 followed in a few days by smaller left and right lateral cushions [ 2 ] (Fig.  1.1 ). In 
response to signaling from the myocardium and endocardium, endothelial cells 
over the cushions begin to drop out of the epithelial layer, undergo an epithelial-
to-mesenchymal transformation, and invade the underlying cardiac jelly to 
become mesenchymal cells [ 1 ]. Growth of the endocardial cushions is largely 
due to proliferation of these mesenchymal cells and continued accrual of extra-
cellular matrix. The remaining endothelial cells proliferate to maintain an inte-
gral endothelial lining. Even at this point, the endocardial cushions function 
effi ciently to prevent retrograde fl ow of blood [ 3 ].

   In the sixth week, the atrioventricular canal begins to expand rightward at the 
atrial end, becoming funnel-shaped, so that it underlies the developing right atrium 
as well as the left atrium [ 4 ]. The ventricular end continues to communicate only 
with the developing left ventricle. Blood enters the developing right ventricle only 
through the outlet or interventricular foramen. During the seventh week, rightward 
expansion of the canal and enlargement of the cushions continue. The atrial septa-
tion complex, consisting of septum primum, or the primary atrial septum, with its 
mesenchymal cap, and the dorsal mesenchymal protrusion, approach the principal 
atrioventricular cushions, closing the ostium primum or primary interatrial fora-
men [ 5 ]. By now the rightward portion of the atrioventricular canal is aligned with 
the right ventricle as well as the right atrium because of rapid expansion at the 
ventricular end across the interventricular foramen [ 4 ]. As the atrial septation com-
plex makes contact with the two principal cushions, they fuse together, as well as 
with the atrial septum, dividing the atrioventricular canal into right and left 

  Fig. 1.1    A cross-sectional 
view of the atrioventricular 
canal of an E13 mouse heart 
showing the superior ( sAVC ), 
inferior ( iAVC ), and right 
( rlAVC ) and left ( llAVC ) 
lateral atrioventricular 
cushions. The principal 
cushions are beginning to 
fuse together centrally    
(Reproduced from Snarr et al. 
[ 2 ] with permission)       
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portions which connect the ipsilateral atrium and ventricle [ 6 ] (Fig.  1.2 ). The right 
atrioventricular orifi ce is substantially smaller than the left but will expand with 
growth of the right lateral cushion. In the seventh week, the fused principal cush-
ions become draped over the muscular infl ow septum which has formed between 

  Fig. 1.2    A four-chamber view of embryonic mouse hearts:  upper panel  ( C ) – at a similar stage to 
Fig.  1.1  showing the fused superior ( sAVC ) and inferior    ( iAVC ) atrioventricular cushions which are 
also fused with the dorsal mesenchymal protrusion ( DMP ) of the atrial septation complex. The 
fused principal cushions are becoming draped over the infl ow portion of the ventricular septum. 
The left ( llAVC ) and right ( rlAVC ) lateral cushions are present but have not begun to enlarge.  Lower 
panel  ( C' ) – at E14.5 showing development of the structures seen in the upper panel. All of the 
cushions have elongated into the developing ventricular chambers. The septal tricuspid leafl et 
( sTrV ) is now adherent to the right side of the ventricular septum, while the medial mitral leafl et 
( aoMiV ) is unsupported and free in the left ventricle. The lateral cushions have lengthened into the 
ventricles on a sheet of atrioventricular canal myocardium. The dorsal mesenchymal protrusion 
has muscularized to become the base of the atrial septum, below which the fused central part of the 
principal cushions is forming the membranous septum and central fi brous body.  RA  right atrium, 
 LA  left atrium,  asTrV  anterior superior tricuspid valve leafl et,  muMiV  mural mitral valve leafl et 
(Reproduced from Snarr et al. [ 2 ] with permission)        
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the bases of the ventricles [ 6 ] (Fig.  1.2 ). The right lateral cushion, which will form 
the superior (anterior) and inferior (posterior) leafl ets of the tricuspid valve, has 
enlarged to cover much of the lateral aspect of the expanding right atrioventricular 
junction [ 2 ]. The right side of the fused principal cushions, which will form the 
medial or septal leafl et, has now become adherent to the right side of the ventricu-
lar septum. The right lateral cushion elongates into the right ventricular cavity on 
a skirt of the atrioventricular canal myocardium interdigitating with the ventricular 
myocardium [ 6 ]. The atrioventricular canal myocardium beneath the cushion grad-
ually undergoes apoptosis, freeing up the thinning and elongating superior and 
inferior leafl ets. Muscular connections with the ventricular myocardium remain at 
the free edge as papillary muscle attachments. The medial leafl et begins to delami-
nate from the ventricular septum    after the mural leafl ets have begun to form, also 
by apoptosis of the underlying myocardium. This process continues even after the 
completion of embryogenesis, at least into the ninth and tenth weeks. Valve leafl ets 
continue to thin, elongate, and increase in circumference concomitant with growth 
of the ventricle. However, the laminar structure of leafl ets does not develop until 
after birth.

   The valve annulus forms around the free wall by ingrowth of fi broadipose sulcus 
tissue at the atrioventricular groove between the ventricular and atrioventricular 
canal myocardium, fi nally reaching the base of the forming valve leafl ets [ 7 ] 
(Fig.  1.3 ). The septal portion of the valve ring is formed by the fused central portion 
of the principal cushions and is continuous through the membranous ventricular 
septum and central fi brous body with the septal insertion of the mitral valve [ 6 ,  8 ]. 
The annulus is an important component of the fi brous skeleton of the heart and 
electrically isolates the atrial from the ventricular myocardium. The valve leafl ets 
and chordae tendineae derive predominantly, if not completely, from the mesenchy-
mal cells of the cushions, themselves derived from endothelium [ 6 ,  8 ] (Fig.  1.4 ). 
Papillary muscles derive from the ventricular myocardium that initially underlay the 
edges of the developing cushions.

    Extracellular matrix protein expression is locally restricted during remodeling of 
the valve primordia into formed leafl ets [ 8 ]. Type I collagen is the predominant type 
expressed in the developing fi brous leafl ets. In contrast, type II collagen, usually 
associated with cartilage, is present in the chordae tendineae, but not in leafl et. 
Tenascin, characteristic of tendon and cartilage, is expressed in both valve leafl et 
and chordae tendineae. Scleraxis, a transcription factor in the tendon and cartilage 
gene regulatory network, is expressed only in chordae, particularly near the myoten-
dinous junction. Not only is valve maturation molecularly compartmentalized, it 
also bears remarkable similarity to skeletal development. 

 The adult trilaminar arrangement of the valve leafl ets develops postnatally [ 9 ]. 
Collagen fi bers become densely packed on the ventricular side of the leafl et forming 
the fi brosa which strengthens the leafl et and resists stretching. The atrial surface of 
the leafl ets, the atrialis, contains numerous elastic fi bers. The central layer or spon-
giosa is rich in glycosaminoglycans and versican and is thought to absorb energy 
associated with closure.  

S.P. Sanders and F.R. Pluchinotta 
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1.2     Anatomy of the Tricuspid Valve 

 The tricuspid valve connects the right atrium and right ventricle, electrically isolates 
the two cardiac chambers, and maintains unidirectional blood fl ow. The valve com-
plex consists of the annulus, usually three valve leafl ets, the supporting chordae 
tendineae, and the papillary muscles. 

  Fig. 1.3    Cartoon illustrating development of the fi brous annulus of the tricuspid valve which sepa-
rates and insulates the atrial and ventricular myocardium. In the  left panel , the atrial ( blue outline ) 
and ventricular ( brown ) myocardia are connected by the atrioventricular canal myocardium ( yellow ). 
In the  middle panel , the sulcus tissue ( blue ) has invaginated into the atrioventricular groove and the 
lateral cushion ( green ) has lengthened into the ventricle on a sleeve of the atrioventricular canal 
myocardium. In the  right panel , the sulcus tissue has separated the atrioventricular canal myocardium 
from the ventricular myocardium by making contact with the mesenchyme of the developing valve 
leafl et. The atrioventricular canal myocardium under the developing leafl et has undergone apoptosis 
leaving the thinning and lengthening leafl et free. The remaining atrioventricular canal myocardium 
has been sequestered in the atrium forming the smooth vestibule of the tricuspid valve       
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1.2.1     Annulus 

 The tricuspid annulus is an asymmetrical saddle-shaped structure with the long axis 
of the valve directed toward the right ventricular apex [ 10 ]. The valve is directed 
somewhat superiorly in the frontal plane. The points closest to the right atrium are 
at the anterior septal commissure and at the lateral free wall. The most apical point 
is the posterior septal commissure. The fi brous annulus provides support for the 
tricuspid valve leafl ets but is less stiff and slightly larger than the mitral valve annu-
lus. Consequently, the tricuspid annulus is more likely to dilate with ventricular 
enlargement, producing or worsening regurgitation.  

1.2.2     Leaflets 

 Leafl ets are delicate, semicircular or triangular sheets of fi brous tissue attached 
basally to the fi brous annulus and on the ventricular surface and at the free edge to 
chordae tendineae [ 11 ] (Fig.  1.5 ). The free edge of each leafl et is irregularly notched 
or scalloped and thinner than the central part. The distal approximately 1/4–1/3 of 
the leafl et has been called the rough zone because it receives insertions of chordae 
tendineae; it is the section of the leafl et between the line of coaptation and the free 
edge. The basal 2/3 of the leafl et has been called the clear zone because it is rather 
thin and transilluminates.

   Microscopically, each leafl et is composed of three layers [ 12 ] (Fig.  1.6 ). The 
fi brous layer on the ventricular surface (fi brosa) is composed of dense, organized 
collagen and provides tensile strength to the valve. It continues with the annulus 
basally and with sites of chordal insertion toward the free edge. The layer on the 
atrial surface (atrialis) contains elastic fi bers which allow extension and recoil of the 

  Fig. 1.4    Neonatal mouse heart showing:  left , thinned    and elongated atrioventricular valve leafl ets 
stained blue for an endothelial lineage marker (Tie2 Cre);  middle  (box F), the fi brous connection between 
the medial leafl ets of the tricuspid and mitral valves (#), also derived from endothelial cells;  right  (box 
G), tricuspid valve leafl ets ( arrows ) with the medial tricuspid leafl et delaminated from the septum. 
 Arrows heads  mitral valve leafl ets, # central fi brous body connecting the medial tricuspid and mitral 
leafl ets,  mv  mitral valve,  tv  tricuspid valve (Reproduced from Lincoln et al. [ 8 ] with permission)        
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