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Preface

Why Do We Need This Book?

Since the conception of the first aortic valvular intervention in 1912, it took the
medical and surgical cardiology community over four decades to perform the first
tricuspid valvular intervention in 1954. Technological advancement now is rela-
tively faster; while the first transcatheter aortic valve replacement took place in
2002, transcatheter tricuspid valve repair/replacement was attempted in men in
2010. The tricuspid valve has become subject of interest in order to replicate the
success in the aortic and pulmonary interventions. It is for sure no more the “forgot-
ten valve.”

We have learned and greatly benefited from the 15 years of experience in aortic
valve interventions. There is a need for understanding anatomical and imaging
requirements as well as anticipating and understanding complications. Recently,
first-in-man experience of completely percutaneous tricuspid valve repair to treat
severe tricuspid regurgitation has been performed in a few structural heart centers of
excellence. There is a need as well as an opportunity to begin with tricuspid valve
interventions from where aortic valve interventions reached so far.

This book is written by world-renowned experts in cardiology and cardiothoracic
surgery. It provides a comprehensive but concise overview of tricuspid valve disease
in adults, which is relevant in daily practice.

This book includes 19 chapters divided into 5 parts or perspectives. In Part I, the
authors provide a perspective on the anatomy and pathology of the tricuspid valve.
In Part II, the authors discuss clinical perspective of tricuspid valve disease with
attention to special populations of patients with TVD due to pacemakers and post-
heart transplant. Part III provides detailed imaging perspective that covers noninva-
sive imaging. Readers will learn about measurements of tricuspid annulus and
quantification of right heart function. Part IV highlights hemodynamic approach to
tricuspid valve disease as well as right heart catheterization. Therapeutic options of
tricuspid valve disease are thoroughly discussed in Part V. Readers can learn about
current technique, risk stratification, and outcome of current therapy for tricuspid
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viii Preface

valve disease. Furthermore, heart team discussion, tips, and tricks for tricuspid
valve interventions are discussed.

The book has an educational goal. Key messages are highlighted at the end of
each chapter. Review Questions at the end of each chapter is dedicated to test
knowledge and give feedback on each individual chapter.

We sincerely thank all contributors, who are world-renowned experts in their
respective area of interest, for their hard work. This book will serve as the standard
reference regarding all aspects of tricuspid valve disease in adults. We expect that
this work will be helpful to the readers and ultimately have a positive impact on
the care of our patients.

Rotterdam, The Netherlands Osama I. Soliman, M.D., Ph.D.
Rotterdam, The Netherlands Folkert J. ten Cate, M.D., Ph.D.
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Part I
Anatomical and Pathological Perspective



Chapter 1
Anatomy and Pathology of the Tricuspid Valve

Karen P. McCarthy, Jan Lukas Robertus, and S. Yen Ho

Abstract The tricuspid valve (TV), the morphologically right atrioventricular
valve, guards the inflow junction between the right atrium and right ventricle. In
functional anatomy, the valve does not consist only of leaflets. Instead, the valve
complex is comprised of the annulus, leaflets, tendinous cords and papillary muscles
occupying the inlet part of the right ventricle. Right sided structures have not had the
extensive analysis when viewed in comparison to the systemic mitral valve. This is
possibly due to the complexity of measuring the geometrically unusual shape of the
right ventricular cavity, tricuspid valve, the curvature of the muscular ventricular
septum and the right ventricular cavity wrapping around the systemic left ventricle.
The route of inflow to outflow in the low pressure right ventricle (RV) is elongated
compared to the left side of the heart. The right ventricle itself is an anterior struc-
ture forming the sterno-costal border of the heart beneath the sternum. The tricuspid
valve is always associated with a morphological right ventricle. The chamber can be
arbitrarily demarcated into three regions: inlet, apical and outlet, hence the concept
of a tripartite ventricle. But, there are no anatomic borders for these regions within
the right ventricle. The inflow region of the tricuspid valve is separated from the
outflow pulmonary valve by several muscular structures; the ventricular infundibu-
lar fold (VIF), septomarginal trabeculation (SMT), septoparietal trabeculations
(SPT) and the free standing subpulmonary infundibulum musculature (Fig. 1.1).
Adjacent along the atrial side tricuspid valve complex are important structures like
the triangle of Koch, tendon of Todaro, atrioventricular node continuing into the
bundle of His and coronary sinus orifice (Fig. 1.2). Continuing improvements of
imaging methods such as echocardiography, cardiac magnetic resonance imaging
and computed tomography to examine in detail and analyse these structures and to
measure the flow of deoxygenated blood to the lungs from the right heart allows
critical analysis and on-going follow up of patients in normal and disease states.
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Brompton Cardiac Morphology Unit, Royal Brompton & Harefield NHS Trust,
Sydney Street, London SW3 6NP, UK
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Components of the Tricuspid Valve

The tricuspid valve is a composite of several structures that work in synchrony in
order to open during diastole and close in systole. This capability to open and close
efficiently is controlled by the leaflets, tendinous cords, papillary muscles (them-
selves attached to the ventricular wall), and the annular attachment at the atrioven-
tricular junction all working in concert. In situ, on the cardiac shadow, its orifice
occupies a plane that is more vertically orientated than horizontal. Unlike the left
heart valves, the tricuspid valve is remote from the pulmonary valve (Figs. 1.1, 1.2,
and 1.3). It guards the exit of the right atrium where its orifice is surrounded by the
smooth-walled atrial vestibule.

Fig. 1.1 This specimen demonstrates the medial and anterior papillary muscles as well as the
moderator band extending from the apical trabeculations in the right ventricle. The right ventricu-
lar outflow tract has a ‘Y’ shaped muscle bundle called the septomarginal trabeculation (SMT).
The muscle underneath the pulmonary valve is not part of the ventricular septum. This subpulmo-
nary infundibulum can be dissected to liberate the pulmonary valve as in the Ross procedure. AS
anterosuperior leaflet, S septal leaflet, PV pulmonary valve, VIF ventriculo-infundibular fold, SMT
septomarginal trabeculation, M medial papillary muscle, Ant anterior papillary muscle, MB mod-
erator band, Arrows subpulmonary infundibulum
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Fig. 1.2 Viewed from the right atrial aspect the position of the triangle of Koch can be located and
the close association of the atrioventricular node (AVN) to the hingeline attachment point of the
tricuspid valve at the right atrioventricular annulus. The triangle of Koch is demarcated by dotted
lines marking the tendon of Todaro. The solid line marking the tricuspid valve attachment. The
third border is the location of the coronary sinus. The hatched oval marks the position of the central
fibrous body and the heart shape indicates the location of the atrioventricular node. AS anterosupe-
rior leaflet, S septal leaflet, I inferior papillary muscle, CS coronary sinus, OF oval fossa

Fig. 1.3 In short axis section the position of tricuspid and pulmonary valves can be seen. The two
valves are separated by musculature. From the ventricular aspect the orifice of the three tricuspid
leaflets can be seen in relation to the mitral valve. The muscular ventricular separating the two
atrioventricular valves has been removed in this specimen but a thin part of the septum, the mem-
branous septum, is revealed. AS anterosuperior leaflet, S septal leaflet, / inferior leaflet, PV pulmo-
nary valve, Arrow membranous septum
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The tricuspid annulus (or hingeline) within the right ventricle demarcates the
junction between the right atrial myocardium and right ventricular myocardium
with the attachment of leaflets at this intersection. Although the term ‘annulus’ con-
fers the impression of a well forms fibrous ring-like structure separating atrial from
ventricular myocardium, the leaflets of the tricuspid valve in reality are attached to
a poorly formed fibrous annulus that is not as clear to delineate as with the mitral
valve [1]. Even so, anatomically, the mitral annulus is also not as well defined as
commonly thought [2]. Nevertheless, the term, ‘annulus’ continues to be used in the
clinical arena in preference to ‘hingeline’. At the tricuspid annulus, musculature of
the atrial wall overlaps minimally the atrial surface of the leaflets and the major por-
tion is separated from ventricular wall by fibro-fatty tissues of the atrioventricular
groove through which run the right coronary artery and branches of the coronary
veins. While the initial course of the right coronary artery is relatively distant from
the annulus, there is a gradual shortening of the distance to the endocardial surface
toward the inferior segment of the annulus to <3 mm [3]. This has important impli-
cations for invasive intracardiac procedures whether it is to ablate accessory atrio-
ventricular pathways for pre-excitation or to repair the tricuspid valve at the annular
level.

The tricuspid orifice is larger than the mitral orifice [4] and in this low pressure
environment the leaflets are thinner and more translucent [5]. The three dimensional
shape of the tricuspid annulus changes not only during the dynamic low pressure
cardiac cycle but during disease. This adds to the complexity of understanding the
geometry of the valve and right ventricle. Anatomically, the right atrioventricular
annulus is located in an almost vertical position and is oval in shape becoming
round when dilated [6, 7]. The valve complex is saddle shaped forming a conduit to
the right ventricle [8] although it is less saddle shaped than the mitral valve [9].
Owing to the near vertical location of the annulus, valve margins and the leaflets are
described as anterosuperior, septal and inferior. There is variation in the annular
conformation of the valve between systole and diastole [6] this change is significant
and a reduction of 19% in annular circumference during systole has been found
[10]. The tricuspid annulus has its highest point at the anteroseptal commissure and
its lowest point at the posteroseptal commissure [11]. With enhanced imaging more
precise anatomical description may need to be employed to describe the valve dur-
ing the cardiac cycle.

The normal dimensions of the tricuspid annulus in men and women, have been
determined in various clinical studies (3.15 + 0.4 cm diastolic diameter in males and
3.01 = 0.47 cm diastolic diameter in females) [12] as well as pathological studies of
normal hearts where the annular circumference for males was 11.4 + 1.1 cm and
10.8 £ 1.3 cm for females [13]. This analysis of the normal morphology is essential
in diagnosing altered pathophysiology, to establish if dilatation of the annulus is
progressing to regurgitation and to appreciate that the annulus dimensions change
during the cardiac cycle. In experimental studies during sinus rhythm the annular
size was reduced by 20-39%. Less narrowing of the annulus was also noted with
increased heart rates [14].
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The Tricuspid Leaflets and Commissures

In our study of 50 heart specimens only 62% had three readily identifiable leaflets
whereas 30% could be described as having two leaflets and 8% had four leaflets.
But, in the same study, a review of a series of cross sectional echocardiograms
showed three definite lines of closure in all cases [15]. The trifoliate configuration
of the leaflets can be seen from the right atrial aspect when the valve is closed in
systole thus preventing back flow of blood back into the right atrium (Fig. 1.4).
Complete closure and apposition of the leaflets is essential in preventing regurgita-
tion and maintaining ventricular pressure. Proper valve function is controlled by a
number of factors including the contraction of the papillary muscles and ventricular
wall. But there is also a ‘spectrum of normality’ in the variation of tendinous cord
attachment to the tricuspid valve. The leaflets are tethered down by an elegant
arrangement of cords attached to papillary muscles and the septum; this prevents
ballooning of the leaflets back into the right atrium.

The leaflets of the valve do not all lie in the same plane [16] and the attachment
is described as non-planar [17]. Each leaflet is unique and all have variation in
shape, scallop indentations along the elongated free edge and attachment in the
normal valve [18, 19] as well as in disease conditions. Normal variations as well as
remodelling due to disease need to be appreciated.

The three leaflets of the tricuspid valve should be designated according to their
location as anterosuperior, inferior and septal. The anterosuperior leaflet has been
labelled anterior while the inferior leaflet has been labelled posterior or mural in

Fig. 1.4 Viewed from the
right atrium the trifoliate
arrangement of the three
leaflets when in closed
position can be seen
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other reports. All leaflets are attached like a hinge at the annulus of the right atrio-
ventricular junction, leading to the use of the term hinge-line. All three are notice-
ably dissimilar in shape and size to each other. The posteroseptal portion of the
leaflets is near to the coronary sinus. Taking the plane of the annulus as a whole, the
anterolateral portions of the leaflets are nearest to the apex and posterolateral nearer
the right atrium. Each leaflet has variable number of scallops along the free edge
and is attached within the ventricle via the cords and papillary muscles. Some
papers have previously defined the tricuspid valve as having more than three leaflets
or cusps [20, 21] and subdivision by scallops of the leaflets has also been described
[13]. The general agreement is that there are three tricuspid leaflets which may or
may not have scallops.

Viewed from the right atrial aspect the tricuspid valve orifice is roughly triangu-
lar in appearance with the three leaflets closing together resulting in a large area of
coaptation. The anterosuperior leaflet is the largest and most extensive leaflet that
extends curtain-like around approximately half the free wall of the right ventricle
from the infundibular outflow region to the inferior part of the right ventricle.
Anatomically, the inferior/mural leaflet occupies an inferior location and originates
from the diaphragmatic parietal wall of the right ventricle and is also described as
the inferior or in older literature as the posterior leaflet.

The septal leaflet is more complex than the anteroseptal and inferior leaflets. This
leaflet has been described as occupying the smallest portion of the annulus [8, 22]
while other studies describe the mural leaflet as the smallest [23]. From the septal
leaflet tendinous cords attach directly to the muscular ventricular septum. This is
one of the characteristic features of the tricuspid valve seen with diagnostic imaging
that distinguishes it from the mitral valve which does not normally have cordal
attachments to the septum. The restricted size of the septal leaflet and the multiple
tendinous cord attachments along the septal leaflet directly to the septum results in
a different range of movement compared to the other two tricuspid leaflets whose
cord attachments have a different morphology [8, 17].

The septal leaflet attachment across the membranous septum divides it into two;
aright atrial to right ventricular component which is superior (atrial) to the tricuspid
valve and an interventricular component between both ventricles and inferior to the
tricuspid valve leaflet. The septal leaflet has one other distinct feature seen with
cross sectional imaging and that is its more apically located annular attachment in
contrast to the mitral valve. This offset attachment is a key feature seen in diagnostic
cross-sectional imaging in the four-chamber plane that aids identification of ven-
tricular morphology in congenital heart disease.

Corresponding to the three leaflets configuration, there are three commissures or
peaks of apposition between adjacent leaflets. It is important, however, to appreciate
that although ‘tricuspid’ denotes three leaflets, there is no separation of one leaflet
from another in that the three leaflets are arranged like a skirt and commissures
between the leaflets do not extend all the way to the level of the annulus. Instead,
continuity between adjacent leaflets is preserved by at least 5 mm of leaflet tissue
along the annulus. This continuity is crucial for maintaining integrity of the valve
when the leaflets come together in apposition. As mentioned above, the septal leaflet
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crosses the membranous septum. It swings ‘around the corner’, away from the sep-
tum into the antero-superior leaflet. Thus, the antero-septal commissure attached to
the medial papillary muscle is away from the septum. Interestingly, at the membra-
nous septum, it is not uncommon to find a gap in the septal leaflet. Leaflet tissue
around this area is usually adequate to provide apposition to close the orifice.

From the attachment of the leaflet at the annulus to the free edge, the tricuspid
leaflet has specific zones [13]. The clear zone comprises the majority of the leaflet
and is the thin translucent central portion and generally comprises two-thirds of the
leaflet length from the annulus toward the free margin.

The basal zone is the portion of the leaflet attached to the annulus at the atrioven-
tricular junction at this connection point there is vascularisation and innervation to
the leaflet. This is the junction where atrial myocardium inserts at the annulus. The
rough zone forms the free edge and the region of apposition, forming approximately
a third of the leaflet length. This thicker portion of the leaflet contains more glycos-
aminglycans allowing cushioning of the leaflet edges as they oppose during closure.
These zones emphasise that the morphology is not uniform macroscopically or
microscopically throughout the leaflet.

In cross section, each leaflet extends from the annulus hinge line proximally to
the free edge distally. The normal tricuspid valve has a layered leaflet arrangement
of the atrialis, spongiosa, fibrosa and ventricularis layers surrounded by a layer of
endothelial cells which is continuous with the luminal surface of the atrium and the
ventricle. In the tricuspid valve the leaflet comprises interstitial fibroblasts and con-
nective tissue fibres within an extracellular matrix.

The atrialis is the uppermost layer. When the valve is in closed position, the atria-
lis faces directly the right atrium. This layer is composed of mainly aligned elastic
and collagen fibres covered with overlying endothelium. Of the layers, the atrialis
has the most elastic fibres [24]. Beneath the atrialis is the spongiosa layer. This layer
is composed largely of an extracellular matrix of proteoglycans and glycosamingly-
cans, along with elastic fibres. The glycosaminglycans and proteoglycans are hydro-
philic and attract water molecules. This causes the extracellular matrix to expand
and swell at the free edge, providing a natural physical protective buffer to the
leaflet. The spongiosa functions as a physiological ‘shock absorber’. It provides a
structural cushion along the point of apposition to offset the effect of leaflet closure
at the free edge.

Beneath the spongiosa is the fibrosa layer which is the major load-bearing layer,
comprising the central structural collagenous core [5] of compact and aligned col-
lagen fibres to the leaflet. The fibrosa layer extends from the annulus into two thirds
of the leaflet and is absent at the free edge. The final layer of the tricuspid leaflet is
the ventricularis, this layer is covered by a continuous sheet of endothelial cells that
overlie elastic fibres and collagen fibres. The thickness of each layer varies from the
attachment site at the annulus to the free edge. At the proximal region of the leaflet,
near the annulus, the fibrosa is the thickest layer providing the structural core of the
leaflet. The spongiosa and atrialis in contrast are relatively thin at the annulus attach-
ment point of the leaflet, but increase in thickness distally, becoming the main com-
ponent of the leaflet at the free edge.
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Histologically, the extracellular matrix surrounds the connective tissue fibres in
the leaflet and is a dynamic substrate of neutral pH [25]. The leaflet is composed of
the glycosaminoglycan hyaluronic acid and proteoglycans such as aggrecan, deco-
rin, veriscan [26-28] as well as fibroblast cells, some with variable phenotypes
exhibiting actin filaments [29].

The maintenance of connective tissue integrity is fundamental in determining
the overall strength and competence of the leaflet. This depends upon a contin-
ued balance between synthesis of the matrix components, their deposition and
repair within the leaflet and the degradation of the tissue elements.
Metalloproteinase enzymes, synthesised from fibroblasts, regulate the renewal
and turnover of matrix components in connective tissues [30] within the human
cardiac valves [31].

Under normal physiological conditions, the extracellular matrix comprising
fibrillar proteins of the normal leaflet undergoes constant turnover of constituents to
maintain both structure and function with the expression various proteins, including
the contractile proteins troponin [32] and myosin [33]. These factors contribute in
determining the overall structural integrity of the leaflets. External factors, such as
mechanical stresses exerted on the valve leaflet, may also trigger secondary physi-
ological responses affecting the structure and function of the leaflet.

Collagen fibres are the major component of atrioventricular leaflets and have an
important role in defining shape, integrity and mechanical strength. Collagen fibres
are produced from interstitial fibroblasts and endothelial cells [34, 35]. The align-
ment of collagen provides mechanical strength required for the repeated opening
and closing of the valve. Elastic fibres interconnect with the collagen fibrils and
bundles and promote recoil ensuring the leaflet and tendinous cord can return to the
resting state.

The pH of the extracellular matrix environment affects the morphology of the
fibres. Normal collagen fibres in the tissues are tightly packed and interspersed with
smaller homogenous fibrils [36]. These are stable within a near neutral pH [37] but if
the pH is altered, as seen in studies on collagen fibre development in chicks where the
pH was more acidic, the collagen fibres synthesised can have variable diameters [38].

Matrix enzymes such as matrix metalloproteinases (MMP) and tissue inhibitor
of matrix metalloproteinases (TIMP) can also act on collagen fibres [30] to remodel
the leaflet tissue.

Tendinous Cords and Papillary Muscles

The slender and fibrous tendinous cords are the key interconnecting structure tether-
ing the leaflets to the papillary muscles ensuring a functional and efficient valve. In
the normal valve, leaflet cords and interleaflet cords have been identified. Fan-
shaped tendinous cords insert at the junction between each leaflet, facilitating the
bringing together and separation of adjacent leaflets as the valve closes and opens.
These are the interleaflet cords and they have multiple connections between
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adjacent leaflet connecting to the papillary muscles. Leaflets cords include rough
zone tendinous cords which insert directly to the ventricular surface of the leaflet.
The thicker ones are sometimes referred to as strut cords as they bear the mechani-
cal load during valve opening and closing. On the ventricular aspect of the leaflet
there are also attachments of tendinous cords to the rough and clear zones of the
leaflet and these are termed deep cords. Basal cords can be found attaching the
underside of the leaflets close to the annulus directly to the ventricular wall. Further
leaflet cords also attach to the free edge of the leaflet and these are simply described
as free-edge cords. The multiple attachments of the tendinous cords along the leaf-
lets result in greater support and control of the valve.

Although the papillary muscles are not as uniformly distributed as in the mitral
valve, the anterior papillary muscle sited in the right ventricle is usually well-
defined, supporting the antero-superior leaflet in its midportion. Usually, there is a
cluster of smaller papillary muscles are located laterally or inferiorly in the right
ventricle and these support the inferior as well as the antero-superior leaflets.
Supporting the commissure between the septal and antero-superior leaflets is a
small papillary muscle called the medial (or conal) papillary muscle, also known as
the muscle of Lancisi. Variability in number of papillary muscles has been noted as
well as the papillary muscle group having multiple heads [39, 40].

The papillary muscles are extensions of trabecular myocardium extending from
the apical portion of the right ventricle and are highly innervated, highly vascular-
ised with a central artery, and carry the distal ramifications of the purkinje fibre
network. The most common pattern of coronary supply to the right ventricle and
papillary muscles is via the dominant right coronary artery running within the right
atrioventricular groove. Histologically, the cords are formed of a collagen core with
elastic fibres surrounded by endothelial cells. The mechanical load is supported by
the collagen fibres during systole.

The anterior papillary muscle is the largest of the three papillary muscles and
usually is composed of a distinct conical muscle with multiple heads with cords
attached, hence it is described as bifid or trifid. Sometimes, there are several
papillary muscles fused together or there is a dominant papillary muscle with
adjoining smaller papillary muscles. They are located between the anteroseptal leaf-
let and the inferior leaflet. Additionally, further support from smaller anterior mus-
cles is provided to the anterior segment of the leaflet (Fig. 1.5). The anterior papillary
muscle extends from the apical portion of the right ventricle. It usually arises or
continues from the moderator band as the latter muscle band crosses the right ven-
tricular cavity. The origin of the anterior papillary muscle from the moderator band
can be midway along the band or close to where the band itself fuses with the right
ventricular free wall, on cross sectional imaging, recognising the moderator band is
one way of distinguishing the morphologically right ventricle from a left ventricle.
Apart from the distinctive moderator band, the right ventricular chamber is criss-
crossed by further muscle bundles termed trabeculations and these mainly occupy
the apical portion. They interconnect extending from the septal to the apical and
parietal walls and these trabeculations are course in comparison to those in the left
ventricle.
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Fig. 1.5 This inflow view of the right atrium to right ventricle displays all three papillary muscles. The
anterior papillary has noticeable multiple heads. AS anterosuperior leaflet, S septal leaflet, M medial
papillary muscle, Ant anterior papillary muscle, Inf Inferior papillary muscle, CS coronary sinus

The inferior papillary muscle attaches between the inferior leaflet and the septal
leaflets. Very often, however, it is not one individual muscle but is made up of a
group of multiple heads of papillary muscles.

The medial papillary muscle is integral to the ventricular septum and it supports the
antero-septal commissure. This is the smallest of the papillary muscles supporting the
tricuspid valve. It usually comprises of only one muscle but it can be accompanied by
several others that also have cordal insertions to the leaflets. But, the medial papillary
muscle is distinguished by its fan-shaped interleaflet cord that inserts to both leaflets.
However, the muscle is not present in every tricuspid complex, one study examining
human tricuspid valves only identified the medial papillary in just over 80% of cases,
in the other cases the tendinous cords directly attached to the septum [40]. When pres-
ent the medial papillary muscle usually has a single head [18] in comparison to the
anterior and inferior papillary muscles and is positioned in a sub infundibular position
on the muscular septum. The medial papillary muscle arises from the superior part of
the septum, adjacent to the bifurcation of the septomarginal trabeculation (SMT) from
the posterior limb of the SMT. The base of the medial papillary muscle is an important
landmark to the emergence of the right bundle branch within the right ventricle.

Pathological Changes in the Tricuspid Valve

The normal tricuspid valve alters during growth and ageing, there is a decrease in
translucency of the leaflets and these become more opaque. Overall the leaflets of
both atrioventricular valves become thicker during ageing [41]. With age,
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elongation and doming of the tricuspid valve apparatus can occur along with
floppy changes and this can lead to valve regurgitation [19]. Heart valve disease is
an increasing clinical challenge encompassing valve replacement and reconstruc-
tion of the valve to maintain appropriate physiological parameters. Newer tech-
nologies, including tissue engineering, are being employed to repair valvar
disease.

The Tricuspid Valve in Disease
Tricuspid Regurgitation

The purpose of an efficient tricuspid valve to the pumping of blood has been
noted since ancient Greece [42]. When the valve fails tricuspid regurgitation
occurs and this is a common condition in asymptomatic patients which can be
associated with an adverse diagnosis. However the study of regurgitation has not
been as extensive as systemic heart disease [43]. Functional regurgitation is a
lesion produced by a disturbance of the efficient coordination of all the elements
of the valve complex such as caused by annular dilatation, elongation of the
valve cords, perforation of the leaflet, and so on. Dysfunction of the valve pri-
marily leads to incompetence and regurgitation of blood back into the right
atrium cardiac output decreases and this can potentially progress to atrial dilata-
tion/fibrillation. There are several etiologies to cause alteration to one or more
valve components resulting in regurgitation. Dilatation of the tricuspid annulus
and the attachment of the leaflets are recognised as the primary mechanisms of
functional TV regurgitation.

Structural anomalies of the valve apparatus include unguarded TV orifice, cord
rupture, flail cords [44], parachute TV [45], double orifice TV, cleft TV, and Ebstein
malformation. Acquired lesions affecting the valve such as prolapse, dysplasia,
floppy TV, papillary fibroelastoma, rheumatic changes, endocarditis, carcinoid dis-
ease, endomyocardial fibrosis, RV dilatation following pulmonary hypertension or
cardiomyopathy and RV dysfunction as a result of myocardial disease, RV ischemia
or infarction can cause tricuspid regurgitation. There are also iatrogenic lesions fol-
lowing interventions in patients with permanent pacemakers or implantable defibril-
lators which may damage the tricuspid valve and cause tricuspid regurgitation. Over
time when the leads and guide wires of such devices become adherent to the valvar
elements that may disturb the cords, papillary muscles or leaflets and be the cause
of valvar insufficiency. Adhesions also put the valve at risk of damage during lead
extraction. Or, the tricuspid valve can be damaged during biopsy collection follow-
ing heart transplantation and this leads to regurgitation of the valve [46]. Use of
circular mapping catheters of the tricuspid valve in adult congenital heart disease
may also increase risk of damage. Overall, regurgitation from the tricuspid valve
can be divided into functional and degenerative in origin. Functional regurgitation
can be caused by an enlarged/dilated ventricle. Degenerative incompetence affects
the valve and the apparatus itself such as; rupture of the cords, or papillary muscles
or damage to the leaflets.
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Fig. 1.6 This case of Ebstein malformation of the tricuspid valve particularly shows the failure of
delamination of the septal leaflet and this is now a bubble-like formation on the ventricular septal
surface. The attachment is not at the atrioventricular junction, indicated by the dotted line. This
case of Ebstein also shows the atrialisation of a portion of the right ventricular wall. The anterosu-
perior leaflet is forming the curtain of valve tissue to separate inflow from outflow in this ventricle.
OF oval fossa, AS anterosuperior leaflet, S septal leaflet, Dotted line atrioventricular junction

Among the congenital abnormalities of the TV causing regurgitation, Ebstein
anomaly is probably the most distinctive although its milder forms may be missed.
This malformation can be associated with other congenital heart defects but more
commonly it co-exists with an atrial septal defect. Developmentally, there is incom-
plete delamination of the septal and inferior leaflets from the ventricular wall/septum
causing the hingelines of these two leaflets to be located well within the ventricular
chamber, away from the level of the atrioventricular junction (Fig. 1.6). The most
affected site is usually the region between the inferior and septal leaflets [47]. In
cross-sectional imaging, the four chamber plane shows increase in length of offset at
the septum between the mitral and tricuspid insertions, with the tricuspid more api-
cally displaced than normal. In mildly affected cases, the increased offset can be
difficult to recognise. In severe more forms, the septal leaflet may be appear like an
bubble of tissue on the septum, or be missing altogether. The lack of delamination of
the affected leaflets can result in the corresponding ventricular inferior wall becom-
ing thinner, resembling the thickness of the atrial wall, and described as atrialisation
of the ventricle. Indeed, in such cases the atrial chamber appears larger than it is,
even taking into account the effect of tricuspid regurgitation. The antero-superior
leaflet is well delaminated and hinged appropriately to the atrioventricular junction.
However, it is never entirely normal. Often it is large, deeper than normal, and has
abnormal attachments and abnormal papillary muscles supporting it. Sometimes, its
leaflet may be muscularised, leading to suggestions that the muscle may be sub-
strates for accessory atrioventricular pathways. In some severe forms, instead of
attaching to papillary muscles, its free edge may be attached to a large muscle band
that subdivides the right ventricle. This arrangement can result in the effective orifice
of the valve that is the gap between the septum and the antero-superior leaflet being
displaced toward the right ventricular outlet and becoming much reduced in size,
leading to valvar incompetence and stenosis.
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Other examples of congenital tricuspid malformations causing regurgitation
include leaflet dysplasia, cordal elongations with hooding of leaflets, accessory ori-
fices, breach or cleft in a leaflet, and agenesis of one or more leaflets.

Valvar Stenosis

Stenosis of the tricuspid valve involves one or more elements of the valvar appara-
tus that is abnormally formed or become changed resulting in reduction of flow
from the atrium to the ventricle. For instance, reduction in annular size results in
narrowing of the effective atrioventricular orifice as the tricuspid valve fails to open
fully in diastole thus hindering filling of the ventricle Tricuspid stenosis can take
various pathologies from acquired to congenital origins.

Acquired tricuspid stenosis includes forms of degenerative disease, endocarditis,
stiffening of the leaflets and calcification. Some cases of endocarditis develop perfora-
tions in the leaflets leading to regurgitation. The tricuspid valve is the most frequently
affected valve in carcinoid heart disease resulting in tricuspid stenosis. Furthermore,
the leaflets become thickened with increased fibrosis resulting in stiffening and
reduced overall motility. Vegetations on the tricuspid leaflets can also affect leaflet
motility and hazard of embolic event. Rheumatic disease is also a cause of stenosis
where thick leaflets have restricted motion, there is fusion at the commissures, short-
ening of cords as well as reduced separation of the leaflets leading to a restricted ori-
fice. Ultimately, the valve becomes stenotic as well as regurgitant. Globally the most
common cause of tricuspid stenosis is rheumatic fever most often found in children.

Congenitally malformed tricuspid valves obstructing inflow into the right ven-
tricle can occur in isolation or with other congenital heart lesions. The underlying
malformation affect one or more elements of the valve e.g. underdeveloped leaflets,
short and thickened or fused tendinous cords, a small annulus or abnormal papillary
muscles. The extreme example of the malformation is in the rare setting of tricuspid
atresia in infants where there is complete occlusion of the tricuspid valve orifice
owing to fusion of the valvar leaflets forming an imperforate membrane across the
atrioventricular junction. It is pertinent to highlight that the more common forms of
‘tricuspid atresia’ are hearts without any evidence of a tricuspid valve (Fig. 1.7).
These are hearts with univentricular atrioventricular connection in which the right
sided atrium has no egress to the ventricular mass other than through an interatrial
communication to the left side of the heart, in other words these are hearts with
absence of the right atrioventricular connection.

Congenital tricuspid valve stenosis is often seen in association with obstructions to
right ventricular outflow e.g. severe pulmonary stenosis or atresia. Most commonly,
the valvar leaflets in these settings are thickened, with rolled edges, and the cords are
short and thick. Or, the commissures are fused or incompletely separated. Rarely, the
tricuspid valve may be supported by a single group of papillary muscles resulting in
ineffective separation of the leaflets and, consequently, inadequate opening of the val-
var orifice similar to that of a parachute mitral valve. Tricuspid valve dysplasia pre-
senting with mucoid degeneration (Fig. 1.8), cauliffower formation of the leaflets may
occur in isolation. In such cases concomitant stenosis and regurgitation may occur.
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Fig. 1.7 In this case the is
no evidence of the
formation of a tricuspid
valve. This is termed
absent right
atrioventricular connection
(sometimes referred to as
tricuspid atresia). OF oval
fossa, CS coronary sinus,
App. Right atrial
appendage, RA right atrium

Fig. 1.8 In this example
of tricuspid dysplasia the
leaflets and highly
thickened and not as
mobile as the cords area
also shortened leading to
valve regurgitation. AS
anterosuperior leaflet,

S septal leaflet

Straddling Tricuspid Valve

In the presence of a ventricular septal defect the tricuspid valve can straddle the
defect [48] with cords attaching within the left ventricle or the cords can be anchored
to a papillary muscle within the left ventricle. If the ventricular septal defect is asso-
ciated with malignment of the septums then not only is the valve leaflet straddling
across the defect but the valve orifice may also override the septum resulting in
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tricuspid inflow going to both ventricles. The malignment of the atrial and ventricu-
lar septums at the atrioventricular junction in this setting is also associated with
deviation of the atrioventricular node rightward and inferiorly.

Conclusion

The tricuspid valve, like the mitral valve, requires coordination and integrity of its
various components for normal function. It is a common misconception to consider
avalve solely in terms of its leaflets. For proper function, the tricuspid valve requires
all its component parts i.e. the annulus with extension of atrial wall, the leaflets,
tendinous cords, papillary muscles and the associated ventricular/septal walls to
work in harmony. Not only that, the surrounding cardiac structures should be exam-
ined prior to considering any interventional procedures on the valve. Of particular
note are the locations of the atrioventricular node and His bundle of the conduction
system. The course of the right coronary artery should also be taken into account.
There is still much to learn about the complex tricuspid valve. Understanding the
valve features in the normal valve, the normal spectrum of variation, the natural
changes that occur during ageing and those changes during disease will help in
understanding the changes that occur to this dynamic and highly mobile structure.

Take Home Points

e The tricuspid valve is not simply the leaflets but a valve complex involving the
cords, papillary muscles, annulus and the surrounding musculature.

e The valve remodels during aging becoming thicker and prone to regurgitation.

e With numerous scallops, cord attachment and papillary muscle morphology, the
tricuspid valve has greater variation than the anatomy of the mitral valve.

Review Questions

1. Which of the following sentences is correct?

(a) The tricuspid valve has greater variation than the anatomy of the mitral valve

(b) The tricuspid valve has always three clearly identifiable three leaflets as
proven on post-mortem studies

(c) the tricuspid valve leaflets position is less apical than those of the mitral
valve

(d) The tricuspid valve is not always associated with a morphological right
ventricle.
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2. Which of the following sentences is correct?

(a)
(b)

(©
(d

The tricuspid valve leaflets are uniform throughout in structure?

The tricuspid valve septal and anterior leaflets are uniform throughout in
structure?

The tricuspid valve septal and posterior leaflets are uniform throughout in
structure?

The tricuspid valve leaflets are not uniform throughout in structure?

3. Which of the following sentences is correct?

(a)
(b)

(©
(d

Two of the tricuspid valve papillary muscles are attached to septum

Unlike the left heart valves, the tricuspid valve is remote from the pulmonary
valve

The tricuspid orifice is smaller than the mitral orifice

The tricuspid annulus has a near horizontal location

4. Which of the following sentences is correct?

(a)
(b)
(c)
(d)

The attachment of the tricuspid valve leaflets crosses the atrioventricular
node?

The attachment of the inferior (posterior) tricuspid valve leaflet is the closest
to the atrioventricular node?

The attachment of the anterior (anterosuperior) tricuspid valve leaflet is the
closest to the atrioventricular node?

The attachment of the septal tricuspid valve leaflet is separated by the central
fibrous body from the atrioventricular node?

5. Which of the following sentences is correct?

(a)

(b)
(©
(d

The right coronary artery runs in closest proximity to the tricuspid annulus
at its initial course.

The right coronary artery runs always above to the tricuspid annulus.

The right coronary artery runs always below to the tricuspid annulus.

There is a gradual shortening of the distance between the right coronary
artery and the endocardial surface toward the inferior segment of the annulus
to <3 mm.
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Chapter 2
Clinical Recognition of Tricuspid
Valve Disease

Ashraf M. Anwar, Folkert J. ten Cate, and Osama I. Soliman

Abstract Tricuspid valve (TV) dysfunction can result from morphological altera-
tions in the valve or from functional aberrations of the myocardium. It can be classi-
fied as primary and secondary. Primary TV disease with intrinsic structural abnormality
is less common than diseases of the aortic and mitral valves. The slow progression of
the disease leads to delayed appearance of symptoms. The physical signs are often
less impressive. Hence, it may go undetected until advanced stage results in hepato-
megaly, ascites, and leg edema. The secondary form of TV disease is far more com-
mon and is often the result of annular dilatation with incomplete valve closure. The
functional abnormalities may be in the form of pure or predominant tricuspid stenosis
(TS), pure or predominant tricuspid regurgitation (TR), or mixed.

Keywords Tricuspid ® Valve ¢ Stenosis ¢ Regurgitation ¢ Epidemiology ¢ Aetiology
* Imaging ¢ Diagnosis ® Natural history ® Therapy ® Outcome

Tricuspid Stenosis

Most cases of tricuspid stenosis (TS) are associated with a clinical evidence of tri-
cuspid regurgitation (TR) that can be documented by performing a physical exami-
nation, echocardiography, or angiography. Stenotic tricuspid valves are always
anatomically abnormal, and the cause of valve stenosis is limited to a few condi-
tions. With the exceptions of congenital causes or active infective endocarditis, TS
takes years to develop [1].
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Frequency [2]

United States: TS is rare, occurring in less than 1% of the population. While found
in approximately 15% of patients with rheumatic heart disease at autopsy, it is esti-
mated to be clinically significant in only 5% of these patients. The incidence of the
congenital form of the disease is less than 1%.

Worldwide: TS is found in approximately 3% worldwide. It is more preva-
lent in areas with a high incidence of rheumatic fever. The congenital form of
the disease is rare and true incidence is not known.

Natural History

Few data are available on the natural history of isolated TS because it typically
accompanies rtheumatic mitral valve disease. As for mitral stenosis (MS), TS is the
result of a chronic, slowly progressive disease process correlating with a gradual
increase in stenosis severity and gradual onset of symptoms. The mortality associ-
ated with TS depends on the precipitating cause.

Prevalence: TS can present as a congenital lesion and accounts for approximately
0.3% of all congenital heart disease cases. The congenital form of the disease has a
slightly higher male predominance. The frequency of TS in the older population, due
to secondary causes, ranges from 0.3 to 3.2%. It is observed more commonly in women
than in men, similar to mitral stenosis of rheumatic origin [3]. No racial predisposition
is apparent.

Clinical Features

Many variables are affecting the presentation of TS. They include the degree of TS,
duration of TS, associated underlying etiology and concomitant cardiac lesions. It is
difficult to separate symptoms specific to TS from those of mitral stenosis and/or
regurgitation [4]. In isolated TS, the following symptoms can be identified.

Common Symptoms

*  Weakness and easy fatigability, due to low cardiac output.
e Edema and anorexia.
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Less Common Symptoms

* Fluttering pulsations in the neck.

* Rightupper quadrant abdominal pain due to stretch of liver capsule. The Systemic
venous congestion onset is usually gradual, but it may be rapid if atrial fibrilla-
tion or flutter develops.

Rare Symptoms

e Orthopnea, paroxysmal nocturnal dyspnea, pulmonary edema and hemoptysis
(high suspicion of concomitant mitral valve disease).
* Flushing and diarrhea in metastatic carcinoid tumor.

Important clues: In patient with significant MS, the following findings are high
indices of concomitant TS:

e Unexpected amelioration of typical symptoms of MS e.g. dyspnea, hemoptysis,
and orthopnea (due to limited cardiac output to the pulmonary bed).

* Elevated jugular venous pressure (JVP) out of proportion to signs of pulmonary
congestion.

Physical examination: clinical manifestations are far overshadowed by those
attributable to the associated left-sided (particularly mitral) valve disease. The spe-
cific physical findings of TS are [4, 5]:

e Wasting and peripheral cyanosis.

* Elevated central venous pressure.

e With sinus rhythm (more common with TS than with mitral stenosis), the “a”
wave is prominent, rapid rising and may be confused with carotid pulse. It occurs
at the time of first heart sound due to powerful right atrial (RA) contraction
against stenotic TV (Fig. 2.1). If atrial fibrillation occurs, the “a” wave is lost.

A C
X Vv
/\/\)E/\(/ Normal waves
1 1
A
—/\/\/\ Tricuspid stenosis

. . Tricuspid Regurgitation
Fig. 2.1 JVP findings in

tricuspid valve disease
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Table 2.1 Stages of severe TS

Hemodynamic
Stage | Definition | Valve anatomy | Valve hemodynamics | consequences | Symptoms
C,D |Severe TS | Thickened, | PHT >=190 ms « RA/VC e None or
distorted, |* Valve area =<1 cm’ enlargement variable
calcified presentations
leaflets * Dependent
on severity of
valve
associated
disease and
degree of
obstruction

Reprinted with permission from Nishimura et al. [6]

The transtricuspid diastolic gradient is highly variable and is affected by heart rate, forward flow,
and phases of the respiratory cycle. However, severe TS usually has mean pressure gradients
>5-10 mm Hg at heart rate 70 beats/min [7]

bpm beats per minute, /VC inferior vena cava, RA right atrium, PHT pressure half-time, 7S tricus-
pid stenosis

e Peripheral oedema and ascites (with severe TS).

e Slow ‘y’ descent.

e A prominent RA may be palpable to the right of the sternum.

e The first heart sound may be split widely.

e The second heart sound may be single due to the inaudible closure of the pulmo-
nary valve from the decrease in blood flow through the stenotic tricuspid valve.

» High pitched tricuspid opening snap if the TV is flexible and not obscured by MS
sounds.

e Low pitched diastolic rumbling murmur is audible along the left lower sternal
border in the third or fourth intercostals space or at the xiphoid process. In sinus
rhythm, the murmur is maximal at end-diastole (pre-systole) while in AF, the
prominence of murmur in early to mid-diastole. Murmur usually increases with
inspiration and with any maneuver that increase the systemic venous return to
RA and drop in right ventricular (RV) filling pressure e.g. exercise, intravenous
fluid, Atropine administration ...etc.

Stages of TS: According to AHA/ACC (Table 2.1), only late two stages are iden-
tified (severe asymptomatic and severe symptomatic). The early two stages (at risk
and progressive) were not defined [6].

Aetiology and Pathogenesis

At least four conditions can cause obstruction of the native TV. These include (1)
rheumatic heart disease, (2) congenital abnormalities, (3) active infective endocar-
ditis, and (4) metabolic or enzymatic abnormalities.
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Rheumatic Heart Disease

In more than 90% of cases of TS, rheumatic heart disease is the cause. Rheumatic
involvement of the TV is far less common than the mitral and the aortic valves.
Isolated rheumatic TV disease is rare. Clinically significant TV disease almost
always associated with rheumatic MS and up to 67% of patients with mitral valve
disease showed involvement of TV with rheumatic process. Rheumatic process
include diffuse thickening of the leaflets with contraction and fibrosis with or with-
out fusion of the commissures. The chordae tendineae may be thickened and short-
ened. Calcification of the valve is rare [8, 9].

Congenital Tricuspid Stenosis

Congenital TS is characterized by a small but well-formed TV that joins an underde-
veloped inlet portion of the RV. It represents a less severe form of tricuspid atresia.
Abbott’s series of 1000 cases of congenital heart disease identified only three cases of
congenital TS (0.3% prevalence [3]). Hauck et al. reviewed the Mayo Clinic’s regis-
try of excised tricuspid valves over 25 years. Out of 363 valves, only one showed TS
without tricuspid insufficiency, and 3 showed combined stenosis and insufficiency.
There was only one case of congenital TS. They may manifest as incompletely devel-
oped leaflets, shortened or malformed chordae, small annuli, abnormal size and num-
ber of the papillary muscles, or any combination of these defects [3, 10].

Infective Endocarditis

Infective endocarditis of the TV is not uncommon among intravenous drug abusers.
It may also be observed in patients with long-term intravenous lines. Large infected
vegetations obstructing the orifice of the TV may produce stenosis. This condition
is relatively uncommon, even in those who abuse intravenous drugs. The clinical
presentation is one of general systematic symptoms such as fever, weight loss, ane-
mia, and fatigue; or of pulmonary embolism; or of right heart failure with hepatic
congestion, peripheral edema, and ascites.

Carcinoid Heart Disease

Carcinoid tumors arising in the intestinal tract with secondary liver metastases are
commonly associated with valvular pathology. The most commonly affected valve is
the TV followed by the pulmonary valve. Occasionally, the left-sided heart valves
may be affected when the primary carcinoid tumor is in the lung. Carcinoid valve
lesions characteristically manifest as fibrous white plaques located on the valvular and
mural endocardium. The valve leaflets are thickened, rigid, and reduced in area.
Fibrous tissue proliferation is present on the atrial and ventricular surfaces of the valve
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structure. The valve leaflets are held partially open during systole and diastole leading
to TS and TR. These lesions are observed more commonly in infants [11, 12].

Unusual Causes

e Metabolic abnormalities: Fabry disease, Whipple disease and giant blood cysts.

* Deposition abnormalities: Lofferler’s syndrome, endomyocardial fibroelastosis.

* Drug-induced deposition (serotonin like substances): Methysegide, Ergotamine,
Fenfuramine.

Differential Diagnosis

Diseases are mimicking TS due to delay of RA emptying in diastole [12—15]
include:

e Atrial Myxoma

e Other intracardiac or extracardiac tumors,

e Thrombosis or emboli,

» Large endocarditis vegetations,

* Supravalvular obstruction from congenital diaphragms,
* Endomyocardial Fibrosis,

e Tricuspid Atresia.

Diseases that impair right-sided filling can produce similar symptoms and physi-
cal findings. These conditions include:

¢ Constrictive Pericarditis
¢ Effusive-Constrictive Pericarditis
» Restrictive Cardiomyopathy

Investigations

* Electrocardiogram: ECG may show evidence of right atrial hypertrophy with tall
peaked P waves. Atrial fibrillation and atrial flutter occur frequently. Absence of
ECG abnormalities cannot be used to exclude significant tricuspid disease.

e Chest Radiography: Chest X-ray eaxamination may show an enlarged right
atrium without an enlarged pulmonary-artery segment. Cardiac size may range
from normal to cardiomegaly. Calcification of the TV is rarely observed.

* Echocardiography: Two-dimensional and three-dimensional echocardiography
are used to detect and quantify TS and for quantification of cardiac chambers,
determination of right ventricular and pulmonary pressures and detection of
associated other heart valve abnormalities [7].
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e Cardiac catheterization: Due to accuracy of echocardiographic assessment of
TV, catheterization is rarely necessary. It may be required prior to surgery to
assess for possible coronary artery disease. Right heart catheterization can help
to determine the severity of the stenosis and associated congenital defects.
Assessment of aortic and mitral valves via left heart catheterization is useful in
patients with rheumatic disease.

Management

1. Life Style Modification

e Fluid and sodium restriction is prudent if signs of venous congestion are
present.

* No specific dietary restrictions are necessary.

* Activity is usually self-limited by the patient because of easy fatigability sec-
ondary to oxygen deprivation. No activity restrictions are necessary after
invasive treatment.

2. Pharmacotherapy: The goals of pharmacotherapy are to reduce morbidity and to
prevent complications.

e Treatment of the underlying condition—e.g., antibiotics for infective
endocarditis.

e Treatment of associated arrhythmias.

* Management of heart failure. Loop diuretics may be useful to relieve sys-
temic and hepatic congestion in patients with severe, symptomatic TS,
although their use may be limited by worsening low-flow syndrome.

3. Surgery: Surgery is usually carried out in severe TS at the time of intervention
for the other left sided valves and in symptomatic isolated severe TS.

4. Balloon valvuloplasty: Tricuspid balloon valvotomy has been advocated for TS
of various causes. However, severe TR is a common consequence of this proce-
dure, and results are poor when severe TR develops [16, 17].

Prognosis: Prognosis is generally good but dependent on the prognosis of the
underlying disease, associated other heart abnormalities and associated
arrhythmias.

Consultations

» Consultation with infectious disease specialists may be appropriate if the steno-
sis is secondary to an infectious process.

* Anendocrinologist may be of assistance if carcinoid syndrome or an inborn error
of metabolism is the cause of the pathology.
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Tricuspid Regurgitation

Tricuspid regurgitation (TR) is a common valve lesion. Prevalence of moderate-to-
severe TR is estimated to be 1.6 million in the United States [17]. Using echocar-
diography, the Framingham Heart Study investigators found a prevalence of
moderate or severe TR of 0.8% and an increased prevalence with ageing. Overall,
the prevalence of significant TR was 4.3 times greater in women than in men [18].
The pathophysiology is divided into three major categories:

1. Physiologic TR: It is described as trivial to mild TR frequently detected by echo-
cardiography in normal subjects with the absence of TV pathology and dilated
chamber sizes. It is seen in over 70% of healthy adults [19].

2. Primary (organic) TR: About 14% of significant TR may occur in the absence of
structural TV alterations, pulmonary hypertension, or left heart dysfunction but
due to local destruction of TV [20]. It can occur with or without TS. A long list
of aetiologies account for organic TR.

3. Secondary (functional) TR: is defined as TR without any identifiable structural
damage of the TV leaflets or chordae. More than 80% of cases of significant TR
are functional in nature with male predominance. It is related to one or more of
the following mechanism [21, 22]:

e Annular dilatation due to RV and/or RA dilatation results in lack of leaflet
apposition.

* Increased tricuspid leaflet tethering in relation to RV pressure and/or volume
overload e.g., pulmonary hypertension.

e Distortion of RV shape and papillary muscles e.g. RV infarction and intrinsic
disease of the RV (Table 2.2).

Pathophysiology

The pathophysiology of secondary TR can be divided into three phases [13, 23, 24].
In the first phase, initial RV dilation results in tricuspid annulus dilation. Dilation of
the tricuspid annulus occurs mainly in its posterior and anterior portions. Depending
on the degree of annular dilation, TR may or may not be present. In the second
phase, with progressive dilation of both RV and tricuspid annulus, malcoaptation of
TV leaflets leads to significant TR. Finally, with progressive RV distortion and
eccentricity, tethering of the leaflets occurs, in addition to tricuspid annulus
dilation.

Presentation: AHA/ACC guidelines [6] categorized the with TR patients
according to the stages of valve lesion (see Table 2.3).

In primary TR, patients can be asymptomatic. Even severe TR may be well toler-
ated for a long period of time. With the development of RV systolic dysfunction,
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Table 2.2 List of underlying aetiologies of primary and secondary TR

Primary TR: diseases of the TV leaflets or chordal structures, or both
Congenital disease

* Ebstein’s anomaly

» Tricuspid valve dysplasia, hypoplasia, or cleft

* Double orifice TV

e Unguarded tricuspid valve orifice

Acquired disease

* Infective Endocarditis (e.g., intravenous drug abuse).
* Marantic endocarditis

* Rheumatic heart disease

» Carcinoid syndrome, serotonin-active drugs

e Tricuspid valve prolapse, flail

* Mediastinal radiation

e Cardiac device (PPM, ICD) leads

* Blunt chest wall trauma

* Right ventricular endomyocardial biopsy

e Degenerated bioprosthesis

Secondary TR: Diseases affecting the right ventricle and tricuspid annulus
e Right ventricular and tricuspid annular dilatation,

e Left-sided valvular and/or myocardial disease,

* Pulmonary hypertension independent of left-sided cardiac pathology,

* Right ventricular infarction with remodeling,

* Papillary muscle dysfunction,

» Chronic right ventricular pacing (dyssynchrony),

* Atrial fibrillation.

symptoms of systemic venous congestion appear. In secondary TR, the spectrum of
presenting symptoms depends on underlying aetiology, chronicity of TR and pres-
ence or absence of pulmonary hypertension.

e It is often asymptomatic in the absence of pulmonary hypertension.

e Development of pulmonary hypertension leads to reduction of cardiac output
and features of right heart failure with dyspnoea, fatigue, cyanosis, cold skin,
oedema and discomfort in the right hypochondrium.

* Ascites and oedema.

e Neck pulsation or eyeball pulsation.

Physical Examination

Findings on cardiovascular examination in patients with significant TR include the
following:

e Cachexia, peripheral oedema.
e Cyanosis and jaundice.
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* Diminished peripheral pulse volume secondary to low cardiac output.

e Atrial fibrillation.

e Venous systolic thrill in the neck may present in severe TR.

* Jugular venous pressure is elevated with a prominent systolic ‘v’ wave in 35% to
75% of patients (Fig. 2.1).

* Ascites.

e Hepatomegaly in 90% of patients. Palpable systolic pulsations of an enlarged
and tender liver is less common.

* Pulmonary rales, if the tricuspid regurgitation is associated with left ventricular
dysfunction or mitral stenosis.

e Right ventricular impulse is hyperdynamic and may be thrusting in quality.

* Heart sounds and murmurs:

— In presence of pulmonary hypertension, the pulmonary component of the sec-
ond heart sound becomes accentuated and a high-pitched pansystolic murmur
is audible most prominent in the fourth intercostal space in the left parasternal
area. The murmur is accentuated during inspiration, with exercise, with legs
raised, and with direct liver compression.

— In the absence of pulmonary hypertension, the pulmonary component of the
second heart sound is normal and the murmur is usually low-pitched and short
(limited to first half of systole).

— In RV failure, RV S; and S, gallop that increases with inspiration can be
detected.

— Intricuspid valve prolapse, murmur is late systolic and mid-systolic click may
present.

— In advanced stage of severe TR, the murmur is barely audible or absent due to
ventricularization of RA.

— Diastolic TR: It can occur if atrial contraction is not followed by ventricular
contraction at regular interval e.g. heart block, restrictive cardiomyopathy,
severe pulmonary regurgitation.

Differential Diagnosis

 Atrial Fibrillation

 Biliary Disease

* Ebstein Anomaly

e Cardiac Cirrhosis and Congestive Hepatopathy
e Cor Pulmonale

e Dilated Cardiomyopathy

e Eisenmenger Syndrome

e Heart Failure

* Intestinal Carcinoid Tumor

e Mitral Regurgitation
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VR

Fig. 2.2 ECG findings in Ebstein anomaly
Investigations

ECG (Fig. 2.2): Findings are usually nonspecific; they may show right atrial hyper-
trophy (tall peaked ‘p’ waves), incomplete right bundle-branch block, Q waves in
lead V1, and atrial fibrillation.

Chest Radiography: Chest X ray has limited utility. It may show one or more of
these findings:

* Marked cardiomegaly

» Evidence of elevated right atrial pressure may include distention of the azygous
vein and pleural effusions

* Ascites with diaphragmatic elevation may be present

e Pulmonary arterial and venous hypertension is common

Echocardiography: is the main diagnostic modality to detect and quantify TR
and for quantification of cardiac chambers, determination of right ventricular and
pulmonary pressures and detection of other associated heart valve abnormalities
(see Chaps. 5 and 6).

Cardiac magnetic resonance (CMR): CMR is the preferred method when
available, for evaluating RV size and function (see Chap. 8).

Cardiac catheterisation: Catheterization may be required prior to surgery to
rule out coronary artery disease and help determine the severity of the regurgitation
and associated congenital defects (see Chap. 13).

Natural History and Prognosis

Moderate or greater degree of TR, regardless of aetiology, usually engenders wors-
ening TR owing to overload, resulting in a slow and inexorable clinical and hemo-
dynamic deterioration [25-27]. There are key facts that could summerize the natural
history and prognosis of TR:
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 Significant reduction in exercise functional capacity due to impaired cardiac out-
put in severe TR.

» Severe TR has a poor prognosis, even if it may be well tolerated functionally for
years.

e Prolonged volume overload may result in ventricular dysfunction and irrevers-
ible myocardial damage.

e Atrial arrhythmias are common secondary to RA enlargement and may be diffi-
cult to treat in the presence of chronic and severe TR.

e Flail TV (classically associated with severe TR) is associated with decreased
survival and increased risk of heart failure.

* TR may persist even after successful correction of left-sided lesions.

e Pulmonary hypertension, increased right ventricular pressure and size,
impaired RV function, atrial fibrillation, pacemaker leads and the severity of
tricuspid valve deformation are important risk factors for persistence or late
worsening TR.

Medical Therapy

In brief, medical therapy used in the treatment of TR is directed primarily toward
control of left-sided heart failure that is causing or contributing to the problem.
However, there are no data on the efficacy of various pharmacological approaches
in severe TR. In addition to reduction of fluid and salt intake, the following medica-
tions can be used:

Diuretics: Diuretics are used to control the fluid overload associated with TR. The
dose must be individualized to the patient according to his loading status and response
to diuesis. Dose is titrated until a satisfactory effect is achieved.

Anti-arrhythmics: To control atrial fibrillation and to increase myocardial
contractility.

Digoxin (Lanoxin): Its direct inotropic effects on cardiac muscle lead to increase
of myocardial systolic contraction. Its indirect actions result in increased carotid
sinus nerve activity and enhanced sympathetic withdrawal for any given increase in
mean arterial pressure.

ACE Inhibitors: ACE inhibitors are used to provide afterload reduction, thereby
decreasing the RV volume load.

Long-Term Monitoring

Patients with a history of TR should be carefully monitored for control of any heart
failure. Repeat echocardiography is indicated at 6-month intervals for patients in
whom the valve has been repaired. Annual echocardiography should be considered
in patients in whom valve has been replaced.
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Tricuspid Regurgitation _
Class lla
+ + | + Class llb
Progressive functional TR Asymptomatic severe TR Symptomatic severe TR
(stage B) (stage C) (stage D)
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Fig. 2.3 Indications for Surgery are shown on the figure in respect with stages of presentation as
well as grading of severity. See Table 2.2 for definition of stages. Tricuspid annulus dilatation is
defined by >40 mm on TTE >21 mm/m?) or >70 mm on direct intraoperative measurement. LV left
ventricular, PHTN pulmonary hypertension, RV right ventricular, 7A tricuspid annular, 7R tricus-
pid regurgitation, 77TE transthoracic echocardiogram, TV tricuspid valve, TVR tricuspid valve
replacement. Reprinted with permission from Nishimura et al. [6]

Surgical Intervention: Surgical options include annuloplasty and valve replace-
ment. Timing of surgery and selection of proper intervention will be discussed later
Chap. 17. Figure 2.3 outlines ACC/AHA guidelines for treatment of patients with TR.

Percutaneous Interventions: Many techniques applied for mitral valve are
tested for correction of TR e.g. TriAlign, MitraClip system, Millipede system and
valve stent. More details are discussed in Chap. 18.

Approach Considerations

The choice of treatment for TR depends on the aetiology and severity of the condi-
tion. Dreyfus et al. [28] classified the functional TR into three stages:

— Stage 1: No or mild TR, normal annulus diameter <40 mm and good surface
of coaptation between leaflets. In this stage, no surgical intervention is indicated.

— Stage 2: Mild or moderate TR, dilated annulus >40 mm and leaflet coaptation occur-
ring only at the edges. In this stage, surgical tricuspid annuloplasty is recommended.

— Stage 3: Severe TR, Dilated annulus >40 mm and leaflet coaptation occurring
only at the edges or not at all. Leaflet tethering may be added. In this stage, surgical
tricuspid annuloplasty is recommended. Augmentation of the anterior leaflet is indi-
cated if significant tethering is present.
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Specific Conditions

Flail TV: Flail tricuspid leaflet has been defined as a prolapsed TV leaflet with excur-
sion of the leaflet edge and/or free chords into the RA during systole. Flail TV leaf-
lets causing severe TR is usually due to blunt chest trauma and can be identified years
later [29, 30]. Its frequency is underestimated because initial attention is usually
placed on other organ injuries. The right ventricle is being vulnerable to blunt trauma
and acute elevation of its intraventricular pressure results in injury of the TV appara-
tus. Furthermore, flail TV can be caused by infective endocarditis or is a conse-
quence of a myxomatously degenerated valve. Messika-Zeitoun et al. [25] reported a
traumatic cause in 62% of patients, related to blunt chest trauma (mostly motor vehi-
cle accident) in 50% and iatrogenic chordal severing (mostly right ventricular biopsy)
in the other 50%. Non-traumatic causes were myxomatous (12%), infective endocar-
ditis (8%), and congenital (3%). The most frequently reported mechanism of injury
is chordal rupture, followed by rupture of the anterior papillary muscle and leaflet
tear, primarily of the anterior leaflet. Early surgery should be considered because of
high risk of long-term poor prognosis and the likelihood of repair is high.

Ebstein Anomaly: Ebstein anomaly is a congenital malformation that is character-
ized by apical displacement of the septal and posterior TV leaflets, leading to atrial-
ization of the RV with a variable degree of malformation and displacement of the
anterior leaflet. Ebstein anomaly probably accounts for 0.5% of cases of congenital
heart diseases. Ebstein anomaly is more common in children of white females with
no specific sex predominance exists. It can present at various stages of life [31].

¢ Fetal life: It is usually diagnosed incidentally by echocardiography.

e Neonatal life and infancy: It presents with cyanosis and/or severe heart failure;
typically, symptoms present in infancy and later on improve as pulmonary vas-
cular resistance decreases.

e Adult life: It presents with fatigue, exertional dyspnea, cyanosis, TR and/or right
heart failure, palpitations; and arrhythmias are common.

Ebstein anomaly presents with a spectrum of congenital abnormalities of the TV
and the right ventricle. Treatment of Ebstein anomaly is complex and dictated
mainly by the severity of the disease itself and the effect of accompanying congeni-
tal structural and electrical abnormalities [32]. Treatment options include medical
therapy, radiofrequency ablation, and surgical therapy.

Pacemakers and Defibrillators-Induced TR: The current literature regarding
symptomatic, lead-related TR following ICD or PPM is based mainly on case
reports and observational studies [33]. The prevalence of TR is between 25 and 29%
of patients with PPM. TR may worsen, or new TR may develop after up to 7 years
of device implantation [34]. The possible mechanism of new development or wors-
ening of TR is one or more of the following [35-37]:

e Mechanical causes such as scar formation or thrombus on the leads impairing
closure.
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e Perforation or lacerations of valve leaflets are most commonly noted at the pos-
terior leaflet.

e Asynchrony, resulting from abnormal RV activation from a pacemaker.

e Adherence of the pacemaker leads to the TV leaflets, and even more commonly
to the papillary muscles.

When clinically significant, management typically involves percutaneous extrac-
tion of the offending leads. Larger, prospective, and well-controlled studies are
needed to truly assess the incidence and timing of TR after lead implantation along
with associated prognosis and mortality [35]. Pacemakers and defibrillators induced
TR are discussed in more details in Chap. 4.

Secondary TR due to pulmonary hypertension: Pulmonary hypertension is a
common cause of functional TR. Pulmonary artery systolic pressure is a strong
determinant of TR severity, but many patients with pulmonary hypertension do
not exhibit significant TR. In addition to PASP, demographic characteristics,
mechanical factors, remodeling of the right heart cavities, and other factors (pos-
sibly reflecting the presence of atrial fibrillation or occult organic TV disease) are
predictive of TR severity [38]. In patients with pulmonary hypertension secondary
to pulmonary thromboembolic disease, pulmonary thromboendarterectomy alone
has been shown to reduce not only pulmonary hypertension but also TR without
the need for concomitant tricuspid annuloplasty even if the tricuspid valve annu-
lus is dilated. TR secondary to severe primary pulmonary hypertension is usually
treated with pulmonary vasodilator and diuretic therapy alone because of the risk
of cardiac surgical intervention and the poor overall prognosis [39].

Carcinoid heart diseas (See TS)

Left ventricular assist devices (LVAD): Almost 50% of patients referred for
implantable LVAD have significant TR. severe RV dysfunction is a predictor of
high postoperative mortality. Concomitant TV procedures (repair or bioprosthesis)
for severe TR promotes RV reverse remodeling and improved clinical outcomes
[40, 41].

Pregnancy: The patient with isolated severe TR without RV dysfunction gener-
ally tolerates pregnancy well and rarely causes any clinical sequelae during preg-
nancy, labor or delivery, and rarely requires correction prior to pregnancy. However,
maternal risk can be increased in severe symptomatic TR or in women with RV
dysfunction. The management of severe TR with heart failure is usually conserva-
tive during pregnancy. In severe symptomatic TR, repair should be considered pre-
pregnancy. The preferred mode of delivery is vaginal in almost all cases [42].

Tricuspid Atresia

In patients with tricuspid atresia, venous blood returning to the RA can only exit via
an intra-atrial communication. Other cardiovascular anomalies may co-exist with
tricuspid atresia—e.g., transposition of the great vessels.
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Presentation

e Tricuspid atresia is usually detected in infancy with cyanosis, heart failure and
growth restriction.

» Raised jugular venous pressure.

e The left ventricular impulse is prominent because of volume overload. The api-
cal impulse is displaced to the left of the mid-clavicular line.

e The liver may be large and pulsatile.

e There is usually a single first heart sound that may be increased in intensity. The
second heart sound may be single or normally split.

e Cardiac murmurs are often present:

— A pansystolic murmur, which may signify blood flow through the ventricular
septal defect.

— Systemic-to-pulmonary arterial collaterals or arterial-to-pulmonary arterial
anastomoses surgically created to improve pulmonary blood flow, which may
cause a continuous murmur.

— A murmur indicating mitral regurgitation, which may be present.

Investigations

* Full blood picture may show polycythaemia.

¢ Blood gases may show hypoxaemia and acidosis.

¢ CXR: cardiomegaly is usually present, with a prominent right heart border
(enlargement of the right atrium). Pulmonary vascular markings are usually
diminished (but may be increased when pulmonary flow is not obstructed).

e Other investigations include ECG, echocardiography and cardiac catheterisation.

Management

* Infants with obstructed pulmonary blood flow and severe hypoxaemia require urgent
prostaglandin E infusions in order to maintain patency of the ductus arteriosus.

e Other non-surgical management includes oxygen therapy, prevention of bacterial
endocarditis and management of heart failure.

e Most patients with tricuspid atresia require some form of surgical treatment dur-
ing the first year of life, usually involving a palliative shunt procedure.

* Fontan’s operation involves the formation of a right atrial-to-pulmonary artery
connection or an extracardiac vena cava-to-pulmonary artery anastomosis.
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Complications

¢ Paradoxical emboli, stroke, brain abscess.
¢ Polycythaemia.

e Progressive cardiac dilatation.

e Ventricular dysfunction.

e Mitral valve insufficiency.

e Arrhythmias.

Prognosis

The prognosis will depend on associated cardiac abnormalities. The perioperative
mortality of the Fontan procedure is about 5%.

Review Questions

Select the Single Best Answer

6. Maneuvers that increase the intensity of murmur in TS act through:

(a) Increase the heart rate

(b) Decrease the pulmonary blood flow

(c) Create the balance between right and left side of the heart
(d) increase the systemic venous return to RA

7. The following diseases are mimicking TS due to delay diastolic emptying of
RA except:

(a) Tricuspid Atresia

(b) Atrial Myxoma

(c) Restrictive Cardiomyopathy
(d) Large endocarditis vegetations

8. In significant TS, examination of JVP may show:

(a) Prominent V wave with slow y descent
(b) Prominent V wave with rapid y descent
(c) Prominent a wave with slow y descent
(d) Prominent a wave with slow x descent
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10.

11.

12.

13.

14.
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Secondary TR can be related to the following mechanisms except:

(a) lack of leaflet apposition

(b) Increased tricuspid leaflet tethering
(¢) Moderate subvalvular affection

(d) Dilated TV annulus

Edema and ascites in patients with TV disease indicate that:

(a) Pulmonary hypertension is associated with significant TS
(b) Pulmonary hypertension is associated with significant TR
(c) TS is not associated with pulmonary hypertension

(d) TS is associated with significant MS

In patients with significant TR, murmur intensity and duration are changing
according to the following except

(a) Change in heart rate

(b) RV systolic function (good or poor)
(c) Presence of pulmonary hypertension
(d) Maneuvers that increase venous return

Which of the following sentences is correct?

(a) In patient with TS, paroxysmal nocturnal dyspnea is common symptoms

(b) In patient with TS, paroxysmal nocturnal dyspnea is rare symptoms

(c) In patient with mild TR, paroxysmal nocturnal dyspnea is common
symptoms

(d) In patient with severe TR, paroxysmal nocturnal dyspnea is common
symptoms

Which of the following sentences is correct?

(a) Examination of JVP in TS, prominent a wave is a common finding regard-
less of the heart rhythm

(b) Examination of JVP in TS, prominent a wave is a common finding in
patients with atrial fibrillation

(c) Examination of JVP in TS, prominent a wave is a common finding in
patients with sinus rhythm

(d) Examination of JVP in TS, prominent x wave is a common finding in
patients with atrial fibrillation

Which of the following sentences is correct?

(a) Low pitched opening snap can be detected with TS
(b) High pitched opening snap can be detected with TS
(c) Low pitched opening snap can be detected with TR
(d) High pitched opening snap cannot be detected with TS
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15. Which of the following sentences is correct?

(a) Murmur of TS is always mid systole in both sinus and AF patients.

(b) Murmur of TS is always mid diastole in both sinus and AF patients.

(c) Murmur of TS is always early systole in both sinus and AF patients.

(d) Murmur of TS is always early diastolic in sinus and early to mid in AF
patients.

16. Which of the following sentences is correct?

(a) Differentiation between physiologic TR and organic TR is based mainly on
the degree of TR.

(b) Differentiation between physiologic TR and organic TR is based mainly on
the degree of flow reversal in pulmonary veins.

(c) Differentiation between physiologic TR and organic TR is based mainly on
the degree of flow reversal in hepatic veins.

(d) Differentiation between physiologic TR and organic TR is based mainly on
the valve morphology.

17. Which of the following sentences is correct?

(a) Development of pulmonary oedema in TS patients excludes the suspicion
of concomitant mitral valve disease.

(b) Development of pulmonary oedema in TS patients raises the suspicion of
concomitant mitral valve disease.

(c) Development of pulmonary oedema in TS patients indicated always pul-
monary origin of the pulmonary oedema

(d) Development of pulmonary oedema in TS patients indicated combined
severe TR.

Case Studies

Case (1): 43 years old female had long history of rheumatic heart disease since
childhood. During last delivery 5 years ago, she was diagnosed as moderate
MS. At that time, she was dyspnoeic and admitted at ICU after delivery for
diuresis and heart rate control. Regular echo and follow up showed progression
of MS severity and she was advised to do balloon valvuloplasty 2 years ago but
she was reluctant. Last month in outpatient cardiology clinic she told her doc-
tor that she stopped all medications because she felt better and no symptoms.
Cardiac examination showed reduction of the intensity of MS murmur and
elevated JVP.
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18.

19.

20.

on
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Select one or more of possible explanation(s) of these new changes and explain
why??

(a) Development of significant mitral regurgitation
(b) Development of significant Aortic regurgitation
(c) Development of significant TR
(d) Development of significant TS

The expected main echocardiographic finding is:

(a) Dilated left ventricle with severe mitral regurgitation
(b) Dilated RA with significant TS

(c) Dilated RV with severe TR

(d) Dilated both right and left ventricles

According to the latest ACC/AHA guidelines for the management of valvular
heart disease, this patient can be classified at stage:

(a) Stage A.
(b) Stage B
(c) Stage C/D
(d) Stage E

Case (2): 45 years old female came to cardiology clinic complaining of dyspnea
exertion (class II). No other complaint. She had no past history of cardiac prob-

lem and not on any medication. Clinical examination detected mild lower limb
edema and slightly elevated JVP. Cardiac auscultation detected ejection systolic
murmur at the left second intercostals space. Resting ECG showed right axis devia-
tion and signs of RV dilatation.

21.

22.

23.

What are the possible valve lesions?

(a) Aortic stenosis and mitral regurgitation

(b) Tricuspid stenosis and mitral regurgitation

(c) Tricuspid regurgitation and pulmonary stenosis
(d) Aortic stenosis and pulmonary stenosis

What is the possible underlying aetiology?

(a) Rheumatic heart disease
(b) Carcinoid disease

(c) Myxomatous degeneration
(d) Calcific

What are the expected echo findings in this case?

(a) Thickened and restricted mobility of TV leaflets
(b) Flail septal leaflet of TV
(c) Doming and thickening of all TV leaflets
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Chapter 3
Tricuspid Regurgitation in Patients
with Heart Transplant

Kadir Caliskan, Mihai Strachinaru, and Osama I. Soliman

Abstract In this chapter, an overview of the epidemiology, the pathophysiology, the
clinical features, management and prognosis of tricuspid regurgitation in patients post
heart transplant will be discussed. An overview of the natural history of severe tricus-
pid regurgitation and treatment options will be illustrated via a clinical case.

Keywords Tricuspid ¢ Regurgitation ¢ Heart transplant ¢ Echocardiography
* Therapy * Outcome

Introduction

Tricuspid regurgitation (TR) is one of the common cardiac complications post heart
transplantation (HTx), potentially jeopardizing the long-term outcome and survival.
However, despite existence of the clinical problem from the beginning of the HTx
era in the early 80s, the appropriate approach for clinical management is yet not
established. In this chapter, we present a clinical case with severe post-HTx TR, in
which for a long time a surgical approach was postponed by the patient, illustrating
the natural history of severe TR with all the potential cardiac and extra-cardiac com-
plications. Thereafter, we provide an overview of the pathophysiology, the epidemi-
ology, the clinical features, management and prognosis of TR according the current
literature combined with our clinical experience as a medium sized HTx center
since 1984.
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Case

Mrs. A underwent HTx in 1994, at the age of 32 years, because of severe chronic
heart failure due to dilated cardiomyopathy, from which she was suffering since
1990. In 2012, pathogenic phospholamban mutation was found as the aetiology of
her familial dilated cardiomyopathy. In the first year after transplantation, she was
treated for three episodes of acute cellular rejection. From the first year on she was
known with severe TR with partial prolapse due to chordae rupture, probably a
complication of several surveillance endomyocardial biopsies (EMB’s). The right
atrium (RA) and right ventricle (RV) was severely dilated, but with preserved sys-
tolic function. The left ventricular function was normal, but the septum movement
was paradoxal. The liver veins and vena cava inferior (VCI) were also dilated
(30 mm), and TR peak velocity of 2.2 m/s. The hepatic veins Doppler showed sys-
tolic reversal. From 1994 to 2008 she remained reasonably well compensated with
a good quality of life.

In 2008 she developed paroxysmal atrial tachycardia, along with progression of
the right-sided congestion. Low doses of furosemide, metoprolol and later on fle-
cainide was started. Because of syncope due the asystole’s in 2009, a DDI-
pacemaker was implanted. In the same year, electrophysiological ablation of the
paroxysmal atrial tachycardia were performed. In the years following, she was
relatively stable with low dose furosemide. Her echocardiography in 2010 showed
persistent RV dilatation, severe RA dilatation and severe TR. The VCI was unvar-
ied dilated (33 mm), barely collapsing. Her estimated systolic RV pressure was
39 mm Hg.

In 2014, she had more and more complaints of fatigue, right-sided congestion
and slowly deterioration of her renal insufficiency and liver enzymes (see Fig. 3.1a
and b). She had an evident progression of the TR severity with an estimated systolic
RV pressure of 56 mm Hg. Her case was extensively discussed in the transplant
team and a tricuspid valve surgery advised. The patient however was very reluctant
about a major cardiac surgery and asked a second opinion in another heart centre.
Their advice was however the same, but the patient remained dismissive of the
operation.

In June 2016, she was admitted with severe heart failure and progression of her
renal insufficiency. The electrocardiogram (see Fig. 3.2) of the severe TR patient at
the latest follow-up, showing prominent right bundle branch block with right sided
strain pattern, present from the very early in the course of the heart transplantation.
She was treated with intravenous inotropic and diuretics and heart failure symptoms
could be fairly compensated. However, this was at the expense of her renal function,
with estimated e-GFR values of 20—30 mL/min, only with the support of continu-
ous intravenous inotropics. On the other hand, without inotropic support, her renal
functions deteriorated to e-GFR 15 mL/min and her symptoms escalated. After
extensive discussion with the patient and family, we decided at last for tricuspid
valve surgery. This was done in July 2016, with a valve replacement by a bioproth-
esis. The postoperative period was complicated by transient delirium and acute
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Fig. 3.2 The electrocardiogram of the severe tricuspid regurgitation patient at the last follow-up,
showing prominent right bundle branch block with right sided strain pattern, which was present
from the very early in the course after the heart transplantation

kidney failure, but she recovered very well. At 3-months follow-up, she was
remained stable without signs of herat failure and her renal function was improved
to serum creatinine of 125 mmol/L and a e-GFR of 39 mL/min.

Her preoperative (see Fig. 3.3a through ¢ and Videos S1-S3) as well as postop-
erative (see Fig. 3.3d through f and Videos S4-S6) echocardiographic finding are
shown.

Epidemiology

TR prevalance is reported very variable, from 19 to 84% of all HTx recipients [1].
However, in our clinical cohort of 688 patients, severe TR was present in only 32
patients (4.7%), a marked difference, reflecting probably the variable definition
used in the literature. In the report by Chan et al. presenting 336 patients, whom
were transplanted between 1990 and 1995, they reported moderate TR in 27% and
severe in 7%, comparable with our findings [2]. Berger et al. found significant TR
in 14.1% of 163 HTx patients between 1988 and 2009, during a mean 8.2 years.
Significant TR was correlated with the biatrial surgical technique (p < 0.01) and the
presence of graft vasculopathy (p < 0.001) [3].
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Fig. 3.3 (a, b, and ¢, Movies S1, S2, and S3) Apical four chamber view demonstrating the severe
dilated right ventricle and atrium with severe tricuspid regurgitation. The parasternal short-axis
view shows enlarged right ventricle with diastolic collaps (“D-sign”) of the interventricular sep-
tum. (d, e and f, Movies S4, S5, and S6) Postoperative images, showing relatively reduced right
ventricular size, with trace resting tricuspid regurgitation and disappearance of the “D-sign”

Pathophysiology

There are several mechanisms of post HTx TR. Functional TR is usually caused by
annular dilation due to postoperative RV failure due to pre-transplant pulmonary
hypertension, RV dysfunction after several rejections, or donor-recipient size-
mismatch [4]. On the other hand, structural valve abnormalities caused by torn leaf-
lets, ruptured chordae are due to several surveillance EMB’s in the first year. The
risk of EMB related tricuspid valve damage are related to operator experience,
patients clinical state, access site, biotome type [5]. Fiorelli et al. followed 417 HTx
patients between 1985 and 2010, who underwent in total 3550 EMB (average 8.5/pt)
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after HTx. Traumatic tricuspid valve injury due to EMB rarely leaded to severe
valvular regurgitation and only a minority of patients develop significant clinical
symptoms [6]. On the other hand, Alharethi et al. found that flail leaflets were the
most common operative finding, suggesting that biopsy-induced trauma is the likely
cause of severe TI in these patients [7].

In the report by Tarek et al., orthotopic HTx was performed in 249 patients: 161
by the standard technique versus 88 by the bicaval technique. The incidence of both
early and late TR was much lower with bicaval technique. Other variables influenc-
ing the prevalence of TR was: 2 or more rejections, total number of EMB’s and
severe preoperative pulmonary hypertension [8]. Furthermore, the native and recipi-
ent RA diameters were found to be a risk factor for the development of TR. Wartig
et al. also found that bicaval orthotopic heart transplantation was the only predictor
lower risk of early significant TR (OR = 2.70; 95% CI = 1.68-4.32; p < 0.001).

Clinical Features

TR usually remains asymptomatic for years, despite progressive right atrial and
ventricular dilatation and right-sided congestion. However, progressive atrial over-
load and dilatation results in the long-term atrial arrhythmias (atrial tachycardia’s
and atrial fibrillation). The third phase begins when the heart failure symptoms and
signs develop. In this phase, physical examination reveals often markedly pulsating
and distended jugular veins, progressive hepatomegaly, pulsating liver (“the liver
pulse”), liver enzyme abnormalities, liver fibroses and ultimately cardiac cirrhosis.
The classical heart failure biomarker is less reliable in the setting of chronic right
sided heart failure as a marker of the progression. As shown in Fig. 3.1, the
NT-proBNP is chronically 20-25 times the normal value (N < 14) elevated, but
escalated very late in the disease course.

If left untreated, symptomatic severe TR results in progressive renal failure, the
“cardio-renal syndrome”, which is usually accelerated by the need of escalating
doses of diuretics.

Management and Prognosis

TR was usually associated with increased mortality and morbidity. Patients with
mild or no TR have better survival than those with moderate or severe TR [9]. The
optimal treatment of post-transplant severe TR is however not well defined. Since
severe TR remains asymptomatic for a long-time it is not unusual that conservative
treatment is preferred to surgical treatment. Conservative treatment consist of
appropriate  management of volume overload and congestion by diuretics.
Furthermore, any left sided heart failure and/or pulmonary hypertension should be
targeted aggressively. Digoxin should be prescribed for patients who develop signs
of right ventricular dysfunction and/or supra-ventricular arrhythmias.
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Surgical correction of severe TR is considered as the final solution for patients
with refractory right-sided heart failure like in our case [1]. However, the right sur-
gical approach and the timing of the surgery is yet not well defined. Alharethi et al.
found that tricuspid valve repair or replacement is a safe and effective procedure to
alleviate HF symptoms [7]. They reported data from 17 patients, in which 16
patients tricuspid replacement and in 2 repair was performed. In an another report,
eight patients with symptomatic severe TR underwent tricuspid annuloplasty, four
had valve repair and annuloplasty, and two had replacement [10]. In three of the six
primary repairs failed and required replacement with a bio-prosthesis at 8 days, 14
days and 4 years, respectively. No failure occurred in any of the five bioprosthetic
valves placed at a mean 55 months of follow-up.

Bellano et al. followed 96 adult patients who underwent HTx during 2010-2013.
Seven patients (7.2%) with severe TVR after median of 47 days (range 27-60) underwent
surgical valvular repair. They found that early surgical repair of post-transplant severe TR
appears to be a safe treatment strategy in selected patients and is likely to contribute to
enhanced cardiac performance and alleviation of associated organ dysfunction [11].

In conclusion, the existing data suggest that the tricuspid valve repair should be
considered in patients with dilated tricuspid annulus. On the other hand, bio-
prosthetic valve replacement is preferred in leaflet prolapse and/or chordal injury.

Key Points

e Tricuspid regurgitation is the most common valvular abnormality after heart
transplant.

* The aetiology of post heart transplant is commonly due to tricuspid valvular appa-
ratus damage because of frequent endomyocardial biopsies, annular dilatation
due to right heart failure, with or without pre-transplant pulmonary hypertension,
and/or distorted tricuspidal anatomy at bi-atrial orthotopic heart transplantation.

* Post heart transplant TR often remain asymptomatic, however in the long-term it
is associated with increased mortality and morbidity.

* Surgical valve replacement with a bioprothesis, is warranted in selected cases to
prevent progressive renal failure, morbidity and mortality.

Review Questions

Select the Single Best Sentence

24. Which of the following statements about post heart transplantation TR is true?

(a) TR is in the literature reported very variable, from 19 to 84% of all heart
transplant recipients
(b) TR is reported in 25% in the first postoperative year and is always trace



3 Tricuspid Regurgitation in Patients with Heart Transplant 57

25.

26.

27.

(c) TR is reported in 25% in the first postoperative year and is always mild
(d) TR is reported in 25% in the first postoperative year and is always severe

Which of the following statements about post heart transplantation TR is
correct?

(a) Only seen after bicaval but not after biatrial transplantation techniques

(b) Is exclusively seen in patients with patent foramen ovale

(c) Severe TR after heart transplantation is often due to frequent endomyocar-
dial biopsies

(d) Severe TR after heart transplantation is seen in less than 1% of cases

Which of the following statements about surgical treatment of post heart trans-
plantation TR is correct?

(a) Flail leaflets are the most common operative finding after heart transplant

(b) Perforated leaflets are the most common operative finding after heart
transplant

(c) Restricted leaflets are the most common operative finding after heart
transplant

(d) Calcific posterior leaflet is the most common operative finding after heart
transplant

Which of the following statements about optimal treatment of post heart trans-
plantation TR is correct?

(a) The optimal treatment of post-transplant severe TR is however not well
defined

(b) Surgery is indicated for all patients with severe TR regardless symptoms

(c) Catheter based therapy is indicated for all patients with severe TR regard-
less symptoms

(d) Surgery is indicated for all patients with patients with mild TR when pul-
monary hypertension exists
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Chapter 4
Tricuspid Regurgitation in Patients

with Pacemakers and Implantable
Cardiac Defibrillators

Yash Jobanputra, Jasneet Devgun, Mandeep Bhargava, and Samir Kapadia

Abstract Tricuspid regurgitation (TR) secondary to placement of implantable car-
diac devices, including defibrillators and pacemakers, is now a definitive entity. TR
usually occurs over time after lead implantation. Mechanisms include laceration of
valve leaflets, entrapment of leads causing scar formation, interference with valve
coaptation, and asynchronized activation of the right ventricle. Diagnosis by clinical
exam and 2-dimensional echocardiography is further supported by 3-dimensional
echocardiography and/or computed tomography. Management typically involves
medical management as well as percutaneous extraction of the offending leads.
Prospective methods to prevent or reduce the incidence of this complication include
improved imaging modalities intraoperatively, procedural techniques, and particu-
lar lead placement. Newer technologies can help mitigate this problem but their
effectiveness remains to be seen in larger prospective trials.
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Introduction

Tricuspid regurgitation (TR) in the setting of permanent pacemakers (PPM) and
implantable cardioverter defibrillators (ICD) is not an uncommon complication,
with a prevalence reported to be between 25 and 29% and an incidence of worsen-
ing preexisting TR from 10 to 25% [1-12]. Our understanding of the problem is
now emerging in the wake of increased PPM and ICD implantations worldwide
[13—15]. The association was first described in 1980 by Gibson and colleagues, in
which a case of a young 23-year-old woman was described to have developed TR
following the placement of a PPM [16]. Since then, in the last three decades the
mechanisms, incidence, risk factors, as well as management and prognosis of this
curious yet potentially formidable repercussion have been further elucidated.

Pathophysiology and Mechanisms (See Fig. 4.1)

Various potential mechanisms have been described to explain the development of
TR following PPM and/or ICD implantation. These mechanisms can be categorized
as related to the tricuspid valve (TV) itself, the PPM or ICD leads, as well as cardiac
structure and function.

Tricuspid valve: Tricuspid valve trauma, laceration or perforation, and scar
formation as a consequence of the PPM or ICD leads potentiate and contribute to
mal-apposition and improper coaptation of the valve leaflets [1, 17-20]. Leaflet
perforations or lacerations are most notably present in the posterior leaflet. In TR
which develops over years after PPM implantation, it has been suggested that adhe-
sion of the TV leaflet itself to the pacer lead results in restricted movement, and
therefore, improper coaptation of the posterior leaflet with the septal and anterior
leaflets [21]. Infective endocarditis is also a potential complication of lead place-
ment which similarly affects the TV leaflets via adhesions and vegetation, and
therefore contributes to another mechanism of subsequent TR [17].

PPM and ICD leads: Physical and mechanical complications resulting from
the introduction of PPM or ICD leads may also contribute to TR. Mechanisms
(see Fig. 4.2) include thrombus and fibrous tissue formation on the leads, adher-
ence of the lead to the TV apparatus, and impingement and entanglement in the
TV as well as within the chorda apparatus. One small study in particular found
that the mechanism of TR after pacemaker implantation was related to lead
impingement in 39%, lead adherence in 34%, lead perforation in 17%, and lead
entanglement in 39% [19].

Within 12 h of implantation of PPM or ICD, the formation of neoendocardium
results in development of fibrous sheaths surrounding the electrode [1]. The conse-
quence is multiple endocardial attachments, fibrosis, and adhesion which poten-
tially affects TV function. A thin fibrin layer begins to develop around the wire
during this time. Approximately 4-5 days following implantation, thrombosis on
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Tricuspid Valve Leads
* Malcoaptation of leaflets 2/2 e Thrombus and fibrous tissue
* Trauma, laceration, perforation formation
* Scarring * Adherence to valve apparatus
* Adhesions, vegetations e Impingement, entanglement

Cardiac structure and function

¢ Right ventrical dyssynchrony leading to
* Right ventricular dilation
e Increased right atrial dimensions
* Decreased right ventricular ejection fraction

Fig. 4.1 Mechanisms and pathophysiology of lead-related tricuspid regurgitation

the lead and edema of the valve tissue itself often occurs [22]. Development of acute
TR as a result of this remains to be controversial, as the frequency of acute TR var-
ies in the literature [9-11, 23].

In addition to tissue homeostasis as a complicating and etiological factor, mechan-
ical and physical complications of the leads coming in contact with the TV apparatus
contribute to the development of TR. Leads positioned directly on the annulus or in
the commissure between the leaflets may lead to obstruction and a subsequent pro-
gression of TR. In fact, it has been described that the majority of lead-related TR
occurs when the leads are placed between the posterior and septal leaflets in particu-
lar [18]. One post-mortem study provided evidence of other mechanical complica-
tions, including leads fixed by fibrous tissue to the tricuspid orifice, as well as leads
penetrated through the chordae tendinae [24]. Another less common mechanical eti-
ology includes other valvular interventions leading to TR, such as one case of TR
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Fig. 4.2 (a) Section of the apical four-chamber view showing dilated right atrium (RA), dilated
right ventricle (RV) and *pacemaker lead placed in the RV. (b) There is severe (4+) tricuspid valve
regurgitation caused by annular dilatation. There is a centrally directed regurgitant jet. The left
atrial cavity is severely dilated. RV systolic tissue Doppler velocity is 13.1 cm/s. Tricuspid annular
displacement is 1.8 cm

years following PPM lead implantation and one month following aortic valve
replacement [25]. It is postulated that the aortic valve replacement may have led to
conformational changes between the tricuspid valve and the pacemaker leads.

Cardiac structure and function: Right ventricular (RV) dyssynchrony resulting
from improper RV activation via the pacemaker has also been described as a poten-
tial mechanism. This may also be related to lead position, as one study showed a
statistically significant increase in TR after PPM or ICD placement when the lead
was apically placed versus in the right ventricular outflow tract (RVOT) [7]. Studies
evaluating patients with 2-dimensional transthoracic echocardiography (2D TTE)
prior to and following implantation of a PPM or ICD have also demonstrated sig-
nificant RV dilation, increase in RA dimensions, as well as decrease in RV ejection
fraction (RVEF) at up to one year following the procedure [4]. RV pacing frequency
and dependence at follow up, however, has shown to have no effect on worsening of
TR severity [6, 7].

Clinical Presentation

Clinical symptoms: The presentation of TR secondary to PPM/ICD placement may
involve symptoms of decompensated right-sided congestive heart failure, such as
abdominal distension and fullness, lower extremity edema, dyspnea on exertion,
and palpitations related to atrial fibrillation [16, 21, 26]. An enlarged, pulsatile liver
is a late finding [27]. In one study, patients with significant lead-induced TR follow-
ing PPM or ICD implantation (increase of TR severity by >2 grades at follow up)
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had more heart failure related events. This significant TR was even independently
associated with increased all-cause mortality [5, 28]. Many patients may remain
asymptomatic despite the presence of new or worsening TR. Larger studies have
demonstrated that the majority of patients have new-onset or worsening of pre-
existing TR several years following implantation, with some suggestion of acute
worsening of TR in a small number of patients.

Physical examination: The physical examination may reveal the characteristic
respirophasic, high-pitched, holosystolic murmur at the left lower sternal border
that increases with inspiration (Carvallo’s sign or maneuver). However, in many this
murmur is unimpressive. In fact, the literature reports that only 28% of those with
TR evidenced by echocardiography may have a regurgitant murmur on physical
exam [29]. Nevertheless, when detected the Carvallo’s maneuver has a sensitivity
and specificity of 80% and 100%, respectively [30]. The TR murmurs that increase
with inspiration are different from those which are associated with congestive heart
failure, which often diminish with inspiration.

Other findings on exam may be consistent with isolated right-sided congestive
heart failure, such as jugular venous distension, pulsatile liver, abdominal disten-
sion, and lower extremity pitting edema [19, 31]. Hepatojugular reflex may also
be seen, with a sensitivity of 66% and specificity of 100% in detecting TR [30].
Likewise, the right atrial V wave is highly sensitive, yet it is not entirely specific
for detecting the presence or severity of TR [32]. In addition to signs and symp-
toms of right-sided heart failure, some may have concurrent signs and symptoms
of left-sided heart failure, especially those with some functional TR prior to the
procedure and those who need ICD implantation for reduced left ventricular ejec-
tion fraction (LVEF).

Risk factors (see Table 4.1): The risk factors for developing TR following PPM/
ICD implantation are not entirely understood. Some predictors have been shown to
be significant in recent studies. Advanced age is found to be a risk factor, with an
average age of 73 years [7, 8]. Other predictors include body mass index, pre-device
atrial fibrillation, heart rate, moderate or severe mitral regurgitation, history of
mitral valve surgery, pulmonary artery systolic pressure >37 mmHg, elevated right
ventricular systolic pressure and RV dilation [5, 7]. There is conflicting data in the
literature regarding whether the placement of more than one lead predisposes to
worsening of TR. In the pediatric population, a risk factor for lead-related TR was
congenital heart disease which is not right-sided [9].

Table 4.1 Predictors of tricuspid Predictors of lead related tricuspid regurgitation
regurgitation following PPM/ICD Advanced ace
lead implantation - g

High BMI

Atrial fibrillation

Tachycardia

Mitral valve disease

Pulmonary artery pressure >37 mmHg

Elevated right ventricular systolic pressure

Right ventricular dilation
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Imaging

Diagnosing TR requires both 2D echocardiography (see Fig. 4.3) and color Doppler
flow mapping. The severity of TR is graded based on the direction and size of the
regurgitant jet, the presence of proximal flow convergence, and vena contracta
width [33]. Using the vena contracta width of >6.5 mm, the sensitivity and specific-
ity of detecting severe TR is 88.5% and 93.3%, respectively [34]. Other findings in
new or worsening TR following PPM or ICD placement include increased RV and
RA dimensions, greater pulmonary artery systolic pressure, elevated right ventricu-
lar systolic pressure, and decreased right ventricular ejection fraction (RVEF) com-
pared to the pre-procedural values [4].

The utility of 2D echocardiography may be limited as it may underestimate the
presence and severity of TR. It proves to be difficult to appreciate the full anatomical
relationships between the TV and the ICD or PPM lead(s), as only two out of the
three leaflets are visible simultaneously when using any 2D imaging plane [18, 35].
The posterior leaflet, which is implicated in most cases, is only visualized in some
views, and is less commonly imaged during the routine echocardiographic examina-
tion [35]. In fact, the PPM lead may become entrapped in the thickened, fibrotic, and
fused posterior and septal leaflets. These leads are visualized in only 12-17% of
patients using 2D echocardiography [18, 19].

Three-dimensional transthoracic echocardiography (3D TTE) affords the ability
to visualize all three TV leaflets and the short axis of the TV, not obtainable with 2D
echocardiography. This allows the assessment of the route and position of the PPM/
ICD lead within the TV apparatus [18, 31, 35, 36]. Mediratta et al. demonstrated
that 3D TTE clearly depicted lead position in 90% of patients, in which 46% of
patients had impinging leads visualized in the posterior (20%), septal (23%), and

Medical Lead(s) Valvular Percutaneous
Management Extraction Surgery Techniques
( ) ( ) ( A Heterotopic caval
Diuretics for acute transcatheter valve
symptoms Simple traction M
Tricuspid valve repair
\ ) L ) P P Transcatheter tricuspid
valve annuloplasty
' N\ ' N\
Advanced invasive —
Treatment of techniques using stylets N FORMA device for
underlying cause and laser-equipped —_— malcoaptation
sheaths
\ / \ /
a N p - Edge-to-edge repair
Tricuspid valve via MitraClip
General heart failure Percutaneous removal replacement -
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Fig. 4.3 Management of tricuspid regurgitation secondary to PPM/ICD lead implantation
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anterior (4%) leaflets [36]. Those who did not have lead impingement, i.e. when the
lead was visualized intercommisurally or in the middle of the tricuspid orifice, did
not have evidence of significant TR compared to those with lead impingement. Due
to this strong association between lead impingement and post-procedural TR, it has
been suggested that 3D TTE targeted guidance of device- lead placement may be
beneficial to avoid lead impingement, as lead placement is solely done under fluo-
roscopic guidance as of now [36]. It is undetermined, however, whether the lead
would maintain its position from the time of placement to the time of development
of TR, and therefore, the ultimate utility of intraprocedural 3D TTE is unclear.
Additionally, due to the need of dedicated probes and image analysis software, as
well as higher cost, 3D echocardiography is not widely used at the moment.

Other evolving imaging methods include contrast-enhanced multidetector
computed tomography, which can indirectly be used to detect and grade
TR. This is based on early opacification of hepatic veins or the inferior vena
cava during first-pass intravenous contrast enhancement. In detecting echocar-
diographic TR, this particular method has a sensitivity of 90.4% and a specific-
ity of 100% [37, 38].

An additional imaging modality is cardiac magnetic resonance (CMR), which
can be used to detect and quantify TR based on the regurgitant jet area and volume.
The sensitivity and specificity of this is 88% and 94%, respectively, compared to
right ventricular angiography. Despite the favorable detection of this imaging
modality, most pacemaker devices and leads are not compatible with CMR [39].

Management (See Fig. 4.4)

Medical management: Medical management has been largely studied in patients
with functional TR, which involves treating the underlying cause as well as man-
agement of congestive heart failure [37]. Aggressive volume diuresis in acute
decompensation and general balance of hemodynamics largely by the use of diuret-
ics may be beneficial. There is, however, a paucity of data elucidating the outcomes
of these patients with lead-related TR who are medically managed.

Lead(s) extraction: Lead placement is acutely associated with inflammatory
changes, as well as chronically with fibrosis and scar tissue formation, which allows for
lead adherence to the TV. The main indication for lead extraction is device and lead
related infection [40]. The methods and techniques for lead extraction have become
more sophisticated and specialized over time. Some leads can be removed by simple
traction alone, while others require advanced techniques using locking stylets and
laser-equipped sheaths. Percutaneous removal of PPM or ICD leads is often performed
in large specialty centers with advanced technical skill and experience. However this
carries significant and potentially fatal risk [31]. Major complications of lead extraction
include cardiac or vascular avulsion requiring open chest interventions, pulmonary
embolism, respiratory distress, stroke, and even death in up to 0.5% of patients.
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% x

Fig. 4.4 Mechanisms of mechanical tricuspid regurgitation in the setting of permanent pacemaker
or implantable cardioverter-defibrillator leads. (a) Valve obstruction caused by lead placed in
between leaflets. (b) Lead adherence due to fibrosis and scar formation to valve causing incom-
plete closure. (¢) Lead entrapment in the tricuspid valve apparatus. (d) Valve perforation or lacera-
tion. (e) Annular dilatation

However, in the last decade, success rate of lead extraction has been between 95% and
97%, and the complication rate has remained low at 0.4—1% [40].

Lead extraction itself may paradoxically lead to worsening TR [31, 35, 41].
Major risk factors and predictors of developing TR after extraction are the use of
laser sheath or any additional tools for extraction beyond simple traction, extraction
of more than two leads, female sex, and patients with longer duration of implanta-
tion [42]. Fortunately, There is no significantly increased mortality in those who
develop TR post-extraction compared to those who do not develop TR. Tricuspid
regurgitation is more likely to occur after PPM extraction than ICD lead extraction.
This may be due to a longer duration of implantation or more fibrous tissue deposi-
tion and adherence to the TV [41].

Valvular surgery: The decision to operate on a regurgitant TV depends on the
severity and clinical situation [27]. Tricuspid valve surgery is clearly indicated in
primary severe TR at the time of left-sided valve surgery. It can also be considered
in those with symptomatic severe TR who are unresponsive to medical manage-
ment. Additionally, it may be considered in those who are asymptomatic or have
minimal symptoms but have increasing RV dilation and dysfunction prior to any
clinical right-sided heart failure.
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Tricuspid regurgitation is managed surgically either via surgical repair or replace-
ment depending on the etiology and mechanisms of valve dysfunction. Tricuspid
valve repair often involves suture or ring annuloplasty as well as additional adjunc-
tive techniques. It is often used in the case of secondary TR, with the goal of restor-
ing tricuspid annulus geometry as well as concurrently reducing RV afterload by
correcting left-sided valvular dysfunction [27]. On the other hand, tricuspid valve
replacement is generally done when valve repair is technically not feasible, as in the
setting of complex lesions causing severe primary TR and severe tricuspid stenosis.
Those with secondary TR with marked RV remodeling and leaflet tethering may
also benefit from replacement rather than repair.

It is estimated that approximately 8000 surgical tricuspid repairs occur annu-
ally in the United States, the majority of these cases involving patients without
ICD or PPM-related TV pathology. Tricuspid valve repair has a success rate of
above 85%. Recurrence of TR is common and occurs in about 20-30% of patients
[37, 43]. Tricuspid valve replacement is associated with a 6% 30-day post-opera-
tive mortality rate, as well as 8% in-hospital mortality [21, 23, 35]. The 10-year
survival for patients after a tricuspid valve replacement combined with left-sided
heart valve surgery is 78%, but is only 41% in those with triple valve surgery. This
is lower than the 10-year survival of patients undergoing aortic valve replacement
(65%), mitral valve replacement (55%), and combined aortic and mitral valve
replacement (55%) [37, 38].

There is limited data in the literature about surgical treatment in patients with TR
secondary to PPM/ICD leads. Some of the literature recommends the removal of the
original pacemaker leads and placement of an epicardial or transcoronary sinus lead
in those patients who require TV replacement [44]. The disadvantage of epicardial
leads has been the relatively high capture thresholds as resulting in frequent battery
changes. An alternative is to surgically position the original lead between the sew-
ing ring and the native annulus, or to place it inside the posteroseptal annulus with
Lembert-type sutures [26]. Although promising, this technique makes it difficult to
remove the lead transvenously in the future.

In regards to TV repair, ring annuloplasty is preferred over suture repair as it
lends a lower incidence of recurrent and residual TR, fewer reoperations, and an
improved survival for functional TR [43]. Some studies supporting this have
included patients who have needed TV repair due to lead-related TR, with favorable
outcomes. There is ongoing discussion and controversy over whether flexible versus
rigid annuloplasty rings are superior. Some of the literature has shown that a rigid
annuloplasty ring does not result in worsening of any residual TR following TV
repair, while worsening was appreciated with flexible ring annuloplasty [23].
However, residual TR is still a significant problem which exists following TV repair
regardless of the type of annuloplasty ring used. Additionally, there is an associated
risk of increased postoperative conduction disturbances with the prosthetic ring
compared to the suture annuloplasty technique [27].

Average time to surgery has been described in the literature as 72 months follow-
ing device implantation [19]. This allows for the argument that lead-related TR is
likely to occur over a longer period of time, although a small number of patients
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have demonstrated acute decompensation within a shorter time frame. These
patients fare well and show significant improvement postoperatively [19].

There is some recent data in the literature which outlines and demonstrates sig-
nificant mortality associated with >3+ TR related to PPM’s in particular [5]. Another
study described that patients with device-related infection had an 18% all-cause
mortality after 6 months of infection [45]. Overall, however, there is a paucity in
data in the literature in order to come to a firm conclusion on these patients’ poten-
tial benefits from surgery. Specifically, the long-term durability of surgical results
remains unknown.

Percutaneous techniques: Percutaneous transcatheter techniques for TV repair
or replacement are currently in their infancy, with feasibility studies in animal mod-
els and few in-human studies performed. Interest in this route remains high due to
the significant risks of isolated TV surgery especially in the setting of reoperation
following left-sided valve surgery [27]. The development of percutaneous tech-
niques faces unique anatomic hurdles, such as the elliptical shape of the TV annu-
lus, absence of calcium for good deployment and tethering, and proximity to
important structures including the AV node/bundle of His, right coronary artery, and
RVOT. Despite this, some important techniques and devices have been developed
and have even shown procedural success and clinical improvement in small, early
in-human studies.

Among these is the heterotopic caval transcatheter valve implantation. This pro-
cedure involves implantation of bioprosthetic valves at the level of the superior and
inferior cavoatrial junctions. This aims to reduce the reflux of severe TR and
improves heart failure symptoms but it does not affect the magnitude of the TR
itself. Two prototypes have been developed: the self-expandable TricValve (P + F
Products + Features Vertriebs GmbH, Vienna, Austria in cooperation with Braile
Biomedica, Sao José do Rio Preto, Brazil) and the balloon-expandable Edwards
valve (Edwards Lifesciences, Irvine, CA, USA). In addition, the self-expandable
Edwards SAPIEN XT and SAPIEN 3 valves, which are primarily used for trans-
catheter aortic valve replacement (TAVR), have been used off-label for chronic
severe TR, in which case a large self-expandable peripheral stent is implanted at the
cavoatrial junction prior to implantation for proper “landing”. Early studies have
demonstrated successful valve implantation, improvement of heart failure symp-
toms, and no residual transvalvular or perivalvular leak with the above mentioned
bioprostheses [27].

Transcatheter tricuscpid valve annuloplasty is another method being explored,
with early studies using the Mitralign (Mitralign Inc., Tewksbury, MA, USA) and
TriCinch (4Tech Cardio Ltd., Galway, Ireland) devices. The Mitralign device
functions in the plication of the anterior and posterior aspects of the TV annulus,
creating a functionally bicuspid valve as seen in the Kay surgical technique. The
TriCinch device, currently being studied in the PREVENT registry, consists of a
corkscrew anchor as well as a self-expandable stent which are connected by a
Dacron band. The anchor is implanted into the TV annulus in the anterior and
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posterior aspects, and the self-expandable stent is placed in the inferior vena cava.
The modification and decrease of TV annular size is achieved by applying tension
to the Dacron band.

Other methods include the FORMA device (Edwards Lifesciences) which aims
to improve leaflet coaptation, the use of the MitraClip for TR, as well as transcath-
eter TV replacement. The FORMA device consists of a foam-filled balloon which
acts as a spacer and is anchored at the RV apex. This has shown to be implanted
successfully with improved outcomes in early studies [27]. Similarly, improved out-
comes without any major complications have been demonstrated with the use of
MitraClip on the TV for severe TR. In regards to transcatheter TV replacement,
successful implantation have been demonstrated in animal models, however no in-
human studies have been performed.

As of now, the above mentioned modalities have demonstrated favorable out-
comes but these studies involve very small study populations. Studies involving
human subjects and larger patient populations are needed to further elucidate the
feasibility of these techniques.

Prevention (See Table 4.2)

Some suggestions have been made on ways to potentially prevent post-procedural
TR, although the data behind this is overall limited. These involve various methods
involving the type of leads used, procedural technique and location of lead implan-
tation. Alternatives to the traditional intracardiac pacing devices have also been sug-
gested as a possibility in some patients.

Lead type: Some authors have postulated that the lead type may be related to
lead-related TR. One animal-based study found that expanded
polytetrafluoroethylene-coated coils are easily extracted compared to backfilled
with medical adhesive coils and uncoated coils, as these are commonly associated

Table 4.2 Prevention of lead related tricuspid regurgitation

Lead type * Expanded polytetrafluoroethylene-coated coils
¢ Polyurethane leads

Procedural technique e Prolapsing technique

Lead location e Septal or RVOT

* Transvenous epicardial lead in coronary sinus
e Intercommisural placement across tricuspid valve orifice

Imaging e Intraoperative 3D TTE along with fluoroscopy

Alternative devices e Leadless pacing
¢ Subcutaneous cardioverter defibrillators

Surveillance e Echocardiographic monitoring in select patients
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with less fibrosis and, therefore, potentially less TR [46]. Whereas, Lin G et al.
has reported higher prevalence of silicone versus polyurethane leads in those with
lead-related TR [19].

Procedural technique: There are three methods to lead implantation during the
procedure [47]. The first is the prolapsing technique, in which the lead is prolapsed
across the tricuspid valve by first creating a loop in the right atrium, then subse-
quently advancing the loop with the inner stylet until the lead falls into the valve.
The second is to cross the valve directly, aiming towards the target location with a
shaped stylet. The third and final technique is also to cross the valve directly, how-
ever towards the RVOT with a curved stylet in place, then bringing the lead back
until it is aimed towards the target location. Some experts suggest that the prolaps-
ing technique is sometimes the preferred method, as the leads are not directly
placed, decreasing risk of damage and trauma to the tricuspid apparatus. One disad-
vantage of the prolapsing technique, however, is the possibility of causing trauma to
the structures surrounding the TV prior to advancement into the RV. Nevertheless,
data still remains to be minimal on which method truly in fact causes the least dam-
age to the TV apparatus.

Lead location: location of the lead itself may play a factor in the development or
worsening of TR. Expert opinion explains that apically placed leads have the poten-
tial of tethering to the posterior TV leaflet more than septally placed leads. Recent
literature has shown a higher incidence of lead-related TR with leads placed api-
cally versus those placed in the RVOT [7]. Apical pacing can contribute to RV dys-
synchrony and alterations in RV geometry. This may explain some literature that
has shown a higher incidence of lead-related TR following ICD placement versus
PPM as ICD leads must be placed apically. However, whether there is a higher inci-
dence of TR with ICDs versus PPMs remains controversial.

Case reports in the literature have demonstrated the possibility and feasibility of
transvenous epicardial leads in the coronary sinus or middle cardiac vein rather than
intracardiac lead placement for permanent pacing [17, 48]. These cases were pri-
marily those patients with whom a lead could not be placed across the TV, such as
those with a history of TV surgery. This method is already accepted as an indication
for cardiac resynchronization therapy; extension of the indication to permanent pac-
ing may provide an alternate option to avoid trauma to the TV with intracardiac
leads, and therefore, prevent lead-related TR.

As mentioned previously, 3D TTE studies have demonstrated that much of
lead-related TR is associated with leads interfering with the posterior and/or sep-
tal TV leaflets [36]. Those without lead-related TR were found to have the lead
placed intercommisurally or in the center of the TV orifice. This information
could be potentially used for prevention of TR following PPM or ICD placement.
Itis suggested that intra-operative 3D TTE along with traditional fluoroscopy may
be beneficial to adequately place the leads in a more optimal location and, there-
fore, potentially prevent post-procedural TR. However, this has not been studied
head-to-head with purely intra-operative fluoroscopy, and the possibility of lead
displacement following the procedure has not been assessed. Given the large
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number of device implants, intra-operative echocardiography for lead placement
would pose a significant logistical and financial challenge.

Alternative devices: Newer technologies can help in reducing lead-related
TR. Leadless pacing has been possible with a self-contained encapsulated unit
which can be attached to the endocardium of the right ventricle. Feasibility trials,
such as the LEADLESS, LEADLESS II, and Micra Transcatheter Pacing Study
have achieved positive results [17, 49-51]. The Micra Transcatheter Pacing Study in
particular reported a 96% Kaplan-Meier estimate of freedom from device-related
adverse events at 6 months [49]. One of these device-related adverse events was
cardiac failure, which occurred in 0.9% of the patients, however device-related TR
was not specifically reported.

Subcutaneous cardioverter defibrillators are also another alternative which do
not involve leads that would cross the TV [17]. The generator is implanted subcuta-
neously in the lateral chest wall, the lead running also subcutaneously across the left
side of the chest and along the parasternal area, thus avoiding any intravascular
intervention. The major limitation of subcutaneous defibrillators is the inability to
pace. In addition, the patient population in which subcutaneous defibrillators may
be used is limited to those with appropriate recoding of cardiac signals according to
the orientation of the device in the chest.

Surveillance: Although there are no data regarding the specific benefits and clinical
effect of surveillance, some patients may benefit from close echocardiographic moni-
toring. These include those who develop signs and symptoms of new-onset right-sided
heart failure, have pre-existing TR, or those who have more than one apical lead [1].

Summary

Device-related TR is not an uncommon complication of PPM or ICD placement.
Although a previously unrecognized entity, it is now better understood and recognized
with emerging literature. TR following PPM or ICD placement is most often second-
ary to either mechanical or physiological mechanisms which involve damage or
deformity to the TV apparatus, leads, and/or cardiac structure and function. Clinically
significant lead-related TR involves the signs and symptoms of right-sided heart fail-
ure, which is further exemplified and evidenced by 2D TTE and color Doppler flow
mapping. Management typically involves medical management as well as percutane-
ous extraction of the offending leads. Prospective methods to prevent or reduce the
incidence of this complication include improved imaging modalities intraoperatively,
procedural techniques, particular lead placement, and the use of the cardiac venous
system. In the future, devices which do not involve leads may be another alternative.
As of now, the literature is continuing to emerge, while case studies and retrospective
studies predominate and prospective studies are just beginning to surface. Further
studies are needed to solidify our understanding of lead-related TR incidence/risk,
prognosis and mortality, proper management, and possible prevention.
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Review Questions

28.

29.

30.

Which of the following mechanisms of mechanical tricuspid regurgitation in
the setting of permanent pacemaker or implantable cardioverter-defibrillator
leads is not correct?

(a) Valve obstruction caused by lead placed in between leaflets.
(b) Lead entrapment in the tricuspid valve apparatus.

(¢) Annular dilatation.

(d) None of the above.

Which of the following statements about mechanical tricuspid regurgitation in
the setting of permanent pacemaker or implantable cardioverter-defibrillator
leads is not correct?

(a) A prevalence reported to be between 25 and 29%.

(b) It causes worsening of pre-existing TR in 10 to 25%.

(c) TR is more often seen in apically implanted pacemaker leads.
(d) TR is caused by lead perforation in 17%.

Which of the following are potential risk factors for mechanical tricuspid regur-
gitation in the setting of permanent pacemaker or implantable cardioverter-
defibrillator leads?

(a) Advanced age

(b) Obesity

(c) Preexisting atrial fibrillation
(d) All of the above
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Chapter 5
Tricuspid Valve Disease: Imaging Using
Transthoracic Echocardiography

Osama I. Soliman, Jackie McGhie, Ashraf M. Anwar, Mihai Strachinaru,
Marcel L. Geleijnse, and Folkert J. ten Cate

Abstract Tricuspid valve disease is common but often has less attention than in the
left side of the heart. Functional tricuspid regurgitation if left untreated is associated
with unfavorable outcome. Moreover, tricuspid valve surgery is often associated
with higher complications than for any other surgical valve intervention.
Transthoracic echocardiography (TTE) is the gold standard imaging of choice in the
assessment of tricuspid valve disease. TTE has many sub modalities such as the
M-mode, 2D and 3D modes, the bi-plane mode and the recently introduced iRotate
mode. Furthermore, Doppler interrogation of the tricuspid valve as well as blood
flow over other cardiac valves, pulmonary, aortic, hepatic venous flow is the main-
stay in hemodynamic assessment of patients with tricuspid valve disease. TTE role
begins with screening for the presence or absence and type of tricuspid valve dis-
ease. Moreover, determination of the etiology, severity of the tricuspid lesion, asso-
ciated other valvular problems and chamber quantification are part of an imaging
protocol/approach, which required for full diagnosis of tricuspid valve disease.
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Pre-operative and pre-catheter interventional planning can be performed by
TTE. Finally, post interventional outcome as well as follow-up is often determined
via TTE. In this chapter, we will provide a comprehensive and state-of-the art over-
view of the use of TTE for the assessment of TV disease. Advantages as well as limi-
tations of each TTE sub modality will be outlined. A perspective on the value of TTE
in the era of percutaneous transcatheter TV interventions will also be highlighted.

Keywords Echocardiography e Transthoracic ¢ M-mode ¢ Doppler ¢ iRotate
* 2 Dimensional * 3 Dimensional ¢ Tricuspid * Stenosis  Regurgitation ¢ Severity
e Surgery ¢ Interventions ® Outcome

Introduction

Transthoracic echocardiography (TTE) has been the mainstream imaging modality
of choice for the assessment of tricuspid valve (TV) disease. TTE is versatile, low
cost, is available at bedside and can be easily repeated without risks of ionizing
radiation such as in computed tomography or device incompatibility such as in
magnetic resonance imaging. Tricuspid regurgitation (TR) is the most common
form of TV disease. TTE provides functional information, grading of TR severity as
well as detailed morphologic assessment of TV leaflets that are not easily seen on
other imaging modalities. These TTE modalities are M-mode, Doppler, multiplane
imaging and three-dimensional (3D) imaging. 3D-TTE provides a full perspective
of right- as well as left-sided valves and chambers. Moreover, 3D colour-Doppler
can provide quantification of TR severity. The multiplane iRotate mode which has
been recently introduced into clinical practice, provides not only high frame rate
imaging that is comparable to 2D echocardiography, but also a multiplane perspec-
tive as in 3D echocardiography.

Tricuspid Valve Apparatus

Detailed cardiac anatomy and embryology are provided in Chap. 1 of this book. In
brief, the TV is the atrioventricular valve that separates the right atrium (RA) from the
right ventricle (RV). It is the largest and most apical of all cardiac valves. Its main func-
tion is to prevent blood returning to the RA. The TV apparatus is composed of a fibrous
annulus, three leaflets (anterior, posterior and septal), chordae tendinae, three papillary
muscles, and right ventricular myocardium. Papillary muscles are relatively smaller
and more widely spaced as compared to the left side of the heart. The septal leaflet is
more fixed than the other two leaflets and the posterior leaflet is the smallest. Anterior
and posterior leaflets have several secondary chordae which are attached to the mod-
erator band and the highly trabeculated free wall.
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The TV has a complex saddle-shaped structure, which results in the attachment
of the three leaflets not being aligned. Therefore, imaging of the TV annulus together
with all three leaflets requires a 3D modality. Anwar et al. have shown that only two
leaflets can be seen simultaneously in one 2D view. Moreover, identification of
individual leaflets and hence localization of TV pathology can be challenging, par-
ticularly in disease conditions [1]. However, manipulation of the ultrasound trans-
ducer in the apical 4-chamber view using an anterior to posterior sweep or preferably
a well performed subcostal view acquisition could, in some instances, allow for
simultaneous display of all three TV leaflets. These views require an experienced
echographer as well as a 3D interpretation of the individual leaflet orientation in
space. Successful TV function depends on integrated and well-coordinated compo-
nents of the whole TV apparatus.

TTE Examination of the Tricuspid Valve

TV morphology can be evaluated using 2D-TTE, which is considered the first
modality for screening. Generally, TTE assessment of the TV is preferred to trans-
esophageal echocardiography (TEE) as the right heart is situated in the near field.
TTE scanning of the TV is rather challenging because of the complex non-planner
position of the annulus and its highly variable anatomy [1]. It is very difficult to
visualize all three leaflets simultaneously in one 2D-TTE view. Therefore, other
echocardiographic modalities such as the multiplane iRotate, 3D-TTE or trans-
esophageal echocardiography may be needed to complete TV evaluation.

TTE Modes

Table 5.1 lists the TTE modes that could be used for screening and assessment of
tricuspid valve disease.

Table 5.1 Key uses of different transthoracic echocardiographic modalities

Modality | Utility
2D-TTE | Initial screening, often provides first clue for TV disease.

M-mode Best used for tricuspid annular systolic excursion (TAPSE).

Doppler The only modality, which provides hemodynamic and valvular regurgitation
assessment.

Bi-Plane | Provides an orthogonal view of TV and right-sided chambers

iRotate Provides a comprehensive evaluation of the TV annulus, leaflets as well as chamber
quantification.

3D-TTE Complete visualization of TV morphology; enface views as well as accurate
valvular and chamber quantification.
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Table 5.2 2D-TTE acoustic windows (views)

Acoustic window

Utility

Parasternal right ventricular inflow
tract view (RVIT)

One of the most important views to assess TV
morphology, regurgitation and to measure TV annulus.

Parasternal short-axis view (SAX)
at the base of the heart

Provides valuable information regarding TV morphology,
regurgitation

Apical 4-chamber views

e Standard Provides valuable information regarding TV morphology,
regurgitation

* Focused Provides valuable information regarding TV morphology,
regurgitation

*  Modified Provides valuable information regarding TV morphology,

regurgitation

* Subcostal 4-chamber view Provides valuable information regarding TV morphology,

regurgitation

Subcostal short-axis view Provides comprehensive visualization of TV three leaflets

as well as TV morphology and regurgitation

2D-TTE

Standard 2D-TTE for the assessment of TV morphology and function can be per-
formed from multiple acoustic windows. Essential 2D-TTE acoustic windows
include the standard parasternal long-axis (RV inflow), the parasternal short-axis
view, the apical 4-chamber view, and the subcostal view (Table 5.2 and Figs. 5.1,
5.2, and 5.3). A comprehensive TTE exam of the TV requires the use of all feasible
2D views alongside Doppler Interrogation to obtain full assessment of the TV appa-
ratus, right heart chambers as well as venous and pulmonary circulation. A localized
pathology such as a flail leaflet could be missed if all the TTE views are not
attempted. Detailed transesophageal assessment of TV is provided in Chap. 6.

3D-TTE

3D-TTE is often used in experienced centers to provide a comprehensive interroga-
tion of the TV leaflets, annulus, subvalvular apparatus and RV size and function
quantification.

Acquisition

3D-TTE acquisition can be performed from any of the standard 2D acoustic win-
dows (parasternal, apical and subcostal). Using current technology cardiac struc-
tures in the axial dimension (y, azimuthal) have the best resolution (0.5 mm), in
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Fig. 5.1 The parasternal 2D-TTE views: standard right ventricular inflow tract view from a nor-
mal subject (a) and after further angulation (b) to exclude left ventricle from the scan sector and a
standard parasternal short-axis view at base of the heart (aortic valve) level (¢). Corresponding
views from a patient with an abnormal TV (d, e and f). LV left ventricle, RV right ventricle, RA
right atrium, RVOT right ventricular outflow tract, LA Left atrium, AO aorta

the lateral dimension (x) (2.5 mm), and in the elevation dimension (3.0 mm) the
least resolution. Therefore, the parasternal short-axis window should provide the
best quality for an “enface surgical” view. Consequently, TV display on 3D-TTE
has an intermediate quality in the parasternal long-axis window and has the least
quality in the apical window acquisition. The two most commonly used 3D-TTE
modes are the real-time and the full-volume modes. The former has a relatively
narrow angle (smaller scan sector) but it provides a higher resolution than the
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Fig. 5.2 The 2D-TTE apical views from a normal right heart (a—e): focused (a); modified (b);
aortic (¢); coronary sinus (d) and subcostal (e). Corresponding views from a subject with an abnor-
mal TV (fj). Note that in “h” LV cavity is minimally visualized due to the prominent RV (see*).
Abbreviations are similar to Fig. 5.1, CS coronary sinus
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Fig. 5.3 The 2D-TTE subcostal short-axis views from a normal subject (a) and a subject (b) with
a TV prolapse (arrow)

latter. Furthermore, a real-time scan is not limited to the number of heart cycles nor
it is limited by respiration or arrhythmia. Moreover, it allows for focusing on a
specific region of interest. On the other hand, the full volume mode allows for a
wider angle (larger scan sector) that can include more structures in a single
acquisition. However, structures on the full-volume mode have much lower reso-
lution and could be limited by artifacts due to respiration or arrhythmia. The
trade-offs between the two modes should be taken into consideration as per
patient and according to the objectives of the 3D-TTE scan.

Analysis and Display

Similar to other 3D imaging modalities such as magnetic resonance imaging or
computed tomography, real-time 3D-TTE datasets in the multiplanar reconstruction
mode, display the full TV apparatus in 3D as well as right sided chambers in the 2D
long-axis (coronal and sagittal) and short-axis (axial) planes. This allows for a
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single image displaying the TV in an enface surgical view simultaneously with a
full assessment of the TV leaflets (Fig. 5.4). For uniformity it has been proposed
that display of the 3D-TTE enface view of the TV should preferably be performed
with the septal leaflet in the 6 o’clock position [2].

Fig. 5.4 Multiple 3D-TTE views of an open TV as seen from RV aspect (a) and from RA aspect
(b) and the corresponding views with the valve closed (d and e); RV inflow view (¢) and a 2D
multiplane reconstruction from 3D dataset (f). Note that asterisk refers to the place of TV annulus.
ATL anterior leaflet, PTL posterior leaflet, STL septal leaflet, MV mitral valve, Ao aorta, RV right
ventricle, RA right atrium
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Incremental Value of 3D-TTE over 2D-TTE of the TV

Compared with left sided structures, echocardiographic assessment of right-sided
structures is more difficult due to the anterior location of the right heart and the vari-
able position of the TV leaflets. Since 3DE is dependent on 2DE quality, 3DE acqui-
sition of the right heart is still challenging. However, there is accumulating evidence
that 3DE has incremental value in the assessment of TV disease compared with
2D-TTE.

Visualization of TV leaflets: Using 2D-TTE, it is extremely difficult to iden-
tify all leaflets in the parasternal short-axis view due to variability in their posi-
tion. Anwar et al. have shown that by using a 3D mental reconstruction, both
septal and anterior leaflets can be identified in all cases from the parasternal
long-axis (RV inflow) and the apical 4-chamber views (Fig. 5.5). The use of an
enface view from a right atrial or right ventricular aspect, “surgical view” pro-
vides a simultaneous display of the TV leaflets and their attachment to the TV
annulus as well as it provides accurate assessment of leaflet morphology, thick-
ness, leaflet defect, prolapse and fusion of commissures.

Apical Parasternal Parasternal
4-chamber RV-inflow short-axis

TV
leaflet
anatomy

Septal 0% 100% 100% 0% 0% 48%

Anterior  100% 0% 0% 100% 0% 52%
Posterior 0% 0% 0% 0% 92% 0%

Fig. 5.5 Visualization of TV leaflets on three standard 2D-TTE views. Percentages of the leaflet
identification have been reported below each 2D view. From Anwar et al. with permission [1]
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Quantification of TV annulus: Another clear advantage of 3D-TTE over 2D-TTE
is the ability of the former to accurately quantify the non-planner TV annulus [1, 3].
Detailed measurements of leaflets size, intercommisural distance, and cyclic varia-
tion can be made [1].

Assessment of TR: Moreover, real-time 3D-TTE has an increasing role in the assess-
ment of TR (Fig. 5.6). Assessment of TV leaflets and commissures morphology, annu-
lus size and non-coaptation distance provide important clues to etiology and mechanism

Fig. 5.6 Visualization of different etiologies and mechanisms of TR on real-time 3D-TTE: (a) a
long-axis and (b) a short-axis enface TV view as seen from the RV aspect, a pacemaker lead
(arrow) restricts TV leaflets from closing. (¢) and (d) are from a patient with a prolapse of the
posterior leaflet of the TV with elongated chordae as seen from RV aspect with TV open (c¢) and
RA aspect TV closed (d). The arrow points to incomplete TV coaptation due to prolapsed posterior
leaflet. Image (e) shows an enface view of TV, as seen from the RV aspect, with a tear in the TV
leaflets (arrow) after repeated biopsies in a patient with a heart transplant. Image (f) shows lack of
TV leaflets coaptation (arrow) due to carcinoid disease in enface RV view. ATL anterior leaflet,
PTL posterior leaflet, STL septal leaflet, PM pacemaker lead, LV left ventricle
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of TR. Furthermore, although practically difficult, quantification of vena contracta
area of TR jet on real-time colour Doppler 3D-TTE has been accomplished. The
authors proposed new cut-off values for TR severity: 0.5 cm? for mild, 0.5-0.75 cm? for
moderate, and >0.75 cm? for severe TR [4]. However, these values need to be prospec-
tively validated in a larger external population. Respiratory variation of TV jet regur-
gitant orifice area has been shown on colour Doppler 3D-TTE, as well as other TR
parameters on 2D-TTE [5, 6].

Tricuspid annular dilatation in patients with functional TR can be a more accu-
rate indicator of TR severity than color Doppler of TR alone [7-9]. Therefore; the
ability to accurately quantify TV annulus with 3D-TTE is important in the assess-
ment of TR severity [10, 11].

Display and assessment of TV enface area, similar to mitral enface area; in patients
with suspected TV stenosis is required for accurate diagnosis of TV pathology, and of
course only feasible on 3D-TTE [12, 13].

Simultaneous Multiplane Imaging

With the introduction of the MATRIX transducer, simultaneous multiplane imaging
has become available. This new modality permits the use of a full electronic rotation
of 360° (adjustable by 5° steps) of the 2D image (iRotate) and a simultaneously
adjustable bi-plane 2D image (xPlane).

Bi-plane TTE

In the bi-plane mode an orthogonal view can be obtained through the midline of the
primary image, such as the tricuspid valve, and displayed as a secondary image. If
necessary, from the midline additional secondary images can be visualized by a
lateral tilt of up to maximal +30° to —30° (Fig. 5.7).

Fig. 5.7 2D-TTE bi-plane mode assessment of the TV in two different views: (a) from a normal
subject where the reference line transects the tricuspid valve annulus in a focused RV apical view
allowing measurements of two axes diameters; (b) from a patient with TV disease where the refer-
ence line, transects the tricuspid valve annulus in the RV inflow view allowing measurements of
two axes diameters. All measurements can be performed in the same heartbeat. RV right ventricle,
RA right atrium, RVOT right ventricular outflow tract
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iRotate Mode

2D- iRotate echocardiography is a relatively new echo modality aiming at maximiz-
ing the benefits of using 2D- and 3D-TTE in routine clinical practice by combing
the advantages of the two echo modalities. It allows for full assessment of a cardiac
structure such as the right ventricle from a single transducer position. The iRotate
images retain the advantages of a better quality and a higher frame rate than
3D-TTE. The feasibility of 2D-TTE iRotate has been examined by our group for the
assessment of right ventricular function using fixed anatomic landmarks [14] as
well as right ventricular strain assessment [15].

McGhie et al. proposed a novel 13-segment model to assess right ventricular
function from a single apical acquisition using the iRotate mode. The proposed
protocol uses four anatomic landmarks to identify the different right ventricular
walls, namely: mitral valve for RV lateral free wall, coronary sinus for RV anterior
wall, aortic valve for RV inferior wall and RVOT for RVOT anterior and inferior
wall. From the apical window, a standard apical 4-Chamber view can be adjusted to
acquire a focused non-foreshortened RV view with the tricuspid valve centered
along, or as near as possible, to the midline of the sector. With the iRotate mode a
full electronic rotation can be performed. Using the anatomic landmarks, as defined
above, four standard TV annulus views can be acquired (Figs. 5.8 and 5.9).

The 2D-TTE iRotate mode provides a standard methodology for serial assess-
ment of RV function [16]. High quality image acquisition using the 2D-TTE iRotate
mode could be achieved after a relatively short learning curve of 20 cases. The
feasibility of segmental RV wall analysis approached 95% in subjects with normal-
and patients with dilated-RVs. Furthermore, quantification of RV function using
tricuspid annular plane systolic excursion (TAPSE) and Doppler tissue velocities
were feasible in more than 90% of subjects with normal RV size and in all patients

Fig. 5.8 A schematic drawing of the cut planes for the four iRotate RV views. Left: as visualized
in the transvers plane viewed from the RV aspect. Right: as visualized in the RV sagittal plane
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Fig. 5.9 The 2D-iRotate image acquisitions of the four RV views from a normal TV valve, left,
and right the corresponding views from a patient with Ebstein’s anomaly (a, e) the mitral view:
visualizing the RV lateral wall; (b, f) the coronary sinus view: visualizing the RV anterior wall;
(c, g) the aortic view: visualizing the RV inferior wall; (d, g) the coronal view: visualizing the RV
inferior wall and RVOT anterior wall. Note the position of the chordal attachments, towards the
RVOT, of the Ebstein TV in (h)
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with dilated RVs. Likewise, assessment of RV strain in subjects with normal and
dilated RV has been shown feasible and reproducible using the 2D-TTE iRotate
mode [15].

Translating those initial feasibility studies of the 2D-TTE iRotate mode into
direct TV assessment could be speculated in several aspects. It could be used for
more robust serial follow up of disease progression before- and reverse remodeling
after percutaneous interventions or surgery involving the TV. Likewise, recovery of
RV function after TV repair or replacement could be more accurately quantified.
The 2D-TTE iRotate mode could be used as well for comprehensive and robust
serial assessment of TV annulus size and function.

TTE Approach to Tricuspid Valve Disease

Tricuspid pathology can be broadly described as stenotic, regurgitant or both. TV
disease varies widely from asymptomatic lesions to advanced cases with general-
ized anasarca due to severe TR. Congenital TV disease is beyond the scope of this
book chapter.

A diagnostic approach begins with morphologic assessment and localization of
the underlying TV pathology. Once the etiology of TV lesion is established, assess-
ment of disease severity is the next step. Impact of TV disease on right sided cham-
bers size and function as well as pulmonary and hepatic circulation should follow.
Finally, associated valvular lesions and assessment of left sided chambers should be
performed. Table 5.3 lists the comprehensive assessment of the TV with 2D-TTE.

TTE Approach to Tricuspid Valve Stenosis

TV stenosis can be due to rheumatic, infiltration such as in carcinoid disease, or
rarely, due to compression by external structure such as tumor, thrombus or the
aorta. When suspected, morphologic assessment with 2D-TTE and colour-Doppler,
spectral pulsed- and continuous-wave Doppler is required (Fig. 5.10). Tracing of

Table 5.3 Comprehensive tricuspid valve assessment on transthoracic echocardiography

Item Utility
Leaflets Thickening, doming, restriction
Coaptation
Flail
Annulus Diameter, area, changes over cardiac cycle
Gradient Mean gradient
Tricuspid regurgitation Severity of regurgitation.
Septum Septal flattening
Right atrium Chamber quantification
Right ventricle Chamber quantification
Pulmonary artery Pulmonary artery pressure
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Doppler flow envelopes should be performed and averaged from three to five car-
diac cycles. Velocity timed integral (VTI) and mean gradient can then calculated
automatically. There are several methods for calculation of the TV cross sectional
area (Tables 5.4 and 5.5).

Doppler estimation of TV cross-sectional area is based on the conservation of
mass theory. Using the continuity equation, TV cross-sectional area can be calcu-
lated from the standard formula (TV cross sectional area in cm? = [A*V,/V,])
where A is the cross-sectional area from left or right ventricular outflow, V, is the
peak flow velocity from left or right ventricular outflow on pulsed-wave Doppler. V,
is the peak flow velocity from forward TV flow on continuous-wave Doppler.
Another method for estimation of TV cross-sectional area can be derived from the
formula TV area in cm? = stroke volume/TV-VTI. Stroke volume, mentioned above,
is derived from left or right ventricular outflow. Stroke volume can be estimated
from the formula (stroke volume = cross sectional area * velocity time integral)
based on Doppler interrogation of either left or right outflow tracts.

TV area can also be estimated from the formula 190/PHT, where PHT is the
pressure half time from forward TV flow on continuous-wave Doppler. In the pres-
ence of mild or more TR, the derived area will be underestimated. Furthermore, the
stroke volume calculation becomes inaccurate in cases of aortic or pulmonary
regurgitation. Tricuspid inflow velocities are largely dependent on respiration, heart

Fig. 5.10 Example of a stenotic tricuspid valve on 2D-TTE (a); flow acceleration on colour-
Doppler (b) and typical pattern on spectral continuous-wave Doppler (c)

Table 5.4 Estimation of TV cross-sectional area on transthoracic echocardiography
Formula

Continuity equation TV cross sectional area in cm? = [A,*V,/V,]

TV cross sectional area in cm? = [A,*VTL/VTL]
TV cross sectional area in cm? = [Stroke volume/VTI,]

PHT TV cross sectional area in cm? = 190/PHT

A, is the cross-sectional area from left or right ventricular outflow; V, is the peak flow velocity
from left or right ventricular outflow on pulsed-wave Doppler. V, is the peak flow velocity from
forward TV flow on continuous-wave Doppler and VT, is the velocity time integral from the
pulsed-wave Doppler of either right or left ventricular outflow tracts; VT, is the the velocity time
integral from the pulsed-wave Doppler of blood flow at the tricuspid valve annulus. TV cross sec-
tional area in cm? = stroke volume/TV-VT,. Stroke volume as above-mentioned is derived from left
or right ventricular outflow PHT, Pressure half time; TV, Tricuspid valve; VTI, Velocity time inte-
gral. Although there are similarities between mitral and tricuspid stenosis, the P1/2t method has
not been as extensively validated for the calculation of tricuspid valve area [34]
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Table 5.5 Signs of Item Cut-off value
hemodynamically signiﬁcapt Specific findings
TV stenosis on transthoracic 3
echocardiography Mean pressure gradient >5 mmHg
RV inflow velocity-time integral >60 cm
RV inflow PHT >190 ms
TV area <1 cm?
Supporting findings
Dilated right atrium >Moderate
Dilated inferior vena cava

TV tricuspid valve, RV right ventricle, PHT pressure half time

rate and rhythm. Therfore, all measurements must be averaged throughout the respi-
ratory cycle or recorded at endexpiratory apnea. As a rule of thumb, Doppler mea-
surements from a minimum of three (sinus rhythm) or five cardiac cycles (atrial
fibrillation) should be averaged. Likewise, pressure half-time is not reliable in case
of tachycardia.

TTE Approach to Tricuspid Valve Regurgitation

TR is the most frequently seen TV pathology. It can be organic due to leaflet pathol-
ogy or functional secondary to annular dilatation and/or ventricular dysfunction. The
latter is the predominant form mostly encountered in clinical practice. Trivial TR is
considered physiologic and it is very often seen on routine echocardiography. Mild
TR has been reported in 80-90% of echocardiograms. The prevalence of moderate or
severe TR was 0.8% in the Framingham heart study with an increased prevalence with
age and was fourfold more frequent in females than males [17]. One-third of patients
with mitral valve stenosis have at least moderate TR [18]. Severe TR has been reported
in 23-37% of patients who underwent mitral valve replacement for rheumatic mitral
valve disease [19, 20]. This form of TR is defined as “functional” or “secondary”
since no primary TV pathology could be seen in most of these patients. Likewise,
functional TR is often seen in patients with advanced left heart disease [21].

Residual moderate or severe TR after correction of left sided lesions is not
benign; it does not often regress and is associated with reduced cardiac output and
right-sided heart failure. Redo surgery is associated with up to 10% mortality. More
importantly, it has been associated with poor long-term outcome [22]. Therefore,
surgical TV repair or replacement is indicated for patients with stages C and D
functional severe TR undergoing left sided valve surgery [23]. Details on TR clini-
cal spectrum are described in Chap. 2 of this book.
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TTE Diagnostic Algorithm of TR

According to the current guidelines, TTE is the primary modality for TR assessment.
Complete TR assessment requires; identification of etiology, severity and impact on
right ventricle (and vice versa) size and function as well as right atrial size and
assessment of inferior vena cava. Furthermore, pulmonary artery systolic pressure
should be estimated and any associated left heart disease should be assessed [23, 24].

Etiology and Mechanisms of TR

TR can be due to a primary cause such as a structural abnormality of the TV or
incomplete leaflet closure secondary to a dilated TV annulus or a dilated right ven-
tricle or to mal-coaptation and/or tethering of the TV leaflets (Table 5.6).

Table 5.6 Etiology and mechanisms of tricuspid regurgitation

Aetiology Feature Mechanism(s)
Primary Less common (10-25%) Cleft leaflet (congenital)
Structural abnormality of Perforation (endocarditis)
tricuspid valve leaflets Mal-coaptation (pacemaker leads)
Acquired disease or congenital Retraction (rheumatic, radiation, drug,
carcinoid)

Prolapse (degenerative)

Ruptured chordae (traumatic or
endocarditis)

Congenital Ebstein’s anomaly or prolapse
Other congenial etiologies:

TV dysplasia

TV tethering (perimembranous
ventricular septal defect and ventricular
septal aneurysm)

Repaired tetralogy of Fallot
Congenitally corrected transposition of
the great arteries

Other (giant right atrium)

Secondary Most frequent (80-90%) Annular dilatation and or RV dilatation
(Functional) Morphologic normal leaflets with | Leaflet tethering due to left sided heart
impaired leaflets coaptation disease or pulmonary hypertension

RV dysfunction (RV ischemia; RV
volume overload, RV cardiomyopathy)
RA abnormalities (atrial fibrillation)

RV right ventricular
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Grading of TR Severity

Similar to all other valves, TR is first assessed by visual inspection of the return of
blood from the right ventricle into right atrium using colour Doppler. As recom-
mended by the ASE guidelines, the use of a multi-parametric approach is mandatory
[26, 40]. TR severity is determined according to 2D chamber measurements and
function and Doppler recordings of jet characters. There are a few colour Doppler
jet characteristics including jet area, vena contracta (VC) width and area, proximal
isovelocity area (PISA) radius and flow convergence. Continuous-wave Doppler
parameters include TR Doppler jet envelope shape and density. Furthermore,
Doppler interrogation of hepatic venous flow is an integral part of 2D echocardio-
graphic estimation of TR severity. However, Doppler cut-off values, which are used
for grading TR severity, are largely not well validated, nor in respect all aspects of
TR severity, particularly functional TR (Table 5.7).

When moderate or severe TR is suspected it is often associated with an abnor-
mally dilated right atrium, right ventricle and inferior vena cava. Spectral Doppler
profile of the hepatic veins assists in the diagnosis of TR severity: systolic flow blunt-
ing is often seen in patients with moderate TR and systolic flow reversal in severe TR.

Use of Colour Doppler in TR Severity Assessment

Colour flow Doppler is often used as the first modality to screen for regurgitant
valvular lesions. It provides visualization of the jet origin, jet width and its spatial
orientation in the receiving chamber. In case of severe regurgitation, flow conver-
gence occurs into the regurgitant orifice. An optimally visualized TR jet is com-
posed of three parts: jet head, seen inside the right ventricle, jet neck and jet body
seen inside the right atrium (Figs. 5.11 and 5.12).

TR Jet Area

While a large jet area on colour Doppler is associated with more significant TR,
there are several determinants of the TR jet area on colour Doppler regarding
severity: hemodynamic or loading conditions, etiology and shape of the jet as well
as technical factors (Table 5.8). Optimal machine settings include a Nyquist limit
(aliasing velocity) of £50-70 cm/s, and a colour gain that is just enough to elimi-
nate random colour speckles from non-moving tissue. Optimized and standard-
ized machine settings are essential in serial follow-up studies to avoid measurement
errors (Fig. 5.13) while assessing progression or regression of TR after pharmaco-
logical, percutaneous or surgical interventions. There are several caveats in using
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Table5.7 Assessmentof chronic tricuspid regurgitation severity on transthoracic echocardiography

Parameter Mild Moderate Severe

Structural

TV morphology Normal or mildly | Moderately Severe valve lesions (e.g.,

abnormal leaflets | abnormal leaflets | flail leaflets severe retraction,
large perforation)

RV, RA Usually normal Normal or mild | Usually dilated®
dilatation

RV eccentricity index | Usually normal Normal or >2
abnormal

Inferior vena cava Usually normal Normal or >21 mm with <50% collapse
abnormal

Qualitative Doppler

Color flow jet area®

Small, narrow,
central

Moderate central

Large central jet or
eccentric wall impinging jet
of variable size

Flow convergence
zone

Not visible,
transient or small

Intermediate in
size and duration

Large throughout systole

CWD jet Faint/partial/ Dense, parabolic | Dense, often triangular
parabolic or triangular

Qualitative Doppler

Color flow jet area Not defined Not defined >10

(em?)P

VCW (cm)® <0.3 0.3-0.69 20.7

PISA radius (cm)® <0.5 0.6-0.9 >0.9

Hepatic vein flow!

Systolic dominance

Systolic blunting

Systolic flow reversal

Tricuspid inflow! A-wave dominant | Variable E-wave >1.0 m/s
Qualitative Doppler

EROA (cm?) <0.20 0.20-0.39¢ 20.40

RVol (2D PISA) (mL) | <30 30-44¢ 245

RA right atrium
Bolded signs are considered specific for their TR grade

Reprinted with permission from Ref. [40]

4RV and RA size can be within the “normal” range in patients with acute severe TR

"With Nyquist limit >50-70 cm/s

“With baseline Nyquist limit shift of 28 cm/s

dSigns are nonspecific and are influenced by many other factors (RV diastolic function, atrial fibril-
lation, RA pressure)

“There are little data to support further separation of these values

color jet area for assessing TR severity. TR jet area can show a considerable over-
lap in patients with mild versus moderate TR. Furthermore, eccentric and wall
impringing jets appear smaller than central jets with similar regurgitation volume.
Another extreme form of misleading color Doppler jet area could be seen in
patients with severe TR and wide-open (no TV coaptation). In those patients the
TR velocity could be quite low twithout aliasing or distinct jet pattern [40].
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TISOE MI13

Fig. 5.11 Visualization of different TR aetiologies due to: no coaptation (a and b), pacemaker lead
(c and d); frequent biopsies in a patient post heart transplant (e and f) and TV leaflets prolapse
(g and h)
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Fig. 5.12 Visualization of
a central (a) and an
eccentric (b) TR jets
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Table 5.8 Determinants of tricuspid regurgitation on colour Doppler

Feature

Hemodynamic/loading conditions

Aetiology and shape of TR jet

Technical limitations

Description

Hyper/hypotension

RA size and capacitance
RA pressure

RA-RV pressure gradient
Phase of respiration
Central jet

Versus eccentric jet (coanda effect) and wall impinging
jets, use multiple views
Nyquist limit

Sector depth and size
Gain settings

Transducer frequency
Suboptimal views

RV right ventricular, 7R tricuspid regurgitation, RA right atrium
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Fig. 5.13 Impact of altered machine settings on the assessment of TR severity. Upper panel: influ-
ence of the velocity scale: normal (a), high (b) and low (¢). Lower panel: influence of gain: normal
(d), too little (e) and too much (f)

Fig. 5.14 Optimal visualization and measurement of TR jet vena contracta on colour Doppler in
a patient with mild (a, d), moderate (b, ) and severe (c, f) TR

TR Jet Vena Contracta

The vena contracta (VC), (Fig. 5.14), is the narrowest portion of a jet that occurs at
or just downstream from the orifice. Visualization of TR VC is technically less
demanding than the PISA method. For optimization of the TR jet VC width one
should: use colour Doppler interrogation of the TR signal in the apical 4-chamber
view and RV inflow parasternal view; set the Nyquist limit to +/—50-70 cm/s and
use a narrow sector and zoom in to allow a frame rate of >20 frames per second. A
jet VC of >7 mm has 89% sensitivity and 93% specificity for severe TR [25, 26].
Chen et al. [27] Have shown that VC area (A) measurement on 3D-TTE is fea-
sible in the majority of patients with at least mild TR and in sinus rhythm but not in
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Fig. 5.15 Three-dimensionally guided 2D direct planimetry of vena contracta area (VCA) in mul-
tiplanar reconstruction (MPR) mode in a patient with severe TR. Three-dimensional colour pyra-
midal full-volume data sets were reviewed in MPR mode in the mid-systolic phase, the red
quadrate/sagittal plane (fop right) and green quadrate/coronal plane (fop left) were carefully
adjusted to be parallel to the colour jet and moved into the center of TR, and then the blue quadrate/
transverse plane (bottom left) was moved to reach the level of the VC, where direct planimetry of
VCA (Al), long axis (D1), and short axis (D2) was performed. The white quadrate (bottom right)
shows the MPR slice view of three orthogonal planes of the 3D pyramidal volume

patients with atrial fibrillation, even with <20% cycle length variation (Fig. 5.15).
Based on current evidence, a VC area > 0.4 ¢cm? is a reasonable cutoff value for
severe TR [33, 40].

Flow convergence method (proximal isovelocity surface area
[PISA] method). Flow Acceleration and TR Jet Effective
Regurgitant Orifice Area (EROA)

PISA can be assessed in the apical 4-chamber view. For optimal optimization of the
TR jet PISA radius, set the Nyquist limit to an aliasing velocity of 28 cm/s. A PISA
radius of >9 mm correlates with severe TR, 6-9 mm correlates with moderate TR,
while a PISA radius of 5 mm or less is often associated with mild TR.
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Method 1. PISA Quantification of TR

Step 1. Measure the radius of the PISA hemisphere to calculate the hemispheric
area where area = 27’
Step 2. Measure the flow through the PISA using the formula: Q (flow in mL/
min) = Area *Velocity or 2nr? * V, (V, = Aliasing velocity based on Doppler scale).
Step 3. Measure flow velocity of the TR jet (Vi) from the CW Doppler envelope.
Step 4. Based on the continuity equation, flow at PISA is equal to the flow
at the regurgitant orifice area (ROA). Therefore, ROA* Vg = 2nr? * V, or
ROA = (2nr* * V,)/Vi.

Method 2. PISA Quantification of TR

There is another simplified one step approach for PISA quantification of TR severity
based on the measurement of the PISA radius. The rationale behind this simplified
approach is based on adjusting the colour Doppler aliasing velocity to 1/12 of the TR
jet velocity on continuous-wave Doppler. This is shown in the following algorithm:

Begin with step 3 as above, and then adjust V, to 1/12 of Vi on ultrasound
machine.

e ROA = (2nr? * V,)/Vg = (6.28 12 * V,)/Vx
e Since Vo/Vg = 1/12, then ROA =6.28 12 * 1/12 = 0.5 r?
e From the table below, you can estimate ROA from the PISA radius

However, it is important to correct for underestimation of the flow rate due to
flattening of the isovelocity shells close to the orifice [28]. Therefore, correct for
velocity by using the ratio (V/[V — V,]), where V is the peak TR velocity from
continuous-wave Doppler and correct for the irregular funnel shaped TR orifice
(Table 5.9).

Thus, the mid-systolic instantaneous is calculated as TR flow Q = (2z*r? * V,)*
(V/V — V,)*(alpha/180). Where alpha is the angle of the systolic inverted tricuspid
valve funnel [25]. Therefore, ROA = Q/V.

Table 5.9 Estimation of PISA radius (V, = 1/12
tricuspid regurgitation of Vi) ROA
severity based on PISA radius 1—4 mm 5_8 mm? Mild
5-8 mm 13— Moderate
32 mm?
>9 mm >40 mm? Severe
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Caveats in PISA Estimation of TR

Assessment of TR severity based on the PISA method can results in significant
underestimation of the regurgitant orifice area (ROA) [29-31]. The shape of the
tricuspid regurgitant orifice is often elliptical or very irregular, particularly in
cases of severely tethered TV leaflets. Another important caveat in the PISA
calculation is related to respiratory variations in the TR jet velocity and PISA
radius. During inspiration, flow increases but TR velocity decreases and the
opposite occurs during expiration [32]. Therefore, both measurements should be
averaged when assessing the severity of TR. Topilsky et al. have shown that
despite a reduction in the regurgitation gradient and consequently TR peak jet
velocity during inspiration, there is a significant increase in tricuspid regurgitant
volume due to a large increase in effective regurgitant orifice [32]. The latter is
linked to an inspiratory widening of the RV cavity and thus TV annular enlarge-
ment, which means a decreased valvular coverage and increased valvular tenting
[32] (Fig. 5.16).

Flow = 121 ml/sec Flow = 58 ml/sec
ERO = 0.42 cm? ERO = 0.18 cm2

: R = 0.63cm

- — //ﬁHW
Tricuspid e~ vV Y

Regurgitation Expiratio

... TR velocity = 289 cm/sec TR velodty = 331 cm/sec

Fig. 5.16 Impact of inspiration and expiration on the measurements of TR flow using the flow
convergence method (fop) and peak velocity using continuous-wave Doppler (Vmax; bottom) with
calculation of ERO in inspiration (left) and expiration (right). Respirometer curves ascend with
inspiration and descend with expiration. During inspiration, Vmax decreases, regurgitant flow
increases, and ERO increases considerably. Modified with permission from Topilsky et al. [32]



104 O.I. Soliman et al.

PISA Quantification on 3DE

It has been shown that the EROA as well as the regurgitation volume can be mea-
sured directly from 3DE [33]. The 3D method is quite simple, where a direct mea-
surement of the flow convergence area is made possible on a 3D-TEE multiplanar
reconstruction, thus no geometric assumption is made (Fig. 5.17). The method how-
ever, requires inclusion of the entire TR jet PISA in the 3D dataset and avoidance of
rhythm or respiratory artifacts. Important caveats of the 3D PISA measurements are
in general the low temporal and spatial resolution and the lack of wide availability.

TR Jet on Continuous-Wave Doppler

Assessment of the severity of the TR jet on continuous-wave Doppler should include
shape of Doppler profile, density of the TR jet, peak TR jet velocity and peak TV
inflow velocity. The rationale behind continuous-wave Doppler is that it records the
velocities of all the blood cells moving along the path of the sound beam. Therefore,

0cB/IM: 06
ITT:05/1TO:05
082 m's

Tricuspid Regurgitation

Measurement

PISA 4,87
ERO 0,57
Aliasing Velocity 0,28

Fig. 5.17 A multiplanar reconstruction of 3D-TTE dataset obtained via a single beat acquisition.
3D PISA is automatically extracted and displayed as green overlay on a 3D colour Doppler image
(top, the three reference planes: left, four-chamber view; center, two-chamber view; right, short-
axis view). Bottom left: 3D rendered PISA in the volume-rendered image. ERO: Effective regurgi-
tant orifice. Modified from de Agustin et al. with permission [33]
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the Doppler envelope contains the full envelope spectrum; the outer boundary rep-
resents the fastest moving blood cells [34]. An important caveat is the ultrasound
beam being parallel with the blood flow, this is often difficult to achieve, particu-
larly for eccentric TR jets (Fig. 5.18).

Hepatic Vein Flow in Patients with TR

Assessment of the hepatic venous flow is an integral part of 2D-TTE assessment of
TR severity. The normal flow pattern of the hepatic vein on a pulsed-wave Doppler
recording consists of four phasic components. The forward systolic velocity (S) is
larger than the diastolic (D) velocity. Two relatively small reversal waves are seen in
late systole (V-wave) and late diastole (A-wave).

Patients with mild TR often have normal hepatic vein flow patterns. Patients with
moderate TR often display a flow pattern that consists of a blunted S-wave, a large
D-wave, and an S/D ratio < 1. Inspiration results in increased velocity of the S and
D waveforms, however, the S/D ratio < 1 persists independently of the phase of
respiration. Patients with severe TR often display a flow pattern that consists of a
prominent systolic reversal (SR) wave that replaces the forward S-wave. The SR
peaks in late systole and the only forward flow is seen in diastole (Fig. 5.19).

There are several caveats, which are important in the interpretation of hepatic
vein flow patterns for grading TR severity. Hepatic flow is dependent on several

Fig. 5.18 Optimal visualization of TR jet on CW Doppler in a patient with mild (a), moderate (b)
and severe (c) TR. Observe the shape of the TR jet envelope
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Fig. 5.19 Optimal visualization of typical hepatic venous flow in three patients with systolic pre-
dominance (/eft), systolic blunting (middle) and systolic flow reversal (right)
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factors including hemodynamic loading, respiration, cardiac rhythm and RA and
RV compliance [35]. Inspiration will increase both systolic and diastolic flow veloc-
ity, therefore the ratio will not be affected. Therefore, a blunted systolic flow would
be present despite inspiratory increase in the flow velocities. A compliant right
atrium would lessen the impact of severe TR leading to a blunted systolic flow
instead of systolic reversal of flow (Table 5.10).

Other Surrogate Signs of TR Severity

There are several signs of severe TR on 2D-TTE such as a dilated inferior vena cava
and hepatic veins (Fig. 5.20).

Hemodynamically significant TR is often associated with dilated right-sided
chambers. The latter is either the cause or the result of significant TR. Therefore,

Table 5.10 Patterns and determinants of hepatic veins flow in patients with tricuspid regurgitation

TR severity

S>D None, mild or moderate
S<D *Mild with confounders
Moderate or severe
Systolic reversal Severe
*Mild or moderate with confounders
*Confounders of (S < D) or systolic Atrial fibrillation
reversal Impaired RV systolic function

Acute RV infarction

Acute RV dilatation

Post cardiopulmonary bypass
Restrictive cardiomyopathy
Constrictive pericarditis

S systolic wave and D diastolic wave on hepatic veins flow on pulsed wave Doppler; RV right ventricular

Fig. 5.20 Optimal visualization of inferior vena cava measurements in patients with suspected
TR: a dilated IVC on 2D-TTE measurement according to guidelines [40] (a) and colour flow rever-
sal in hepatic vein due to severe TR (b)



5 Tricuspid Valve Disease: Imaging Using Transthoracic Echocardiography 107

assessment of the RV and RA size and function and pulmonary artery pressure are
essential components of the complete TR assessment. Visualization of interven-
tricular septum is important to depict RV volume or pressure overload. When the
position of the septum produces a D-shaped LV predominantly in diastole (RV vol-
ume overload pattern). On ther other hand, when septal flattening is present through-
out the cardiac cycle, it reflects the diastolic and systolic overload of the RV (RV
pressure overload pattern) commonly seen in TR is due to pulmonary hypertension.
Current guidelines recommend the use of TAPSE, FAC for RV systolic function. A
TAPSE <1.6 cm and an RV FAC <35% are suggestive of RV dysfunction. TAPSE
may yield both false-positive and -negative results. Impaired RV functio in the pres-
ence of a morphologically normal TV is more likely the cause rather than the effect
of TR [41]. Significant chronic TR also causes enlargement of the RA and inferior
vena cava. Furthermore, a RA enlargement in patients with permanent atrial fibril-
lation and concomitant TV annular dilatation (>35 mm) may result in secondary
TR. Advanced imaging using tissue Doppler and speckle tracking for RV deforma-
tion can also be attempted. However, volumetric assessment of the right heart cham-
bers should preferably be based on a 3D modality such as 3D-TTE or magnetic
resonance imaging due to the complex morphology of RV. On the other hand, esti-
mated pulmonary artery pressure is commonly performed from the TR jet velocity
profile based on the modified Bernoulli equation, detailed assessment of RV and
pulmonary artery hemodynamics are provided in Chap. 11 of this book.

Assessment of TR Severity in Functional
TR (Special Considerations)

Functional TR pathology can be categorized into one of three stages according to
the severity of TR, in the presence or absence of annular dilatation and leaflet coap-
tation (Table 5.11).

Table 5.11 Dreyfus et al. classification of functional tricuspid regurgitation pathology [8]

Stage 1 Stage 2 Stage 3
TR severity None or mild Mild or moderate | Severe
Annular diameter, | <40 >40 >40
mm
Leaflet coaptation | Normal® Edge-to-edge® Absent®
mode
Treatment Pharmacological Annuloplasty Annuloplasty plus leaflet
augmentation*

TR tricuspid regurgitation. Modified with permission from Dreyfus et al. [8]. *If leaflet tethering is
present

*No leaflet tethering (<8 mm)

"Leaflet tethering may be present (>8 mm)
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e The severity of TR is based on a multiparametric echocardiographic approach as
explained above.

Annular dilatation

* Definition of significant annular dilatation is based on the 2D-TTE measure-
ments of a TV annulus of >40 mm or >21 mm/m? in end-diastolic diameter on
the apical 4-chamber view. Based on the current ACC/AHA guidelines, signifi-
cant annular dilatation is the main imaging criterion to indicate severe TR [23].

e The assessment of TV leaflet coaptation is based on measurement of the surface
of contact between the leaflets, which is defined as the coaptation height or coap-
tation length. Normal coaptation height is seen at the level of the annulus or just
below it, and is considered normal if the coaptation length is of 5-10 mm.
Therefore, leaflet tethering is considered present if the tenting distance is >8 mm
and/or tenting area is >1.6 cm? [36] on 2D echocardiography.

* In stage 1, patients have no or mild TR without annular dilatation in the pres-
ence of a normal TV leaflets coaptation. Those patients do not often require
surgical intervention. In stage 2, patients have mild or moderate TR in the
setting of a dilated TV annulus and a limited so called edge-to-edge coapta-
tion. TV annuloplasty could help to reduce TR. In the advanced stage 3,
patients often have severe TR due to absent leaflets coaptation and dilated
annulus. In the latter annuloplasty is not enough but leaflets augmentation is
often required to treat TR.

TTE Assessment of the Tricuspid Valve Annulus

The TV annulus is nonplanar, saddle-shaped similar to mitral valve but more
irregular, oval or elliptical. Tricuspid annular size varies during the cardiac cycle
as it moves downwards during systole [1, 37, 38]. Because of the relatively fixed
interventricular septum; atrial or ventricular dilatation causes annular dilatation,
which occurs in the direction of the free wall of the right ventricle. The latter
pulls on the leaflets and causes TR [39]. Furthermore; apical displacement causes
leaflet tethering which causes more TR [31]. Tricuspid annular dilatation is an
important indicator for surgery in the current American and European guidelines.
Patients with even mild or moderate TR and a TV annulus >40 mm or 21 mm/m?
who are undergoing left sided valve surgery should also undergo a TV repair [23,
24]. More notably, in the most recent ACC/AHA guidelines, the presence of pul-
monary hypertension without TV annulus dilation is an indication for TV repair
in patients with functional mild or moderate TR undergoing left sided valve sur-
gery [23] (Fig. 5.21).

Assessment of the TV annulus is an important step for complete understand-
ing of the TV pathology as well as for preoperative planning. It provides as well
prognostic information. Detailed assessment of the TV annulus is provided in
Chap. 10 of this book.
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Fig. 5.21 Displays end-diastolic tricuspid annuls (TA) measurements on 2D-TTE in the RV
inflow long-axis view (a), short-axis view at the aortic valve level (b), apical four-chamber (¢) and
subcostal long-axis view (d). Image (e) display a multiplane area and image (f) details direct area
measurement on the 3D

Key Points

e TTE is more suitable than TEE in the assessment of the TV due to its position in
the near field. However, the transgastric TEE view has an important role in guid-
ing TV interventions.

* TR is a highly dynamic pathology in which TR severity is greatly affected by
preload, afterload and RV contractility as well as respiration. Impact of loading
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conditions, respiratory variation and right heart hemodynamics should be
considered with serial evaluation of TR for targeted therapy such as percutaneous
TV repair.

* Functional TR is the most common form of TR and its severity should not only
be assessed via Doppler but rather via a comprehensive assessment of the entire
TV apparatus.

* 3DE has several unique advantages over 2D-TTE in TV assessment including
the enface view of the TV and accurate RV chamber quantification. Also 3DE
colour Doppler measurements of the vena contracta.

* 3DE has several limitations related to the lower spatial and temporal resolution, which
makes it difficult to assess thin structures such as valve leaflets. However, technological
advances in transducer technologies could improve its capabilities in the near future.

* Multiplane iRotate echocardiography is a relatively new 2D echo modality that
could be an essential tool in the assessment of TV in routine clinical practice.

* Quantification of the TV annulus should be based on a 3D technique or at least the
iRotate mode; however the clinical utility of the latter is yet to be confirmed.

» Leaflets coaptation as well as annulus dimensions are important for therapeutic
decision in patients with functional tricuspid regurgitation

Appendix (Fig. 5.22): Suggested algorithm for the integration of multiple
parameters of TR severity

| Chronic Tricuspid Regurgitation by Doppler Echocardiography |

Yes, mild Does TR meet most specific criteria | Yes, severe
for mild or severe TR? [ l
Ne

Specific Criteria for Mild TR Specific Criteria for Severe TR
+ Thin, small central color jet Minarity of criteria or Intermediate Values: -mledamwgmn:mmmor
= VG width <0.3 em Nail leafiat
- PISA Radius <0.4 cm at Nyquist 30-40 emis TR Probably Moderate « Large central jet > 50% of RA
~ Incompiete or faint CW jet Jf = VC width > 0.7 cm
Systobic dominant Hepatic vein flow [ Sy—————— ) o - T TR T
» Tricuspid A-wave dominant inflow | Perform VC measurement, and May perform  }| » Dense, triangular CW jet or sine wave pattem.
* Normal RV/RA § PISA method, whenever possible® | = Systolic reversal of Hepatic vein flow
/ ------------------------------------------- *| « Dilated RV with preserved function
VG width < 0.3 em VC width 0.3-0.69 em VC width > 0.7 cm
* EROA < 0.2 em? *EROAD.2-0.4 em? * EROA > 0.4 cm?
* Rl < 30 mL * Rl = 30 - 44 mL * Rl 2 45 mL
Moderate TR
B e e R et
: f : TEE or CMIR for quantitation

5 | Clinical experience in quantitation of TR is much less than that with mitral and sortic regurgitation |

Fig. 5.22 Algorithm for the integration of multiple parameters of TR severity. Good-quality echo-
cardiographic imaging and complete data acquisition are assumed. If imaging is technically difficult,
consider TEE or CMR. TR severity may be indeterminate due to poor image quality, technical issues
with data, internal inconsistency among echo findings, or discordance with clinical findings [40]
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Review Questions

Select the Single Best Sentence

31.

32.

33.

34.

35.

Which of the following statements about normal tricuspid anatomy is true?

(a) papillary muscles are smaller and widely spaced than in the left ventricle

(b) tricuspid valve is less apical than mitral valve

(c) right ventricle has two papillary muscles, which are larger than in left ventricle
(d) posterior leaflet of the tricuspid valve is the largest of the three leaflets

(e) anterior and posterior leaflets are exactly the same size

Which of the following statements is correct about the TV leaflets in the apical

4-chamber view?

(a) septal leaflet is often identified in 87% of cases

(b) septal leaflet is identified in all subjects except in patients with dilated right
ventricle

(c) septal leaflet is identified in all subjects

(d) septal leafletis identified in all subjects only in the focused apical 4-chamber
view

(e) posterior leaflet is seen in all subjects in focused RV view

Which of the following statements is correct about TV leaflets on 2D-TTE in

the parasternal right ventricular inflow view with LV cavity displayed?

(a) anterior leaflet is always seen in the near field and the septal leaflet in the
far field

(b) septal leaflet is identified in all subjects except in patients with dilated right
ventricle

(c) septal leaflet is identified in all subjects in the near filed

(d) posterior leaflet is identified in all subjects in the far field

(e) both anterior and posterior leaflets could be seen if transducer is posteriorly
tilt to exclude the LV cavity

Which of the following statements about TV leaflets on 2D-TTE in the standard

parasternal short-axis view are not correct (check all that apply)?

(a) the leaflet to the next to aorta is the anterior leaflet in 50% of cases

(b) the leaflet next to aorta is the septal leaflet in 50% of cases

(c) the leaflet next to aorta is the septal leaflet in 100% of cases

(d) the leaflet next attached to RV free is the anterior leaflet in almost 100% of
cases

(e) the leaflet next attached to RV free is the posterior leaflet in almost 100%
of cases

Which of the following parameters/modalities is adequate for the assessment of
tricuspid valve regurgitation severity grade?

(a) Color Doppler of tricuspid regurgitation jet

(b) Continuous-wave Doppler of tricuspid regurgitation jet

(c) Pulsed-wave Doppler of tricuspid regurgitation jet
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36.

37.

38.

39.

40.

41.
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(d) 2D-TEE of annulus enlargement and chamber dilatation
(e) All of the above must be combined together for a reliable assessment of TR
severity

Which of the following statements are correct regarding frame rate?

(a) 2D-TTE has a higher frame rate than M-mode

(b) The biplane simultaneous multiplane imaging has a similar frame rate to
2D-TTE

(c) The simultaneous multiplane imaging has a similar frame rate to the iRo-
tate mode

(d) The biplane simultaneous multiplane imaging has a higher frame rate to
2D-TTE

(e) The iRotate mode has a similar frame rate to 2D-TTE

Doppler estimation of tricuspid valve cross-sectional area is based on the con-
cept of:

(a) conservation of energy theory

(b) conservation of mass theory

(c) flow augmentation theory

(d) Simpson’s formula

(e) Cubic formula

Which of the following is not a sign of a hemodynamically significant tricuspid
stenosis?

(a) Mean pressure gradient of 5 or more mmHg

(b) Right ventricular inflow velocity time integral of 60 or more cm

(c) Right ventricular inflow pressure half time of 190 or more

(d) tricuspid valve area of less than 1 cm?

(e) dilated right ventricular, and smaller right atrial volume

Which of the following is not a sign of a severe tricuspid regurgitation?
(a) Right ventricular eccentricity index of 1.4

(b) TR jet color area more than 10 cm? or >30% of RA area

(c) TR jet vena contracta width more than 7 mm

(d) TR jet PISA radium of more than 9 mm

(e) TR effective regurgitant orifice area of 40 or more mm?

Which of the following statements is false regarding tricuspid leaflets coaptation?
(a) Normal coaptation height is seen at the level of the annulus or just below it.
(b) Is considered normal if the coaptation length of 5-10 mm.

(c) Leaflet tethering is considered present if the tenting distance >8 mm.

(d) Leaflet tethering is considered present if the tenting area > 1.6 cm?.

(e) The coaptation height is often larger than coaptation length.

Regarding functional tricuspid regurgitation, which of the following statements

is false?

(a) Is the most common form of TR, which occur in almost 80% of all TR

(b) Annuloplasty is enough to treat patients with tricuspid annulus of more
than 40 mm and absent leaflet coaptation
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(c) Some patients with mild TR could be surgically treated if tricuspid annulus
is more than 40 mm

(d) Patients with tricuspid annulus of more than 40 mm and edge-to-edge leaf-
let coaptation are treated with Annuloplasty

(e) Patients with tricuspid annulus of more than 21 mm/m? and edge-to-edge
leaflet coaptation are treated with Annuloplasty

References

1. Anwar AM, Geleijnse ML, Soliman OI, McGhie JS, Frowijn R, Nemes A, van den Bosch AE,
Galema TW, Ten Cate FJ. Assessment of normal tricuspid valve anatomy in adults by real-time
three-dimensional echocardiography. Int J Cardiovasc Imaging. 2007;23:717-24.

2. Lang RM, Badano LP, Tsang W, Adams DH, Agricola E, Buck T, Faletra FF, Franke A, Hung
J, de Isla LP, Kamp O, Kasprzak JD, Lancellotti P, Marwick TH, McCulloch ML, Monaghan
MIJ, Nihoyannopoulos P, Pandian NG, Pellikka PA, Pepi M, Roberson DA, Shernan SK, Shirali
GS, Sugeng L, Ten Cate FJ, Vannan MA, Zamorano JL, Zoghbi WA, American Society of
Echocardiography, European Association of Echocardiography. EAE/ASE recommenda-
tions for image acquisition and display using three-dimensional echocardiography. ] Am Soc
Echocardiogr. 2012;25:3-46.

3. Anwar AM, Geleijnse ML, Ten Cate FJ, Meijboom FJ. Assessment of tricuspid valve annu-
lus size, shape and function using real-time three-dimensional echocardiography. Interact
Cardiovasc Thorac Surg. 2006;5:683-7.

4. Velayudhan DE, Brown TM, Nanda NC, Patel V, Miller AP, Mehmood F, Rajdev S, Fang L,
Frans EE, Vengala S, Madadi P, Yelamanchili P, Baysan O. Quantification of tricuspid regurgi-
tation by live three-dimensional transthoracic echocardiographic measurements of vena con-
tracta area. Echocardiography. 2006;23:793-800.

5. Mutlak D, Carasso S, Lessick J, Aronson D, Reisner SA, Agmon Y. Excessive respiratory
variation in tricuspid regurgitation systolic velocities in patients with severe tricuspid regurgi-
tation. Eur Heart J Cardiovasc Imaging. 2013;14:957-62.

6. AgmonY, Caspi O. Respiratory variation in tricuspid valve regurgitant orifice: a three-dimensional
transthoracic echocardiographic perspective. Eur Heart J Cardiovasc Imaging. 2016;17(10):1188.

7. Dreyfus GD, Chan KM. Functional tricuspid regurgitation: a more complex entity than it
appears. Heart. 2009;95:868-9.

8. Dreyfus GD, Martin RP, Chan KM, Dulguerov F, Alexandrescu C. Functional tricuspid regur-
gitation: a need to revise our understanding. J Am Coll Cardiol. 2015;65:2331-6.

9. Raja SG, Dreyfus GD. Basis for intervention on functional tricuspid regurgitation. Semin
Thorac Cardiovasc Surg. 2010;22:79-83.

10. Dreyfus J, Durand-Viel G, Raffoul R, Alkhoder S, Hvass U, Radu C, Al-Attar N, Ghodbhane
W, Attias D, Nataf P, Vahanian A, Messika-Zeitoun D. Comparison of 2-dimensional,
3-dimensional, and surgical measurements of the tricuspid annulus size: clinical implications.
Circ Cardiovasc Imaging. 2015;8:¢003241.

11. Anwar AM, Soliman OI, Nemes A, van Geuns RJ, Geleijnse ML, Ten Cate FJ. Value of assess-
ment of tricuspid annulus: real-time three-dimensional echocardiography and magnetic reso-
nance imaging. Int J Cardiovasc Imaging. 2007;23:701-5.

12. Anwar AM, Geleijnse ML, Soliman OI, McGhie JS, Nemes A, ten Cate FJ. Evaluation of
rheumatic tricuspid valve stenosis by real-time three-dimensional echocardiography. Heart.
2007;93:3634.

13. Faletra F, La Marchesina U, Bragato R, De Chiara F. Three dimensional transthoracic echocar-
diography images of tricuspid stenosis. Heart. 2005;91:499.

14. McGhie JS, Menting ME, Vletter WB, Frowijn R, Roos-Hesselink JW, Soliman OI, van der
Zwaan HB, Geleijnse ML, van den Bosch AE. A novel 13-segment standardized model for



114 O.I. Soliman et al.

assessment of right ventricular function using two-dimensional iRotate echocardiography.
Echocardiography. 2016;33:353-61.

15. McGhie JS, Menting ME, Vletter WB, Frowijn R, Roos-Hesselink JW, van der Zwaan HB,
Soliman OI, Geleijnse ML, van den Bosch AE. Quantitative assessment of the entire right
ventricle from one acoustic window: an attractive approach. Eur Heart J Cardiovasc Imaging.
2016 Aug 7. pii: jew165. [Epub ahead of print].

16. Addetia K, Yamat M, Mediratta A, Medvedofsky D, Patel M, Ferrara P, Mor-Avi V,
Lang RM. Comprehensive two-dimensional interrogation of the tricuspid valve using
knowledge derived from three-dimensional echocardiography. J Am Soc Echocardiogr.
2016;29:74-82.

17. Singh JP, Evans JC, Levy D, Larson MG, Freed LA, Fuller DL, Lehman B, Benjamin
EJ. Prevalence and clinical determinants of mitral, tricuspid, and aortic regurgitation (the
Framingham Heart Study). Am J Cardiol. 1999;83:897-902.

18. Boyaci A, Gokce V, Topaloglu S, Korkmaz S, Goksel S. Outcome of significant functional
tricuspid regurgitation late after mitral valve replacement for predominant rheumatic mitral
stenosis. Angiology. 2007;58:336—-42.

19. Porter A, Shapira'Y, Wurzel M, Sulkes J, Vaturi M, Adler Y, Sahar G, Sagie A. Tricuspid regur-
gitation late after mitral valve replacement: clinical and echocardiographic evaluation. J Heart
Valve Dis. 1999;8:57-62.

20. Izumi C, Iga K, Konishi T. Progression of isolated tricuspid regurgitation late after mitral valve
surgery for rheumatic mitral valve disease. J Heart Valve Dis. 2002;11:353-6.

21. Bruce CJ, Connolly HM. Right-sided valve disease deserves a little more respect. Circulation.
2009;119:2726-34.

22. Nath J, Foster E, Heidenreich PA. Impact of tricuspid regurgitation on long-term survival.
J Am Coll Cardiol. 2004;43:405-9.

23. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP 3rd, Guyton RA, O'Gara PT,
Ruiz CE, Skubas NJ, Sorajja P, Sundt TM 3rd, Thomas JD, American College of Cardiology/
American Heart Association Task Force on Practice G. 2014 AHA/ACC guideline for the man-
agement of patients with valvular heart disease: executive summary: a report of the American
College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am
Coll Cardiol. 2014;63:2438-88.

24. Joint Task Force on the Management of Valvular Heart Disease of the European Society of C,
European Association for Cardio-Thoracic S, Vahanian A, Alfieri O, Andreotti F, Antunes MJ,
Baron-Esquivias G, Baumgartner H, Borger MA, Carrel TP, De Bonis M, Evangelista A, Falk
V, Iung B, Lancellotti P, Pierard L, Price S, Schafers HJ, Schuler G, Stepinska J, Swedberg
K, Takkenberg J, Von Oppell UO, Windecker S, Zamorano JL, Zembala M. Guidelines on the
management of valvular heart disease (version 2012). Eur Heart J. 2012;33:2451-96.

25. Tribouilloy CM, Enriquez-Sarano M, Bailey KR, Tajik AJ, Seward JB. Quantification of tri-
cuspid regurgitation by measuring the width of the vena contracta with Doppler color flow
imaging: a clinical study. J Am Coll Cardiol. 2000;36:472-8.

26. Zoghbi WA, Enriquez-Sarano M, Foster E, Grayburn PA, Kraft CD, Levine RA,
Nihoyannopoulos P, Otto CM, Quinones MA, Rakowski H, Stewart WJ, Waggoner A,
Weissman NJ, American Society of E. Recommendations for evaluation of the severity of
native valvular regurgitation with two-dimensional and Doppler echocardiography. ] Am Soc
Echocardiogr. 2003;16:777-802.

27. Chen TE, Kwon SH, Enriquez-Sarano M, Wong BF, Mankad SV. Three-dimensional color
Doppler echocardiographic quantification of tricuspid regurgitation orifice area: comparison
with conventional two-dimensional measures. J Am Soc Echocardiogr. 2013;26:1143-52.

28. Rodriguez L, Thomas JD, Monterroso V, Weyman AE, Harrigan P, Mueller LN, Levine
RA. Validation of the proximal flow convergence method. Calculation of orifice area in
patients with mitral stenosis. Circulation. 1993;88:1157-65.

29. Rodriguez L, Anconina J, Flachskampf FA, Weyman AE, Levine RA, Thomas JD. Impact of
finite orifice size on proximal flow convergence. Implications for Doppler quantification of
valvular regurgitation. Circ Res. 1992;70:923-30.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tricuspid Valve Disease: Imaging Using Transthoracic Echocardiography 115

Sugeng L, Weinert L, Lang RM. Real-time 3-dimensional color Doppler flow of mitral and tri-
cuspid regurgitation: feasibility and initial quantitative comparison with 2-dimensional meth-
ods. J Am Soc Echocardiogr. 2007;20:1050-7.

Mascherbauer J, Maurer G. The forgotten valve: lessons to be learned in tricuspid regurgita-
tion. Eur Heart J. 2010;31:2841-3.

Topilsky Y, Tribouilloy C, Michelena HI, Pislaru S, Mahoney DW, Enriquez-Sarano
M. Pathophysiology of tricuspid regurgitation: quantitative Doppler echocardiographic assess-
ment of respiratory dependence. Circulation. 2010;122:1505-13.

de Agustin JA, Viliani D, Vieira C, Islas F, Marcos-Alberca P, Gomez de Diego JJ, Nunez-
Gil 1J, Almeria C, Rodrigo JL, Luaces M, Garcia-Fernandez MA, Macaya C, Perez de Isla
L. Proximal isovelocity surface area by single-beat three-dimensional color Doppler echo-
cardiography applied for tricuspid regurgitation quantification. J Am Soc Echocardiogr.
2013;26:1063-72.

Quinones MA, Otto CM, Stoddard M, Waggoner A, Zoghbi WA, Doppler Quantification
Task Force of the N, Standards Committee of the American Society of E. Recommendations
for quantification of Doppler echocardiography: a report from the Doppler Quantification
Task Force of the Nomenclature and Standards Committee of the American Society of
Echocardiography. J Am Soc Echocardiogr. 2002;15:167-84.

Fadel BM, Almulla K, Husain A, Dahdouh Z, Di Salvo G, Mohty D. Spectral Doppler of the
hepatic veins in tricuspid valve disease. Echocardiography. 2015;32:856-9.

Kim HK, Kim Y]J, Park JS, Kim KH, Kim KB, Ahn H, Sohn DW, Oh BH, Park YB, Choi
YS. Determinants of the severity of functional tricuspid regurgitation. Am J Cardiol.
2006;98:236-42.

Fawzy H, Fukamachi K, Mazer CD, Harrington A, Latter D, Bonneau D, Errett L. Complete
mapping of the tricuspid valve apparatus using three-dimensional sonomicrometry. J Thorac
Cardiovasc Surg. 2011;141:1037-43.

Maffessanti F, Gripari P, Pontone G, Andreini D, Bertella E, Mushtaq S, Tamborini G, Fusini
L, Pepi M, Caiani EG. Three-dimensional dynamic assessment of tricuspid and mitral annuli
using cardiovascular magnetic resonance. Eur Heart J Cardiovasc Imaging. 2013;14:986-95.
Ton-Nu TT, Levine RA, Handschumacher MD, Dorer DJ, Yosefy C, Fan D, Hua L, Jiang
L, Hung J. Geometric determinants of functional tricuspid regurgitation: insights from
3-dimensional echocardiography. Circulation. 2006;114:143-9.

Zoghbi WA, Adams D, Bonow RO, Enriquez-Sarano M, Foster E, Grayburn PA, Hahn RT,
Han Y, Hung J, Lang RM, Little SH, Shah DJ, Shernan S, Thavendiranathan P, Thomas JD,
Weissman NJ. Recommendations for Noninvasive Evaluation of Native Valvular Regurgitation.
J Am Soc Echocardiogr. 2017;30(4):303-71.

Lawrence G. Rudski, Wyman W. Lai, Jonathan Afilalo, Lanqi Hua, Mark D. Handschumacher,
Krishnaswamy Chandrasekaran, Scott D. Solomon, Eric K. Louie, Nelson B. Schiller, (2010)
Guidelines for the Echocardiographic Assessment of the Right Heart in Adults: A Report from
the American Society of Echocardiography. JJ Am Soc Echocardiogr. 23(7):685-713



Chapter 6
Imaging of the Tricuspid Valve:
Transoesophageal Echocardiography

Rebecca T. Hahn

Abstract The presence of functional TR, either isolated or in combination with left
heart disease is associated with unfavorable natural history. In addition, mortality
for isolated tricuspid valve interventions remain higher than for any other single
valve surgery. Finally, as more left sided valve disease is treated with transcatheter
therapies the need for transcatheter solutions to functional tricuspid regurgitation.
Transesophageal echocardiographic (TOE) imaging of the tricuspid valve has
become an important intra-procedural tool for assessing the morphology of the
valve apparatus and severity of disease, guiding transcatheter solutions and assess-
ing the results of interventions. The following chapter reviews the tricuspid valve
anatomy and essential TOE views to define this anatomy and valvular function.

Keywords Transoesophageal echocardiography e Tricuspid valve e Tricuspid
regurgitation

Introduction

The most recent American Society of Echocardiography (ASE) guideline for per-
forming a comprehensive TOE examination [1] includes addition imaging, many of
which were intended to improve imaging of the tricuspid valve. A comprehensive
TOE examination of the tricuspid valve should include imaging from several depths
and multiplane angles. Additional views specific to imaging the tricuspid valve
which are not included in the guidelines will be discussed below [2]. Multiple
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guidelines [1, 3] also describe the technique of 3D imaging of the tricuspid valve.
Standardization of the image acquisition and display is particularly important when
imaging is performed for transcatheter devices, improving communication with the
interventionalist. This technology has significantly improved the accuracy of imag-
ing and identification of the tricuspid leaflets and associated anatomic components
of the tricuspid valve complex and has already been shown to be integral to tricuspid
valve interventions [4].

TOE Imaging for Tricuspid Valve Imaging

Given the position of the heart in relation to the esophagus and stomach, there are
four levels which may bring the probe closest to the tricuspid valve for both 2D and
3D imaging: mid-esophageal (ME), low esophageal or gastro-esophageal (LE)
junction, shallow transgastric (TG) as well as deep transgastric (DTG) views
(Fig. 6.1). A few important anatomic clues to the location of the leaflets can be used.
First, the septal leaflet is the shortest in the radial direction and the least mobile due
to direct chordal attachment to the septum. The tricuspid leaflet associated with the
interventricular or interatrial septae is the septal leaflet. The commissure between
the septal and anterior leaflet is typically adjacent to the most posterior border of the
aortic noncoronary sinus of Valsalva. A portion of the anterior leaflet is also adja-
cent to the aorta (noncoronary and right coronary sinuses of Valsalva) but extends
further anterior and lateral over the associated walls of the right ventricle, and under
the right atrial appendage. The posterior leaflet which is often scalloped and may
not be clearly distinguishable from the anterior leaflet, extends from the lateral to
posterior walls of the right ventricle. The commissure between the septal and poste-
rior leaflet is typically near the inflow of the coronary sinus. It is important at each

a Mid-esophageal i ' v Distal Esophageal l

0° rotation Y 90° rotation 0° rotation 90° rotation

Fig. 6.1 Esophageal views of the tricuspid valve. Panel (a) is a simultaneous multiplane image
from the mid-esophageal (ME) level. The 4-chamber view is seen in the 0 degree plane with septal
(vellow line) and typically the anterior leaflet (blue line) is seen. The orthogonal plane with the
aortic valve (AV) in view, the anterior leaflet and posterior leaflet (green line) are seen. Panel (b) is
a simultaneous multiplane image from the lowesophageal level with no left atrium (LA) but the
coronary sinus (CS) in view
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Fig. 6.2 Three-dimensional imaging of the tricuspid valve. From the distal esophageal views, a user-
defined volume is obtained, and rotated to image the valve from the atrial side (panel a). The surgical
view is then obtain by rotating this view with the interatrial septum (IAS) in the far field (panel b),
which places the anterior leaflet (A) in the near field and to the left, with the posterior leaflet (P) in
the near field and to the right. The coronary sinus (CS) is then at the 7-0’clock position

level to rotate through multiple planes to comprehensively evaluate the tricuspid
valve and to use the simultaneous multiplane modality to help with identifying leaf-
lets and appreciating adjacent anatomy.

Mid-esophageal level: From the ME four-chamber view, rotating the probe
clockwise to center the tricuspid valve in the imaging plane, permits visualization of
the septal leaflet (arising from the septum) and typically the anterior leaflet (adjacent
to the right atrial appendage); simultaneous biplane imaging may help clarify which
leaflet is imaged since the anterior leaflet is typically seen adjacent to the aorta
(Fig. 6.1a). Because the lower right heart border is close to the diaphragm, slow
insertion brings the TOE probe to the distal esophagus, brings the probe closer to
the tricuspid annulus; frequently there is no left atrium seen, and only the right
atrium and coronary sinus with the orthogonal view imaging the right ventricular
outflow tract (Fig. 6.1b). This view may also align the Doppler beam with the regur-
gitant jet and allow a comprehensive evaluation of tricuspid valve function, includ-
ing an assessment of tricuspid regurgitation severity. Acquiring 3D volumes of the
tricuspid valve from this view, may allow live-3D imaging of the surgical view
(Fig. 6.2).

Transgastric level: Advancing the TEE probe into the stomach results in the
transgastric views. Using a right flexion and rotating the probe to center the tricus-
pid valve in the imaging plane, results in the inflow-outflow view of the right heart
(Fig. 6.3a). The orthogonal view shows all three tricuspid valve leaflets which can
also be imaged using a single plane view between 60 and 90 degrees (Fig. 6.3b).
This view may be particularly useful intra-procedurally to identify the leaflets and
commissures. And using this view as the primary image, a sweep of the entire tri-
cuspid valve orifice could be imaged using simultaneous multiplane imaging.
Advancing the TOE probe further into the stomach along with rightward anterior
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Transgastric

0° rotation " 90° rotation

Transgastric

60° rotation "~ 150° rotation

Deep Transgastric l

0° rotation - 90° rotation

Fig. 6.3 Simultaneous biplane imaging from transgastric views with right and anteflexion, the
inflow-outflow view of the right heart (panel a) images the anterior (blue line) and posterior leaflet
(green line) at 0 degrees. The orthogonal view shows all three tricuspid valve leaflets. This short-
axis view of the tricuspid valve can also be imaged between 60 and 90 degrees (panel b) with the
simultaneous multiplane imaging plane used to image all three leaflet tips. Deep transgastric views
of the tricuspid valve (panel ¢), may align the insonation beam with the flow across the tricuspid
valve for Doppler assessment
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flexion produces a deep transgastric view of the tricuspid valve (Fig. 6.3¢c), which
may also align the insonation beam with the flow across the tricuspid valve, and
should be used to assess tricuspid valve function.

Three-dimensional (3D) Echocardiography: 3D echocardiography has signifi-
cantly improved the accuracy of imaging and identification of the tricuspid leaflets
and associated anatomic components of the tricuspid valve complex and obviates
the need for mental reconstruction of multiple 2D planes [5]. Lang et al. [6] has
suggested standardized imaging display (Fig. 6.2) for the en face view of the tricus-
pid valve with the interatrial septum placed inferiorly (at the 6 o’clock position)
regardless of the atrial or ventricular orientation. The current 3D systems have dif-
ferent resolution for each of the 3 dimensions with axial resolution (~0.5 mm) better
than lateral (~2.5 mm) and elevational resolution (~3 mm) [5]. Similar to 2D imag-
ing however, images in the far field may be subject to beam widening and attenua-
tion. When creating 3D images, keeping these current equipment limitations in
mind will help determine the best imaging plane for imaging a specific abnormality.
The best imaging plane for the tricuspid valve leaflets in systole (closed leaflets)
may be the esophageal views since the closed leaflets are perpendicular to the
insonation beam, however the diastolic (open) leaflets may be poorly imaged.
Conversely, transgastric views may allow imaging of the diastolic leaflets since they
will be perpendicular to the insonation beam, but leaflet definition may not be opti-
mal in systole. Obtaining multiple 3D volumes from different views may still be
necessary to fully characterize the valve and annulus. Finally, because of the com-
plex nature of the valve, the volume acquired may need to have adjacent structures
to help identify leaflet anatomy; the aortic valve/aorta to identify the anterior leaflet,
and the interatrial septum/mitral valve to identify the septal leaflet.

Grading Severity of Tricuspid Regurgitation

Grading of the severity of the tricuspid regurgitation (TR) has been well-described
by the ASE guidelines [7] as well as the European Association of Echocardiography
guidelines and focuses on assessment by transthoracic imaging [8]. Nonetheless,
TOE imaging can be used to assess many of the parameters, although validation of
cut-offs is lacking. Table 6.1 summarizes the parameters most commonly used for
this assessment. Importantly, many of the studies validating the use of these param-
eters have significant limitations with a lack of a “gold standard” for comparison or
support from outcomes data. It is thus essential to use a multi-parametric method for
determining severity since no single parameter has adequate specificity. Future stud-
ies are needed to determine the validity and prognostic utility of these parameters.
A recent study evaluated the utility of an algorithm for assessing the severity of TR
[9]. Severe TR was present in the presence of a suggestive color Doppler jet and if any
one or more of the following combinations of criteria were present: (1) IVC diame-
ter > 2.5 cm AND RA area > 18 ¢cm? (in the absence of ASD or pulmonic valvular
disease); (2) jet area > 10 cm?> AND vena contracta width > 7 mm; (3)
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systolic flow reversal in the hepatic veins in the absence of AV dissociation, ventricular
pacing, or atrial arrthythmia; (4) triangular continuous wave Doppler signal with den-
sity equal to or greater than that of tricuspid inflow. These parameters correlated best
with expert-reads and magnetic resonance imaging determined regurgitant volume and
fraction (using >48% to define severe) and improved inter-observer agreement. The jet
area:RA area ratio (in %) is not included in current guidelines, but was previously vali-
dated by both thermodilution techniques [10] and open surgical techniques [11].

Quantitation of the severity TR can be performed by a number of methods but
also lack validation against imaging modalities such as cardiac magnetic resonance
imaging. Although the proximal isovelocity surface area (PISA) method is simple
and easy to perform [12], the shape of the tricuspid regurgitant orifice is often ellip-
tical [13] or stellate which may result in significant underestimation of the ROA by
this method. More recently, 3D PISA has been used to quantify TR [14]. This
method uses a vendor-specific software package to analyze the largest convergence
zone, and a specific software which measures the 3D PISA. Regurgitant orifice area
is then calculated as 3D PISA X V,,qn.)/peak TR velocity where Vg is the alias-
ing velocity. In this study, 3D PISA-derived ROA correlated well with 3D planim-
etered vena contracta (r = 0.97).

Few studies have used quantitation of TR by relative stroke volumes [12, 15, 16]. In
these studies, a single plane tricuspid annular diameter was measured from the 4-cham-
ber view and the tricuspid annular area calculated using a circular formula to calculate
the tricuspid annular area. The sample volume for measuring the velocity-time-integral
was placed at the tips of the leaflets, unlike the recommended position of the sample
volume for mitral quantitation, which is at the level of annulus. Despite these limita-
tions, there was a high correlation with catheterization-derived data. This method has
not been validated in patients with pathologic tricuspid regurgitation which may be
associated with asymmetric dilatation of the annulus. The Early Feasibility of the
Mitralign Percutaneous Tricuspid Valve Annuloplasty System (PTVAS) (SCOUT)
trial (ClinicalTrials.gov Identifier: NCT02574650) using the Trialign system (Mitralign
Inc., Tewksbury, Massachusetts) has recently been reported. (Hahn RT, Meduri CU,
Davidson CJ, Lim S, Nazif TM, Ricciardi MJ, Rajagopal V, Ailawadi G, Vannan MA,
Thomas JD, Fowler D, Rich S, Martin R, Ong G, Groothuis A, Kodali S. Early
Feasibility Study of a Transcatheter Tricuspid Valve Annuloplasty: SCOUT Trial
30-Day Results. J Am Coll Cardiol. 2017 Apr 11;69(14):1795-1806). Tricuspid regur-
gitation was assessed using multiple quantitative methods including PISA and relative
stroke volumes. For the later, forward stroke volume was measured using with the
LVOT or RVOT forward flow. Diastolic stroke volume across the tricuspid valve was
calculated using orthogonal plane annular diameters in early diastole (one frame after
initial valve opening) in an ellipse formula to calculate annular area, and then multiply-
ing this by the pulsed wave Doppler velocity time integral with sample volume at the
tricuspid annular plane. PISA underestimated the EROA by relative stroke volume by
>50%. Importantly, a reduction in tricuspid EROA (by either method) following the
transcatheter annuloplasty was associated with an increase in left ventricular outflow
tract stroke volume, and significant improvement in functional status.

The quantitative EROA inclusion criteria for the patients in the SCOUT trial was
</=1.2 cm?2. This is 3 times the criteria for severe. To better characterize the severity
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Vena Contracta
Area = 40 mm?

Fig. 6.4 Multi-planar reconstruction of a 3D color Doppler volume. Panel a shows the multiplanar
reconstruction of a 3D color Doppler volume, where the green and red planes are used to align the
blue plane in the vena contracta of the jet. The vena contracta area is then planimetered in the blue
plane (panel b)

of regurgitation in this population of symptomatic patients, a new grading scheme
has been proposed, including grades of massive and torrential. (Hahn RT and
Zamorano, J, EurHtJ, in press).

Three-dimensional methods may help improve the accuracy of quantitative
Doppler methods. Using either 3D planimetered diastolic annular area, or two
orthogonal diastolic annular diameters and a pulsed sample volume at the annulus
to measure the velocity time integral, a diastolic stroke volume can be measured.
Subtracting the forward stroke volume (either from the left ventricular outflow tract
or right ventricular outflow tract) results in the regurgitant volume. These methods
require validation.

A number of studies have shown the utility of 3D color Doppler to quantify tri-
cuspid regurgitation (Fig. 6.4) [13, 14, 17, 18]. Velayudhan et al. was one of the first
to correlate standard Doppler methods of quantifying TR with planimetry of the 3D
vena contracta area (VCA). Using the validated measure of regurgitant jet area/right
atrial area > 34% [11] and regurgitant jet area > 10 cm? to define severe TR [19], a
3D TTE planimetered VCA of >0.75 cm? was the most sensitive cutoff (Sens.
85.2%, Spec. 82.1%). This higher cutoff has also been shown by Chen et al., with
severe TR by 2D criteria associated with a 3D VCA of >0.6 = 0.4 cm? and non-
severe TR by 2D methods with a 3D VCA of <0.3 = 0.1 cm? However, receiver-
operator curve demonstrated that a 3D VCA of 0.36 cm? was the best cutoff value
for severe TR, with sensitivity of 89% and specificity of 84% in predicting severe
TR defined by 2D echocardiographic integrative criteria.

Key Points

e Comprehensive tricuspid valve imaging on TOE involves the use of multiple
probe levels as well as multi-plane and multi-angle views.

e Use of three-dimensional imaging of the tricuspid valve can be optimized to
assess leaflets and annulus.
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Assessment of tricuspid valve regurgitation should use a multi-parametric method
which includes 2D and 3D measurements, as well as Doppler semi-quantitative
and quantitative measurements, although the latter requires further study.

Review Questions

Select the Single Best Sentence

42.

43.

44.

Which leaflet is seen adjacent to the aortic valve?

(a) Septal leaflet

(b) Anterior leaflet

(c) Posterior leaflet

(d) Anterior or posterior leaflets
(e) Posterior or septal leaflets

Which of the following probe locations and angles allows imaging of all three
tricuspid leaflets in a single view?

(a) Mid-esophageal view, 0 degrees.
(b) Distal esophageal view, 90 degrees.
(c) Transgastric view, 0 degrees.

(d) Transgastric view, 60 degrees.

(e) Deep transgastric view, 60 degrees.

Which of the following statements is most accurate regarding the assessment of
tricuspid regurgitation severity?

(a) Well-validated criteria have been established to assess the severity of tri-
cuspid regurgitation.

(b) Color Doppler parameters alone can be reliably used to assess severity.

(c) Quantitative Doppler methods have been validated against cardiac magnetic
resonance imaging and are the recommended method of assessing severity.

(d) A multi-parametric method should be used to assess tricuspid regurgitation
severity since no single measurement has adequate sensitivity and
specificity.

(e) Three-dimensional planimetry of the vena contracta has been validated
against outcomes data.
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Chapter 7
A Surgeon’s View on Echocardiographic
Imaging of the Tricuspid Valve

Kevin M. Veen, Folkert J. ten Cate, and Frans B. Oei

Abstract Echocardiography has evolved into an important diagnostic tool in car-
diac imaging and is frequently used in preparing for cardiac surgery. In this chapter
we will discuss a surgeon’s view on imaging of the tricuspid valve. Generally, car-
diac surgeons focus on four different aspects of echocardiography when preparing
for tricuspid valve surgery: the size of the tricuspid annulus; the severity of tricuspid
regurgitation, the morphology of valve leaflets and the degree of tethering of the
tricuspid valve. In this chapter we discuss each of these four aspect separately. The
emphasis is based on two dimensional echocardiography used in three clinical cases
outlining the advantages and disadvantages of this contemporary technique.

Keywords Echocardiography ° Tricuspid valve * Tricuspid valve surgery

Introduction

Historically, tricuspid valve disease was believed to be benign and of lesser impor-
tance. However, recent studies have shown that tricuspid valve regurgitation leads to
impaired survival [1]. These observations have led to renewed interest in the tricus-
pid valve and subsequently the imaging of the tricuspid valve.

During the last decades, cardiac imaging progressed from infant techniques to a
tool which plays a crucial role in clinical practice. Especially echocardiography,
being non invasive, easy to handle and relatively inexpensive, has evolved to an
important diagnostic tool in cardiac imaging. Furthermore, echo images are used by
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surgeons to determine indications for operations and more importantly to provide
surgeons with an adequate anatomical overview in order to select the suitable tech-
nique for the operation ahead. This chapter will discuss the surgeon’s view on this
specifiek form of cardiac imaging. The emphasis is based upon two dimensional
cardiac echocardiography which is used in three clinical cases which will be pre-
sented in this chapter in order to outline the advantages and disadvantages of this
technique.

In general cardiac surgeons focus on four different aspects of echocardiography
when preparing for tricuspid valve surgery: the size of the tricuspid annulus; the
severity of tricuspid regurgitation, the morphology of valve leaflets and the degree
of tethering of the tricuspid valve.

Tricuspid Annulus

The tricuspid valve annulus is only partially fibrous in nature. Three leaflets are
attached on the annulus: the septal leaflet, the anterior leaflet and the posterior leaf-
let. The septal part of the annulus is believed to be analogous to the inter-trigonal
part of the mitral annulus and the only fibrous part of the annulus. Therefore, it is
relatively spared from displacement in annular dilation. The other parts of the tri-
cuspid annulus are more flexible. Hence, dilatation of the annulus occurs in the
anterior and posterior direction, which may lead to functional regurgitation due to
leaflet malcoaptation. Fukuda and colleagues used real time 3D transthoracic echo-
cardiography to map the tricuspid annulus. They noticed that the tricuspid annulus
had a nonplanar elliptical shape, which differs from the more symmetrical saddle
shape of the mitral annulus. Therefore, tricuspid annuloplasty rings are non-planar
and attempt to resemble the physiological structure (Fig. 7.1). During a cardiac
cycle the annulus diameter reduces approximately 19%. They also noticed that in
case of dilatation the tricuspid annulus gradually becomes more planar [2].

Fig. 7.1 A Carpentier-Edwards Physio tricuspid annuloplasty ring. The rings are non-planar and
resemble the physiological tricuspid valve annulus. The rings have a septal segment opening (indi-
cated by the arrow), in order to avoid damage to the conduction system. Source: http://www.
edwards.com/eu/products/rings/pages/physiotricuspid.aspx
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2D transthoracic echocardiography (TTE) echocardiography underestimates tricus-
pid annulus measurements significantly, while 3D echocardiography gives a more
correct estimate compared to the golden standard (magnetic resonance imaging)
[3]. Current European guidelines (ESC) advise tricuspid valve surgery when patients
undergo left sided valve surgery if tricuspid annulus dilation >40 mm (21 mm/m?)
is present even in mild/non-severe tricuspid regurgitation (Class Ila evidence) [4].

Degree of Tricuspid Regurgitation

Both the European and American guidelines agree that tricuspid valve surgery is
indicated in patients with severe tricuspid regurgitation undergoing left sided valve
surgery, both class I evidence [4, 5]. Nevertheless, assessing the severity of tricuspid
regurgitation is still controversial. A recent study identified a modest inter-observer
agreement in assessing tricuspid regurgitation, however this variability improved
with a new standardized assessing method [6].

Morphology

Tricuspid valve morphology is an important parameter to consider before surgery,
since various structural abnormalities in the leaflets generally require different sur-
gical approaches. Leaflets can be fibrotic, calcified, damaged by vaso-active pep-
tides or extra-cardiac (pacemaker, ICD) leads and vegetation’s due to endocarditis
can be present. Nevertheless, tricuspid valve morphology is difficult to visualize by
2D echocardiography, since not all three leaflets can be visualized in one single
view by using the standardized echographical angles [7].

Tethering

Tethering is a phenomena where the papillary muscles and tendinous chords have
become functionally too short resulting in malcoaptation. Leaflet tethering is gener-
ally associated with functional tricuspid value regurgitation. Tethering is usually
caused by dilatation of right ventricle, but in some cases it may be caused by a
diversity of subvalvulair abnormalities, like aberrant chordae [8]. Leaflet tethering
is a preoperative predictor of residual tricuspid regurgitation [9].

In the following part of this chapter, we describe three cases in which the tricus-
pid valve repair has been performed. These cases describe the presenting clinical
symptoms, a brief medical history and a summary of the heart team evaluation. The
intraoperative findings and performance and the clinical course of the postoperative
period will be discussed. Thereafter, all cases will be evaluated and a final take
home message will be provided.
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Case 1: Functional Tricuspid Regurgitation with a Structural
Component

A 53 year old female presents with symptoms of dyspnea and angina pectoris. She
is in NYHA class III. Her medical history is significant for hypercholesteremia,
hypertension and terminal kidney failure based upon lithium use for a bipolar psy-
chiatric disorder.

Heart Team Evaluation

First echocardiogram was made 8 months before the heart team evaluation. Trans-
esophageal echocardiography (TEE) shows severe mitral regurgitation, which
is likely caused by a restrictive posterior valve. Moderate left atrium dilatation
was found. Left ventricular ejection fraction was measured 47%. Two months

Fig. 7.2 (a) TTE 4-chamber view, note the left sided dilatation. The tricuspid annulus measured
48 mm. (b) TTE Doppler of the tricuspid valve demonstrated severe insufficiency. Note the direc-
tion of the jet points toward the atrial septum (eccentrical jet). RA right atrium, RV right ventricle,
LV left ventricle, LA left atrium
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prior to operation severe tricuspid regurgitation was found on Trans thoracic echo-
cardiography (TTE), as shown in Fig. 7.2. The annulus of the tricuspid valve mea-
sured 48 mm. The heart team concludes that left sided valve intervention is necessary
and concomitant tricuspid valve surgery is indicated. This decision is supported by
the current ESC-guidelines [4].

Operation

Patients was electively admitted for mitral and tricuspid valve surgery. Operation
was done by median sternotomy. After central bi-caval cannulation the circulation
is taken over by cardio pulmonary bypass and after aortic cross clamping, cardiople-
gia was admitted. The left atrium was opened via Waterston’s groove and the mitral
valve is exposed. A Mitral Physio-ring (Edwards Lifescience) size 26 is implanted
in the dilated annulus. The left atrium is closed with 4 x O Prolene sutures. The right
atrium is opened and the tricuspid valve is exposed. The annulus is dilated and sep-
tal leaflet tissue is limited. This wasn’t noted on preoperative echocardiography
images. A Tricuspid Physioring (Edward Lifescience) size 32 is implanted with
Tricon 2 x 0 annular sutures. The right atrium is closed with Prolene 4 x O sutures.
During removal of the aortic cross clamp and venting the aortic ascendens major ST
deviations followed by ventricular fibrillation occurs, most likely due to coronary
air embolisms. After defibrillating the rhythm converted to sinus thythm. Temporary
epicardial pacemaker leads were left on the right ventricle and the sternum was
closed by steel wires. Subsequently, the skin was closed by staplers. Both the mitral
and tricuspid ring are shown in Fig. 7.3a.

Postoperative Period

The patient is admitted to the intensive care unit and recovered successfully without
any significant events. Postoperative TTE shows a trace of mitral regurgitation and
still severe residual tricuspid regurgitation, as shown in Fig. 7.3b. In this particular
case, the limited valve tissue could be the reason of persistent malcoaption.
Annuloplasty, by implantation of a rigid ring alone, without valve leaflet augmenta-
tion has resulted in a failed repair.

Case 2: Cardiac Endovascular Pacemaker-Lead Interference
of the Tricuspid Valve

A 79 year old male presents with dyspnea (NYHA class III) and intense fatigue.
Physical examination reveals peripheral edema, vesicular breath sounds and bilat-
eral jugular vein engorgment. Blood pressure is 113/61 with a ventricular paced
rhythm of 50 beats per minute. His medical history includes complete heart block
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Fig. 7.3 (a) TTE 4-chamber view. Both the ring in the tricuspid position as the ring in mitral
postistion are visible. When eyeballing the left chamber, a reduction in dilation already has taken
place. (b) TTE 4-chamber view of the tricuspid valve. Severe residual tricuspid regurgitation is
present. Note that the jet is smaller than the preoperative jet

5 years ago and subsequently an implantation of endovascular DDD pacemaker
system. Shortly after the implantation an acute myocardial infarction occured due to
significant lesion of the ramus circumflexus sinister. The patient was treated by a
percutaneous coronary intervention. In the following years liver dysfunction devel-
oped, probably caused by right heart failure.

Heart Team Evaluation

This patient is discussed twice in a heart team meeting. The first meeting took place
after echocardiographic imaging which showed a severely dilated right ventricle, as
shown in Fig. 7.4a. Right ventricle dimensions are 87 mm for apex to basis and the
annulus measured 59 mm. Systolic function of the right ventricle is graded as
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Fig. 7.4 Panel (a) shows dilatation of the right ventricle and right atrium. RA dimensions are
73 x 59 mm, TAPSE is 21 mm. (b) Massive tricuspid regurgitation is present. (¢) With 3d echocar-
diography the cardiac pacemaker lead can be visualized (the arrow points to the lead). MV mitral
valve, TV tricuspid valve

moderate. Mean pulmonary artery pressure (mPAP) is mildly increased (30 mmHg).
Fig. 7.4b displays massive tricuspid regurgitation which is probably caused by both
right ventricular dilatation and cardiac pacemaker lead interference of the tricuspid
valve. 3D echocardiography confirms this suspicion (Fig. 7.4c). The left heart has
fractional shortening of 40%, which is graded as a moderate systolic function. Only
mild mitral regurgitation is noticed.

The heart team initially concludes that the congestive right heart failure is caused
by tricuspid regurgitation with volume overload, primary right ventricular failure
and the lack of AV synchrony. However, the consensus is reached to prescribe a
medical therapy in the first place and not to operate this patient because of the
unpredictable outcome of and uncertainty of tricuspid valve repair and the expected
high operation risks (due to age and pre-existed kidney failure). The consensus is
discussed with the patient and he agrees with the proposed medical treatment.

During the following months the right heart failure persisted and the patient
needs to be admitted for intravenous diuretic treatment. In the second meeting the
heart team decides to perform the high risk operation due to persistent right heart
failure on medications. Additionally, the VVI-pacemaker system is to be replaced
for an epicardial system, due to interference with tricuspid valve leaflets causing
severe tricuspid regurgitation.
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Operation

Patient is electively admitted at our center and underwent surgery of the tricuspid
valve, a coronary artery bypass graft (CABG) and removal of the endovascular
DDD pacemaker system, which is replaced with a epicardial DDD pacemaker sys-
tem. Operation was done via median sternotomy. After central and bi-caval cannula-
tion, circulation is taken over by cardio pulmonary bypass. Because of pre-existed
kidney failure blood pressure is kept at 70 mmHg, resulting in good diuresis during
surgery. The operation is performed on beating heart without aorta cross clamping.
The distal right coronary artery is calcified and this vessel is grafted by a vena
saphenous magna (VSM) graft. On beating heart the right atrium is opened and the
tricuspid valve is exposed. The atrial lead is located in the auricle, but the lead had
grown into the anterior part of the right atrium and also in the anterior part of the
tricuspid annulus, resulting in deformation of the tricuspid annulus. The ventricular
lead originates from the VCS following the posterior wall of the atrium to the inter-
commissural area of the tricuspid annulus and pushed the septal leaflet laterally, in
which the lead also have grown into. Carefully, both pacemaker leads are removed
and a small defect on the septal leaflet is sutured by prolene 6 x 0 sutures, without
leaflet extention. A Tricuspid Physio (Edwards Lifescience) ring size 34 is implanted
and the tricuspid valve appears sufficient with watertest. New epicardial leads are
introduced and are connected to a Biotronik pacemaker, which is placed at the dor-
sal left side of the rectus abdominis. Peri-operative TEE showed signifcant dimin-
ished tricuspid valve regurgitation.

Postoperative Period

Posteroperatively the patient is transfered to the intensive care. The intensive care
stay was characterized by hemodynamic and respiratory stability. However, the pre-
existing kidney failure worsened, which was medically treated. Thereafter, the
patients recovered and left the hospital in reasonable good condition.

Post-operative echocardiography 2 weeks after operation showed moderate
residual tricuspid regurgitation, as is shown in Fig. 7.5b. Right ventricle size
reduced to moderate dilation and its function remained moderate. Despite annulo-
plasty and valvuloplasty of the septal leaflet, moderate residual tricuspid regurgi-
tation recurred post-operatively. The reappearance of tricuspid regurgitation after
2 weeks after recovery of the right ventricular function suggests structural failure
of the valve leaflets. Primary suturing of the destructed valve leaflet may lead to
fibrosis and eventually retraction of the valve leaflet and increases residual regur-
gitation post-operatively.
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Fig. 7.5 (a) View of Carpentier Edwards ring in the tricuspid position. (b) Doppler echocardiog-
raphy shows moderate residual tricuspid regurgitation

Case 3: Functional Regurgitation Due to Left Sided
Heart Disease

A 78 old male presents with progressive dyspnea (NYHA class V), orthopneu,
lower limbs edema and nocturia. His stomach is slightly distended. He smokes
ten cigarettes a day. Physical examination reveals blood pressure of 106/85 with
104 beats per minute and auscultation reveals bibasilar crackles of the lungs. His
medical history is significant for atrium fibrillation and instable angina
pectoris.
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Heart Team Evaluation

Echocardiography shows severe central mitral valve regurgitation and dilated tri-
cuspid valve annulus of >40 mm. Measurement of the tricuspid valve annulus was
done by TEE and TTE. TTE measurement of the annulus of the 4-chamber view
was found to be 50 mm, as shown in Fig. 7.5b. Measuring by TEE resulted in an
annulus size of 48 mm Fig. 7.6a. Consensus was reached to operate on the mitral
valve with concomitant tricuspid valve surgery.

Fig. 7.6 (a) Preoperative TEE of the tricuspid valve and measurement of the annulus of the tricuspid
valve. (b) Preoperative TTE 4 chamber view and measurement of annulus dilation of the tricuspid valve
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103 bpm

Fig. 7.7 The Phsyio ring is visible in both the mitral as tricuspid position on 4-chamber view

Operation

Patient is electively admitted at the Thoraxcenter and underwent surgery of the
mitral and tricuspid valves. Operation was done via a median sternotomy. After
central and bi-caval cannulation circulation is taken over by cardio pulmonary
bypass and after aortic cross clamping St Thomas cardioplegia was admitted. The
left atrium was opened through Waterson’s groove and the mitral valve is exposed.
The annulus is dilated, without structural defects of the leaflets. A mitral Phsyio-
ring II (Edwards Lifescience) size 30 is implanted with Ticron 2 x 0 sutures. No
mitral regurgitation is present after watertesting. The right atrium is opened and the
tricuspid valve is exposed. Conform echographical findings, no structural defects of
the tricuspid leaflets and sub-valvular apparatus is seen. A tricuspid Physio-ring
(Edwards Lifescience) size 32 is implanted with Ticron 2 x 0 sutures. Thereafter,
both atria were closed with Prolene sutures and patient was weaned of cardiopulmo-
nary bypass. Peri-operative TEE revealed no residual mitral or tricuspid valve regur-
gitation, the echographical appearance of both Physio-rings is displayed in Fig. 7.7.

Postoperative Period

Postoperatively the patient was transferred to the intensive care. Here, post-operative
bleeding persisted and the patient was re-explored in the operating room the next day
and multiple cloths were removed retrosternal and intra-pericardial. Additionally, the
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Fig. 7.8 (a) TTE 4-chamber view with Doppler of the tricuspid valve during systole. None to
trivial regurgitation is present. (b) Doppler TEE of the tricuspid valve also shows trivial tricuspid
regurgitation

postoperative course was complicated by rectal blood loss and delirium, which was
treated by lowering anticoagulant dose and haloperidol and clonidine. The next
month sternum dehiscence occurred which was re-fixated. Cultures of exudate did
not show mediastinitis. Eventually, patient recovered successfully and left the hospi-
tal in reasonable good condition. Antibiotics were prescribed to prevent wound infec-
tion of the sternum. Postoperative TTE showed good results, as shown in Fig. 7.8a, b.
Tricuspid regurgitation is reduced to none or trivial.

Discussion

2D echo imaging plays an important role in clinical decision making regarding tri-
cuspid valve surgery. The four chamber view of trans thoracic echocardiography is
especially helpful since it gives an excellent overview of the septal and anterior
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leaflet. The septal leaflet is seen on the septal side and the anterior leaflet on the free
wall [10], although the posterior leaflet is less frequently seen from this angle [11].

The posterior leaflet is surgically of less interest when performing a reduction
annuloplasty with an down-sized rigid ring as this technique causes the posterior
leaflet to enfold and therefore excluding it from its function. Therefore, structural
defects of the posterior valve are of less significance for the post-operative tricuspid
valve function when performing ring annuloplasty. The first case is an example in
which echocardiographic imaging showed calcification and leaflet thickening of the
anterior valve leaflet (Fig. 7.1a). An eccentric jet, pointing towards the septum is
also visible, indicating a structural defect of the anterior valve leaflet. Nevertheless
in this case, only a ring annuloplasty was performed, resulting in post-operative
residual tricuspid regurgitation. Tricuspid valve replacement was not considered an
option due to the increased mortality and morbidity risk. The postoperative echocar-
diography (Fig. 7.2) demonstrated a residual tricuspid regurgitation with an eccen-
tric jet. Even though the tricuspid valve regurgitation has decreased after annuloplasty
the residual tricuspid valve regurgitation suggests a persistent structural dysfunction
of the valve leaflet. In conclusion, ring annuloplasty alone is not sufficient when
valve leaflets are damaged or leaflet tissue is limited.

3D echocardiography might provided a better overview of all three leaflets in one
view and more importantly in a dynamic moving manner [10].

The second case illustrates endovascular cardiac pacemaker lead interfering with
the tricuspid valve. Lead entanglement, lead perforation, lead impingement and lead
adherence to the valve annulus or valve leaflet may result in significant tricuspid
regurgitation. In this particular case it is suspected that the right ventricular lead was
partially causing the regurgitation, however 2D echocardiography fails to confirm
this suspicion, because of the absence of a clear view of the leads, as is showed in
Fig. 7.3a, b. On the other hand, 3D echocardiography clearly illustrated the ana-
tomical position and interference of the cardiac pacemaker leads with the tricuspid
valve, as shown in Fig. 7.3c. Lin et al. demonstrated in a series of 41 patients that
lead inference can be diagnosed preoperatively using 2D echocardiography in a
mere 5% of patients [12]. 3D echocardiography may prove to be an excellent tool in
visualizing endovascular pacemaker lead interference and subsequent damage of
the tricuspid valve. A recent study showed that cardiac leads can be identified in
74% of patients using 3D echocardiography [13]. Additionally, the patient in case
two developed moderate tricuspid regurgitation after 2 weeks of surgery, while peri-
operative TEE showed sufficient tricuspid valve function. The regurgitation is prob-
ably caused by fibroses and subsequent retraction of the sutured defect of the septal
leaflet. In retrospect, simply suturing the defect without leaflet augmentation was
probably not the best option.

The third case is an example of functional tricuspid regurgitation. Functional
regurgitation is regurgitation due to annular dilation, without any structural damage
on the leaflets and subvalvular apparatus itself. 2D TTE echocardiography showed
annulus dilation (Fig. 7.5). Peri-operatively no structural abnormality was observed
macroscopically in the (sub)valvular apparatus except for the expected annulus dila-
tation and an annuloplasty ring was implanted with a satisfactory outcome.
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Therefore, this case also underlines the fact that a ring annuloplasty is generally
sufficient in cases with functional tricuspid valve regurgitation without any form of
structural abnormality of the valve leaflets.

Take Home Message

The septal and anterior leaflets of the tricuspid valve are surgically of more interest
than the posterior leaflet. Therefore, routine 2D TTE four chamber view already
provides the surgeon with sufficient information regarding annulus diameter and
structural leaflet abnormalities. However, when structural deformations of the tri-
cuspid valve are present or are suspected, 3D echocardiography has demonstrated
its superiority in evaluating the complex tricuspid valve anatomy. Furthermore,
annuloplasty by ring implantation is generally not enough to correct structural tri-
cuspid valve regurgitation.

Review Questions

45. Which echocardiography finding is important in the decision making regarding
tricuspid valve replacement or valvuloplasty?

(a) Annulus dilation >40 mm
(b) Annulus dilation <40 mm
(c) Structural valve damage

46. Which tricuspid valve leaflet is surgically of less interest when performing an
annuloplasty?

(a) Anterior leaflet
(b) Septal leaflet
(c) Posterior leaflet

47. What is the incremental value of 3D echocardiography over in 2D echocardiog-
raphy in tricuspid valve imaging?

(a) Imaging all tricuspid valve leaflets in one view more easily
(b) It provides real time images
(c) Itis cheaper
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Chapter 8
Imaging of the Tricuspid Valve:
Magnetic Resonance Imaging

Soha Romeih and Sara El Fawal

Abstract Echocardiography is considered as the main modality for the assessment
of tricuspid valve disease. However, echocardiography has technical limitations as
well as anatomic limitations when comes to complex structures of the tricuspid
valve and the right side of the heart. Cardiac magnetic resonance (CMR) is consid-
ered as the gold standard for the assessment of right ventricle. In this chapter, we
will discuss potential role of CMR in tricuspid valve disease. Imaging protocols,
advantages and limitations of CMR imaging of the tricuspid valve complex will be
discussed. Furthermore, CMR role in assessment of tricuspid regurgitation severity
will be addressed.

Keywords Tricuspid ¢ Stenosis ¢ Regurgitation ¢ Magnetic resonance imaging
* CMR « Masses * Right heart « Imaging protocol

Introduction

The primary imaging modality of choice for the tricuspid valve (TV) lesions is
echocardiography. However, echocardiography has its own limitations due to the
limited field of view, the retro-sternal location, complex anatomy of the TV and the
subjective variability among echocardiographers as observers, particularly for
quantification of the TV disease (lesion) severity [1-6].

Over the past 20 years, cardiovascular magnetic resonance (CMR) has evolved
as an alternative non-invasive modality that does not use no ionizing radiation, and
applicable to patients with valvular heart disease [1, 7-9].
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CMR is currently the gold standard for the assessment of right ventricle’s (RV)
morphology and function, as CMR provides images of valves anatomy, and allows
quantitative evaluation of stenotic and regurgitant lesions, thus it can discern the
consequences of the TV lesions, including their effects on the RV function [10, 11].
Therefore, CMR is of great interest in the field of TV evaluation. The purpose of the
present chapter is to summarize the general principles and limitation of CMR as an
imaging tool for evaluation of TV.

TV Anatomy

The TV is a complex entity of thin fibrous tissue, with three leaflets, chordae tendin-
eae, papillary muscles and a fibrous annulus located between the right atrium and
the RV [12, 13].

The normal area of the TV is 7-9 cm?, making it the largest of the four cardiac
valves. The TV is nearly vertical and is oriented at approximately 45" to the sagittal
plane, so that the margins of the valve are antero-superior, inferior and septal [14].

Tricuspid valve leaflets: TV has three leaflets; the three leaflets are the anterior,
septal and posterior leaflets. The septal leaflet is the smallest, and arises medially,
directly from the annulus above the inter-ventricular septum. The septal leaflet is
characteristically inserted less than 10 mm more apically than the septal insertion of
the anterior mitral valve leaflet.

Tricuspid sub-valvular apparatus: The Tricuspid sub-valvular apparatus is
similar to the mitral valve, but has greater variability. The tricuspid sub-valvular
apparatus consists of anterior, posterior and septal papillary muscles, and their true
chordae tendineae. The posterior papillary muscle is smaller, and is missing in 20%
of healthy subjects [15].

Tricuspid valve annulus: The TV leaflets are attached to a fibrous annulus that is
not as easy to define as it is around the mitral valve, although it remains identifiable
[16]. The septal leaflet, the least mobile of the three leaflets, has more support from the
fibrous trigone than other leaflets. The normal TV annulus is ovoid, and appears approx-
imately one third longer in the medio-lateral than in the antero-posterior direction [17].

Comprehensive Evaluation of Tricuspid Valve by CMR

CMR offers a unique imaging modality for evaluation of TV anatomy and dys-/
function in addition to the hemodynamic consequences on RV.

3.1. Assessment of TV anatomy.

3.2. Assessment of TV flow.

3.3. Assessment of RV volume and function.
3.4. Assessment of myocardial fibrosis.
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Assessment of Tricuspid Valve Anatomy

CMR has the potential to visualize all parts of the TV (leaflets, chordae tendineae,
and papillary muscles) throughout the entire cardiac cycle. Abnormal valve leaflets,
aberrant papillary muscles or aberrant chordal attachments, leafiet thickening, pres-
ence, extent of calcification, leaflet redundancy and prolapse, and commissural
fusion are all anatomic descriptions that have been reported by CMR [18, 19]. CMR
provides visualization of valve masses such as vegetation, thrombi, or tumours,
including attachment site and mobility.

In addition, CMR is useful for assessing TV annulus size and shape changes
over the cardiac cycle. Compared with real-time 3D Echocardiography, CMR is
accurate in measurements of TV annular area and fractional shortening or area
change [6, 20].

CMR Sequence and Image Acquisition

e Most morphological information is obtained using cine CMR sequences, partic-
ularly steady state free-precession (SSFP) sequences with their high contrast
between blood pool and surrounding structures Fig. 8.1. These have largely
replaced the old spoiled gradient echo (SGE) sequences, though the latter
remain useful on occasions for visualizing the extent of flow disturbance in
selected cases [21-23].

e The visual assessment of turbulent flow in stenotic or regurgitant flow jets is also
feasible with SSFP and SGE sequences, through visualisation of signal voids due
to spin dephasing in moving protons. The location and direction of jets can be
assessed, which can provide valuable information about the valve lesion [24]
Fig. 8.2.

* Flow related signal loss seen on SSFP images occurs where voxels span a range
of velocities, notably in the shear layers that can surround the more coherent jet

Fig. 8.1 Cine SSFP images; (a) two chamber right during diastole showing the opened tricuspid
valve (b) two chamber right during systole showing closed tricuspid valve (c) short axis at atrio-
ventricular level showing the tricuspid valve area (arrows). S superior leaflet, / inferior leaflet,
SSFP steady state free-precession
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Fig. 8.2 Cine image of SSFP
showing four chambers
during systole, jet of tricuspid
valve incompetence in the
right atrium (red arrow).
SSFP steady state free-
precession, RA right atrium,
LA left atrium, LV left
ventricle, RV right ventricle

core. This method can provide an approximate guide to the degree of regurgita-
tion, and distinguishing mild and severe regurgitation is feasible, but finer dif-
ferentiation of severity is rarely possible.

* For accurate assessment of the TV orifice, positioning the image slice precisely
at TV tips is important and misalignment may result in significant error. Multiple
parallel thin image slices in the plane of interest can help to locate the one slice
at the optimal position of the valve tips.

Advantages

* Direct measurement of valve orifice area for stenosed valves by planimetry rather
than calculation, and assessment of regurgitant orifices if required [25].

* A semi-automatic algorithm based on cine CMR images and 3D reconstruction
can help to assess TV annulus morphology and motion and to better depict its
ellipsoid saddle shape [6].

Limitations

e The thin nature of TV (1-2 mm) makes it particularly prone to partial volume
effects due to the slice thickness of CMR images (typically 5-8 mm). Care is
therefore required in placing image slices perpendicular to the valve plane to
minimize these effects and in minimizing slice thickness to 4-5 mm, but
some aspects of finer valve anatomy may be too difficult to visualize well
with CMR.
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* The need to acquire cine images over several cardiac cycles which results in subop-
timal visualisation of small or more chaotically mobile objects such as vegetation.

» Signal voids seen on SSFP imaging are related to the acceleration of blood rather
than the velocity alone, and may underestimate the degree of flow disturbance
when assessing the degree of regurgitation. Narrow (mild) jets may be difficult
to visualize due to the lack of shear layers at the edge of the jet. SGE sequences
are more sensitive than SSFP sequences for evaluating the presence and magni-
tude of turbulent jets and this sensitivity is increased with lengthening echo time
[26, 27].

* Assessing the severity of regurgitation with visual assessment of SSFP cine
images requires care and caution as the technique is subject to slice positioning,
and partial volume effects.

Assessment of Tricuspid Valve Flow

The ability to quantify flow directly using phase-contrast velocity mapping is a
unique advantage of CMR, and does not rely on calculation based on complex equa-
tions, as echocardiography or invasive catheterization techniques require [28].

CMR Sequence and Image Acquisition

Phase-contrast velocity mapping (other names include velocity-encoded cine, Q
flow, or velocity mapping) are used for velocity measurements, and based on the
accumulated phase of moving protons. In this sequence, bipolar gradients oriented
in the expected direction of blood flow are applied to each frame of the imaging
slice of interest to induce phase shifts. Phase refers to the angular position of an
individual proton’s spin vector with respect to a frame of reference. Stationary
objects within this slice have a net phase of zero, because all phase induced by the
first lobe of the bipolar gradient is reversed by the second lobe. Moving objects
(blood) gain a net phase depending on the direction of blood flow, and this net phase
is proportional to the velocity of blood. This net phase can be displayed as a phase
map with differences in signal intensity representing different velocities. Pixels
depicting flow in the phase-encoding direction appear bright, and flow opposite to
the phase encoding direction appears dark objects with a phase shift of zero (station-
ary) are grey or speckled, as can be seen in the lungs or chest wall.

Velocity mapping produces two sets of images: magnitude image and phase
velocity image. The magnitude image is used for anatomic orientation of the
imaging slice and to identify the boundaries of the vessel imaged Fig. 8.3. Blood
has an increased signal, whereas turbulent flow is depicted with signal loss within
the magnitude image. The phase image encodes the velocities within each pixel.
Using both images, a region of interest can be traced on each time frame of the
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Fig. 8.3 Phase-contrast velocity mapping images, showing two sets of image (a) magnitude
image, (b) phase velocity image, demonstrating the through plane phase-contrast velocity mapping
through the tricuspid valve (arrow)

data set. The region of interest must be drawn for each frame of the cardiac cycle
carefully because of movement and deformation of the vessel Fig. 8.4. Within
each region of interest, the peak instantaneous velocity for each time frame can
also be obtained with the simplified Bernoulli equation; the peak instantaneous
gradient can be estimated by substituting in the peak instantaneous velocity.
Mean pressure gradients are obtained by averaging all of the instantaneous veloc-
ities over systole [29].

e Limitations: Evaluation of TV with standard 2D phase-contrast velocity map-
ping sequence is hampered by cardiac motion because the imaging plane is fixed
throughout the cardiac cycle [30, 31], but the TV may move up to 24 mm toward
the apex during systole.

Importantly, in clinical practice there are alternative methods for calculating TV
regurgitant volume:

e Subtract RV stroke volume (SV) (calculated by SSFP cine images) from for-
ward flow volume in the pulmonary artery (measured on phase-contrast veloc-
ity mapping). The difference between the two volumes yields the TV
regurgitant volume. The accuracy of this method for TV regurgitant measure-
ment is lower in the presence of irregular rhythms or pulmonary valve
regurgitation.

e TV regurgitation volume can also be obtained by calculating the difference in
RV-SV and LV-SV if only the TV is involved [32].

Recently developed 4D CMR flow resolves the problem of TV annulus motion,
owing to retrospective valve tracking and velocity encoding in three orthogonal



8 Imaging of the Tricuspid Valve: Magnetic Resonance Imaging 149

Object

|
7
@
a=
S
8

-

> |

d

=
FiH

[ml/s] Flow Volume
350 0 60
300
250
200
150

<
1000 1200
Westenbrugge, Enrico/9988037/20070905 Trigger delay [ms]

Fig. 8.4 Post processing analysis of through plane phase-contrast velocity mapping images across
the tricuspid valve using MASS® program, red contours drawn around the tricuspid valve through
the whole cardiac cycle that delivers a time flow curve of tricuspid valve flow

directions simultaneously during the cardiac cycle allowing the visualisation of
complex flow patterns Fig. 8.5 [33]. 4D CMR Flow refers to phase-contrast CMR
with flow-encoding in all three spatial directions that is resolved relative to all three
dimensions of space and to the dimension of time along the cardiac cycle
(3D + time = 4D).

4D CMR Flow visualizations offer more versatile and comprehensive depictions
of flow fields than any other in-vivo imaging technique. Further, advanced 4D CMR
Flow analysis parameters are currently used in the research setting but require test-
ing for clinical utility. Future work explore the utility of this technique for TV
lesions and other areas of clinical utility [34].
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Fig. 8.5 Schematic representation of the reformation of MV flow and TV flow with 3D three-
directional VE MR imaging. The 3D acquisition volume for three-directional VE MR imaging is
placed at the basal level of the heart. Special attention is paid to the position of the MV and TV
remaining inside this 3D volume during the whole cycle. The positions of the respective valvular
planes are indicated manually in each of the phases of the cardiac cycle in the two- and four-
chamber (4CH) views. The through-plane velocities in the MV plane and the TV plane are recon-
structed. Integration of the velocities over the annulus, subtracted by the through-plane velocity
acquired in the myocardium, results in the flow graph of the respective valve. Arrows indicate the
order in which the steps of the procedure for flow assessment at the particular valves are per-
formed. LV left ventricle, RV right ventricle [33]. Adopted from Westenberg et al., Radiology 2008
December;249(3):792-800

Assessment of Right Ventricle Volume and Function

CMR provides accurate and reproducible assessment of cardiac function through
acquisition of high spatial and temporal resolution images. It is recognized as the
gold standard for quantification of ventricular volumes and function [35]. One of the
main advantages of CMR is the ability to acquire images in any plane, which allows
clear views of the cardiac valves and their inflow/outflow tracts, irrespective of tho-
racic anatomy or difficult cardiac anatomy. This is particularly useful for right-sided
valves which can be challenging to visualize with echo [36, 37].

CMR Sequence and Image Acquisition

SSFP cine images assess the dynamic changes of cardiovascular geometry during
the cardiac cycle, allowing non-invasive assessment of global and regional cardiac
function. [38].

In practice, a slice thickness of 6—10 mm in adults and 5-8 mm in children can be
recommended. Slices do not necessarily need to be contiguous, and a small slice gap
(e.g., 2-4 mm) is acceptable to reduce the measurement and post-processing time
without influencing the accuracy of measurements. Accurate measurement of ven-
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Fig. 8.6 Planning for ventriculography. An axial stack of cine images for ventriculography is
planned by adjusting the slice locations on both coronal and sagittal images (fop row). A short-
axis stack of cine images for ventriculography is planned by adjusting the slice locations on 4-
chamber (4C) and left ventricular 2-chamber (LV 2C) images in diastole (bottom row). Note that
both the axial and short-axis stacks are prescribed to ensure complete coverage of the left and
right ventricles. In this short-axis example, the slices are oriented perpendicular to the ventricu-
lar septum on the 4C view, and care is taken to ensure that coverage includes the anterior portion
of the dilated right ventricle which extends above the tricuspid valve plane. An alternative short-
axis planning approach is to orient the slices parallel to the atrioventricular valve plane on the
4C view (not shown) [40]
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tricular volumes, function and mass are vital for assessing the impact of valve lesions
on the ventricles. RV volumes are particularly useful as these are difficult to achieve
by other methods. CMR-derived ventricular stroke volumes can also be used to quan-
tify mitral and tricuspid regurgitation by stroke volume difference calculation [39].

The basic protocol for ventricular function assessment is very simple. A series of
SSFP sequences are acquired for qualitative and quantitative assessment of regional
and global systolic function. From the localizers we can obtain the vertical long axis
images, followed by the horizontal long axis and the short axis images as shown in
the image above Fig. 8.6 [40].
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Fig. 8.7 Assessment of RV volumes in a patient with hypertrophied systemic RV after atrial
switched for transposition. Short-axis view from a multi-phase steady state free precision sequence
in end systole (left) and end diastole (right) showing inclusion of trabeculations and papillary
muscles in the ventricular cavity. LV left ventricle, RV right ventricle

RV volumes assessment can be also obtained from acquiring an axial stack.
Which can make the identification of the basal slice borders much easier [41].
There are some standardized recommendations by the society of CMR that can
help maintain the accuracy and reproducibility of CMR volumetric assessment,
with special emphasis on the RV [42]; (1) RV end-diastolic volumes, RV
end-systolic volume, RV ejection fraction, RV-SV, and cardiac output, are better
indexed to body surface area, (2) The contiguous stack of short axis or axial cine
images is evaluated with computer-aided analysis packages, (3) Endocardial
borders are contoured at end- diastole and end-systole phases. The RV end-diastolic
image should be chosen as the image with the largest RV blood volume. For its
identification, the full image stack has to be evaluated and one phase has to be
identified as end-diastole for all short axis/axial locations. All contours are included
just up to the pulmonary valve and but not superior to this level. Trabeculations of
the RV are ignored and a smooth endocardial border is drawn to improve reader
reproducibility Fig. 8.7.

Assessment of Myocardial Fibrosis

Imaging of myocardial injury or scarring has been described back in the mid-
1980s. It was limited by insufficient contrast between normal and injured
myocardium.
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CMR Sequence and Image Acquisition

The procedure of late gadolinium enhancement (LGE) was described by Kim et al.
in 2003. Injection of gadolinium chelate via an intravenous line in a bolus of 0.1—
0.2 mmol/kg was described. After a 10—15 min delay the LGE sequence is acquired
by a segmented T1 inversion recover gradient echo sequence [43]. An inversion
time (TT) has to be properly selected to null the signal from normal myocardium, so
that the contrast between scar tissue and normal myocardium is maximized Fig. 8.8
[43, 44]. The quality of LGE imaging depends on the effective nulling of signal
from normal myocardium. This requires very precise selection of the appropriate
inversion time.

This can also be achieved by performing a so-called TI-scout, which acquires
images at multiple time delays after a single inversion pulse within the same acqui-
sition. A sequence called TI scout is acquired with multiple inversion times to
choose from before performing the actual IR-GRE sequences. The optimal TI is
usually within the range of 200-250 ms [45].

Then the phase sensitive inversion recovery sequences (PSIR) was developed. It
did not depend much on the choosing the accurate inversion time. Yet it showed a

LGE 15 min post-injection: phase sensitive IR

Tl =320 ms
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Fig. 8.8 Phase sensitive inversion recovery sequence. By using a phase sensitive reconstruction,
the sign of magnetisation is reflected in the displayed signal intensity. The signal intensity is
mapped onto a grey scale showing values of zero at the centre of the grey scale, positive values as
higher pixel intensities (towards white) and negative values as lower pixel intensities (fowards
black). Using this method, the effect of a small error in the choice of optimal TI is reduced. The
normal myocardial signal can be suppressed by careful windowing of grey scale [43]. Adopted
from Ridgway et al. Cardiovascular MR Manual; 2015. p. 129-50
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lower contrast to noise ratio compared to the regular inversion recovery sequences
[46, 47]. 2D- and 3D-acquisition sequences are available. 3D acquisitions enable
imaging of the entire heart in a single breath-hold, but are prone to image blurring.

Limitations

Most studies with LGE have focused on the assessment of fibrosis in the LV. Desai
and co-workers, as well as Amano et Kumazaki, suggested that the RV has a shorter
optimal TI than LV. Others as Grosse-Wortmann et al. suggested that this was prob-
ably due to partial volume averaging caused by the thin wall of the RV. They sug-
gested that if the spatial resolution was sufficient to visualize clearly the thickness
of the RV myocardium, then the TIs for the RV and LV myocardium are most likely
similar Fig. 8.9. In cases of TV disease, the presence or absence of myocardial
fibrosis has not been proven to influence prognosis. It has been shown to be of more
importance in cases of congenital anomalies of the TV [48].

|Summary of CMR sequences used in evaluation of TV dysfunction |

Target CMR Pulse Sequence name Evaluation

= TV Leaflet morphology

= TV Leaflet motion

. SSFP cine o TYerEs

Anatomy o SEEEhe = Flow acceleration and turbulence

= Ventricular size and function

= Associated anatomic abnormalities of
heart

= Phase-contract velocity mapping = Forward, backward and Net flow
= Regurgitant volumes
Flow = Maximum velocity

= 4D flow CMR = TV flow pattern assessment
= TV Forward, backward, net flow
= Regurgitation volumes.

Tissue characterization . LGE . Myocardial fibrosis.
= Tissue characterization of TV masses
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Fig. 8.9 Delayed contrast
hyper-enhancement
(arrow) showing fibrosis
in the RVOT using LGE
sequence. LGE late
gadolinium enhancement,
RVOT right ventricle out
flow tract

Classification of TV Dysfunction

Tricuspid Valve Regurgitation

The most common TV lesion is tricuspid regurgitation (TR). Trivial to mild TR is com-
mon (60-70%) and appears to be more common in patients more than 50 years old.
[49] Although little is known about the significance of mild TR; moderate to severe TR
has been associated with increased mortality [49, 50]. Causes of TR are either primary
(i.e. intrinsic, organic, or structural) or secondary (i.e. functional TR with anatomically
normal TV). The valve morphology can help differentiate the both groups.

Secondary Tricuspid Valve Regurgitation
This is the most common cause of the TR, representing 75% of all TR causes. TV is

morphologically normal but its leaflets do not coapt completely during diastole
because of valvular annulus dilation and traction of chordae tendinae secondary to
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RV dilation. Function TR in RV dysfunction (due to left heart disease, RV dysplasia,
ischemic RV, and systemic RV) or in RV increased afterload—due to pulmonary
hypertension, pulmonary stenosis, or pulmonary embolism.

RV dilatation leads to a distortion of the normal geometric relationships of the
TV leaflets, chords, and papillary muscles. With annulus flattening, the lowest point
of the annulus is displaced away from the papillary muscles, resulting in tethering
of the leaflets and regurgitation due to incomplete coaptation of the leaflets. The
critical diameter for annular dilatation to cause functional TR is approximately
27 mm/m? [51].

Primary Tricuspid Valve Regurgitation

This represents 25% of all TR causes, sub-classified as either congenital or acquired
lesions:

e Congenital lesions: Ebstein anomaly (the most common), leaflet cleft, and dou-
ble orifice TV.

e Acquired lesions: Rheumatic heart disease, infective endocardiltis, endomyocar-
dial fibrosis, carconid, tumors, traumatic, latrogenic (post VSD surgical closure,
pacemaker, drugs or radiation).

Tricuspid Valve Stenosis

It is a rare phenomenon and appears to be congenital (i.e. bicuspid, dysplastic) in
most cases or, less likely, to be acquired due to endocarditis, rheumatic disease, or
carcinoid [52-55].

CMR Imaging for Secondary Tricuspid Valve Regurgitation

The most important role of CMR in secondary TR is to assess the RV volumes and
function, since both parameters have been considered independent predictors of TR
significant [5]. CMR is considered the gold standard imaging modality to evaluate
the ventricular volumes, due to its accuracy and reproducibility. Reference values
of normal RV volumes and function for healthy adults are displayed in Table 8.1.
Although, there are no defined cut-off values in terms of RV volumes or EF% to
indicate surgery in patients with TR, It has been stated that a preoperative RV end-
diastolic volume of 164 mL/m? can effectively discriminated patients with normal
RV EF from those with depressed EF at follow-up [56]. However, based on the
European Society of Cardiology (ESC) guidelines for the management of grown-up
congenital heart disease, significant RV enlargement exists when the end-diastolic
volume is >150 mL/m? and significant RV dysfunction when the EF is <45% [57].
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Table 8.1 Reference values Parameters
of normal RV parameters in * RV end-diastolic volume indexed <108 mL/m?
healthy volunteers - 3
¢ RV end-systolic volume indexed <48 mL/m?
e Ejection Fraction (EF%) >47%
* RV Mass indexed >20 g/m?

Patients with a systemic RV pose a challenging group for measuring RV vol-
umes, as the method of delineating the cavity relative to the hypertrophied trabecu-
lations and papillary muscles could affect RV volume and function measurements in
this group of patients [58]. Although the influence of these structures on the mea-
sured ventricular volumes in individuals with normal cardiac anatomy seems of no
clinical importance [59, 60].

It has been reported by Winter et al. [61] that including trabeculations and papil-
lary muscles in the systemic RV cavity lead to a substantially higher measured RV
volumes and a substantially lower calculated EF, compared to excluding these struc-
tures from the volume of the cavity.

Delineation of the RV cavity boundary outside the trabeculations and papillary
muscles had the advantages of shorter analysis time and better inter-observer repro-
ducibility. We therefore recommend the use of this approach in routine CMR mea-
surements of systemic RV volumes Fig. 8.10.

| Suggested CMR imaging protocol for the secondary TV regurgitation

Images Goal Interpretation/Report

1- Localizer/Scouts in 3 directions# - Determine of heart anatomy. -

2- SSFP cine images:

. Axial stack (from base of the heart to apex) | - Evaluation of RV, LV volumes and| EDV-ESV-SV-EF-Mass]
function

) . . ; Ventricular wall motion

. 4 chamber view . Evaluation of ventricular regional ;
; abnormality
. 2 chamber right view wall motion
. RVOT view . Detect of TV incompetence jet TV annuls
measurement

3- Velocity encoded phase contrast images:

. QF tricuspid (through plane) . Direct assessment of TV flow+ :Tgvr\\,/vard, (e,
RVSV-QF pulmonary =

. QF pulmonary (through plane) . Indirect assessment of TR TR volume

# Three directions are axial- sagittal- coronal views.

*Volumes should be indexed for BSA

+ Direct assessment of tricuspid valve flow is underestimated due to valve motion.

EDV end diastolic volume, ESV end systolic volume, SV stroke volume, EF ejection fraction, RV right ventricle, LV left ventricle,

RVOT right ventricle outflow trac, TV tricuspid valve, TR tricuspid regurgitation, SSFP steady state free procession, SGE spoiled gradient echo.
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Fig. 8.10 Assessment of systemic right ventricular volumes using two different analysis proto-
cols. Short axis view from a multi-phase steady-state free precision sequence in end systole (left)
and end diastole (right) obtained in a patient with an atrially switched TGA demonstrating the two
analysis protocols. Method A depicts the inclusion of trabeculations and papillary muscles in the
ventricular cavity. Method B depicts the exclusion of trabeculations and papillary muscles from the
ventricular cavity. LV left ventricle [60]. Adopted from Winter et al., J Cardiovasc Magn Reson
2008 August 19;10:40

CMR Imaging for Primary Tricuspid Valve Regurgitation

Ebstein’s Anomaly

Ebstein’s anomaly is a congenital abnormality that may present very early in neonatal life
by severe cardiomegaly and heart failure, which can be seen on conventional radiography
as the classic “box-shaped heart”. It is a rare congenital anomaly of the TV (less than 1%
of all congenital heart disease) occurring in about 1-5 per 200,000 live births [62].

The main diagnostic criteria of Ebstein’s anomaly are; tethering of the TV leaf-
lets (mainly the septal leaflet) to the underlying myocardium (failure of delamina-
tion); apical displacement of the functional annulus; Dilatation of the “atrialized”
portion of the RV, with varying degrees of thinning of the RV wall; Redundancy of
the anterior leaflet which becomes elongated “sail-like”; and dilatation of the right
atrioventricular junction (true tricuspid annulus). The most typical feature is apical
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Fig. 8.11 Four chamber view from a patient with Ebstein’s anomaly; (a) Cardiac magnetic reso-
nance image. (b) Autopsy specimen. Solid, short arrows point to the FRV. Solid, long arrows point
to insertion of the apically displaced septal tricuspid valve leaflet. Broken arrows show the mea-
surement of displacement of the septal tricuspid leaflet. ARV atrialized right ventricle, FRV func-
tional right ventricle, LA left atrium, LV left ventricle, RA right atrium [62]. Adopted from
Attenhofer et al. Int J Cardiovasc Imaging 2012 June;28(5):1147-59

displacement of the hinge point of the valve from the atrioventricular ring of more
than 8 mm/m? body surface area (Fig. 8.11) [63]. The anatomic severity of Ebstein’s
anomaly was classified based on echocardiographic appearance as mild, moderate
or severe; primarily based on the amount of displacement of the leaflets, the degree
of tethering of the anterior leaflet and the degree of RV dilatation [64].

In 1988, Carpentier et al. [65] proposed the following classification of Ebstein’s
anomaly; Type A: the volume of the true RV is adequate, Type B: a large atrialized com-
ponent of the RV exists, but the anterior leaflet of the TV moves freely, Type C: the
anterior leaflet is severely restricted in its movement and may cause significant obstruc-
tion of the right ventricular outflow tract, and Type D: almost complete atrialization of the
RV except for a small infundibular component. The goals of surgery are to improve
functional status and reduce the risk of sudden death in patients with Ebstein’s anomaly.

The American College of Cardiology/American Heart Association (ACC/AHA)
2008 guidelines for surgical intervention included other criteria, as symptoms or
deteriorating exercise capacity; cyanosis (O, saturation less than 90%); paradoxical
embolism; progressive cardiomegaly on chest x-ray; and progressive RV dilation or
reduction in RV systolic function. Nevertheless, the decision about whether to per-
form surgery in individual patients with Ebstein’s anomaly is often debated because
of unpredictable surgical outcomes [66].

Axial SSFP cine images used for visualizing the septal and anterior TV leaflets,
coronal SSFP cine images used for assessing the atrialized RV, the RV, and the TV
posterior leaflet and sagittal SSFP cine images show the infundibulum and the pat-
tern of attachment of the TV anterior leaflet. Axial or short axis SSFP cine images
are usually used for quantification of anatomical and functional RV in Ebstein’s
anomaly. Usually an axial stack is preferred, as the basal images in such patients are
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Fig. 8.12 A 14 year old girl known to suffer from Ebstein’s anomaly with no previous surgical
intervention. Image (a) is a long axis four chamber plane SSFP cine images showing the marked
displacement of the septal leaflet of the tricuspid valve with marked dilatation of the RV which
shows a large atrialized portion. Image (b) shows a series of short axis SSFP cine images. The RV
is hugely dilated with very wide mouth of the TV and associated mild pericardial effusion (*).
LV left ventricle, RV right ventricle, RA right atrium, SSFP steady state free procession

very difficult to assess in terms of there the outlines of the functional ventricle are
Figs. 8.12 and 8.13.

CMR limitations patients with Ebstein’s anomaly would be mainly the visualiza-
tion of small atrial septal defects or patent foramen ovale, as well as sharp visualiza-
tion of TV leaflet morphology which can be easily answered by echocardiography.
Yet CMR offers quantifying of blood flow which allows reliable estimation of shunt
volume. Old SGE sequences can replace SSFP sequences for better assessment of
TV morphology and abnormal flow jets.

There are also emerging future CMR techniques such as T1-Mapping sequence
and CMR Feature Tracking (CMR-FT) sequence that have been used in patients
with Ebstein’s anomaly on research basis but not established yet on the clinical.
T1-Mapping measures the depiction of diffuse myocardial fibrosis through mea-
surement of myocardial T1 times using the modified look-locker inversion recovery
(MOLLI) sequence with and without gadolinium-enhanced inversion recovery-
prepared sequences. CMR-FT measures the intra- and inter- ventricular dyssyn-
chrony within, and between, the cardiac chambers by quantitating the differences in
time to peak strain duration within the LV and RV and between the two chambers
respectively demonstrating RV intra-ventricular dyssynchrony [67].
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Fig. 8.13 A 16 year old boy with Ebstein’s anomaly, s/p TV replacement. Long (a) and short axis
(b) planes of SSFP cine images showing marked displacement of the leaflets of the TV, mainly the
septal leaflet (arrow), with dilated anatomical RV and small functional portion of the RV (star).
Susceptibility artifact is caused by the artificial TV (red arrow). LV left ventricle, RV right
ventricle

Suggested CMR imaging protocol for Ebstein’s anomaly

Images Goal Interpretation/Report

1-1 izer/: in3 directi Determine of heart anatomy.

2- SSFP versus SGE cine images:

. Axial stack (from base of the heart to apex) . Evaluation of RV, LV volumes and EDV-ESV-SV-EF-of RV*
function, detect outlines of anatomical
and functional RV

. 4 chamber view

- DD . Detect of TV incompetence jet Associated atrial septal defects and

TV morphology
. Short axis view

3-Velocity encoded phase contrast images:

. QF ascending aorta (through plane) . Direct assessment of aortic flow
Shunt quantification by calculating
. QF pulmonary (through plane) . Direct assessment of pulmonary flow enes
4-LGE imaging (optional):
. Axial or 4 chamber view :
. Detection of myocardial fibrosis rt:es‘?nce or absence of myocardial
ibrosis.

. Short

#Three directions are axial- sagittal- coronal views.

*Volumes should be indexed for BSAEDV end diastolic volume, ESV end systolic volume, SC stroke volume, EF ejection fraction, RV right
ventricle, LV left ventricle, TV tricuspid valve, SSFP steady state free procession, SGE spoiled gradient echo

Rheumatic Heart Disease

Rheumatic heart disease remains a major origin of heart valve disease in the devel-
oping world [68, 69]. TV involvement is seen in 6.0-8.5% of cases, and TR devel-
ops in two-thirds of these patients. Imaging criteria include thickened leaflets with
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restriction in motion, diastolic doming (i.e. hemispheric shape of the leaflets due to
adhesion), and encroachment of the leaflet tips on the ventricular inlet [69].

| Suggested CMR imaging protocol for rheumatic heart disease affecting TV |

Images Goal Interpretation/Report

1.1 i in 3 dil i Detect anatomy of the heart

2. SSFP cine images versus Gradient echo images:*

. 4 chamber view . Evaluation of valve leaflet morphology DESCgp:iOn of tse valve leaflet
- 2 chamber right view . Evaluation of valve leaflet motion ficicieieoviandionol
. RVOT view . Detect of tricuspid valve incompetence jet

. Evaluation of RV, LV volumes and

. Axial stack (from base of the heart to apex) function, detect outlines of anatomical
and functional RV EDV-ESV-SV-EF- of RV*
. Short axis images
. TV area
3. Velocity encoded phase contrast images:
. QF tricuspid valve (through plane) . Direct assessment of TV flow*
Forward, backward, net flow
. QF pulmonary valve (through plane) . Indirect assessment of TR.

RVSV-QF pulmonary = TR volume

#Three directions are axial- sagittal- coronal views.

A If the SSFP images are distorted by flow artefacts then SGE images are option.
+ Direct assessment of tricuspid valve flow is under estimated due to valve motion.
*Volumes should be indexed for BSA

EDV end diastolic volume, ESV end systolic volume, SV stroke volume, EF ejection fraction, RV right ventricle, LV left ventricle, RVOT right
ventricle outflow tract, TV tricuspid valve, TR tricuspid regurgitation, SSFP steady state free procession, SGE spoiled gradient echo.

Infective Endocarditis

Infective endocarditis (IE) can involve a native TV or valve prosthesis (5-10%)
[70]. TV IE is usually associated with the intravenous drug abuse. Associated find-
ings include thickening, shortening, perforations, or complete destruction of the
leaflets and intramural or para-valvular abscesses.

Infection-induced endothelial damage leads to cell death and surface deteriora-
tion [71]. Further damage may occur if endocarditis progresses into myocarditis, or
if vegetation causes coronary artery embolization leading to ischemia, or if infec-
tion is spread causing destruction of the conductive tissues. Such effect of IE on the
heart may be detected by CMR myocardial damage can be demonstrated non-
invasively by detecting gadolinium contrast enhancement in the late phase [72].
These areas of LGE have been shown to be consistent with irreversible myocardial
damage and fibrosis. Moreover, the recent CMR sequences T1 and T2 mapping help
in tissue characterization [73].

In terms of detecting the vegetation or masses, the minimum size of the mass
that CMR can efficiently detect has not been described; and CMR’s sensitivity and
specificity have not been evaluated yet in comparison to the 2D echocardiography.
However, the determination of LGE of the endothelial lining can reveal the diagno-
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sis of endocarditis. CMR can also help in differential diagnosis of vegetation, such
as differentiating myxomas, thrombi, lipomas, and papillary fibroelastomas
(Fig. 8.14) [73, 74].

o o

Fig. 8.14 A 4-year-old female with a vegetation in the right ventricle (RV). (a) Initial transtho-
racic echocardiography shows a 14 x 11 mm-sized highly mobile homogeneous mass (arrowhead)
in RV, which is attached to the ventricular septal defect primary closure site. (b—e) CMR (b), Eight
days after initial the echocardiography. The mass (white arrows) is seen in the RV, attached to the
anterior wall on a short-axis-view cine MR image and shows iso-signal intensity as compared with
the myocardium on T2-weighted (c¢) and T1-weighted (d) images. Late gadolinium-enhanced
image in a short-axis view (e) demonstrates marginal rim enhancements (black arrows). (f, g) A T2
map (f) and postcontrast-T1 map image (g) show that the T2 relaxation time of the lesion is similar
to that of normal left ventricular myocardium and that peripheral component (arrows) of the veg-
etation show lower T1 values than the myocardium. (h) Resected specimen shows a soft, round,
encapsulated, and whitish mass consisting of granular tissue [73]. Adopted from Investig Magn
Reson Imaging. 2016 Jun;20(2):114-119
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Fig. 8.14 (continued)

Carcinoid Syndrome

Carcinoid tumours are relatively rare neuroendocrine malignancies most commonly
originating from enterochromaffin cells in the gastrointestinal tract and bronchus.
Midgut carcinoid tumours grow slowly over years but metastasize frequently to the
liver, and secreting large amounts of vasoactive substances, including
5-hydroxytryptamine, tachykinins, and prostaglandins which are largely inactivated
by the liver. Carcinoid syndrome occurs when tumour cells metastasize to the liver
as the vasoactive substances produced are able to reach the systemic circulation via
the hepatic vein. Clinically, this is characterized by flushing, diarrhoea, and bron-
chospasm [75-77]. The large amount of vasoactive substances promotes deposition
of fibrous tissue in a plaque-like configuration. This carcinoid plaque is composed
of smooth muscle cells, myofibroblasts, extracellular matrix and an overlying endo-
thelial cell layer. Carcinoid heart disease occurs in 40-70% of the cases with
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carcinoid syndrome. The deposits occur most commonly on the enodocardium of
valvular cusps and leaflets, native underlying valve morphology is unharmed [78].
The right side of the heat is usually affected, in contrast the left side is less affected
due to the protective inactivation of the vasoactive substances by the lungs. TV is
the most frequently involved valve (97%), followed by the pulmonary valve (49%).

The TV plaques have a preponderance to develop on the ventricular side of the
leaflets, causing adherence to mural endocardium and creating a substrate for regur-
gitation of blood volume in 90% of cases. Fibrous tissue at the valve annulus causes
constriction at the ring, resulting in a degree of valvular stenosis in 10% of cases [79].

CMR has an additive value for evaluation of the RV function and quantification
of the volumes of the right heart in a reproducible and accurate manner. This
assessment has a central role in decision-making on the long term. Diagnostic
accuracy is improved by CMR where echocardiographic image quality is subopti-
mal [3]. Also, quantification of the dysfunction of the tricuspid and pulmonary
valve by phase encoding contrast images is informative [80]. Fibrotic carcinoid
plaques can be detected using LGE mages. CMR gives a unique opportunity to
detect this signal alteration in the valve, valvular annulus, sub-valvular apparatus
and even endocardium. Cardiac nodular metastatic invasion is rare (less than 5% of
patients) but can easily be demonstrated, as well as extension into extra-cardiac
structures (Fig. 8.15) [79, 81].

Fig. 8.15 CMR BFFE. (a) Dilatation of the right heart with tricuspid valve leaflet (arrow) and
choradal thinking (head arrow). Fixed tricuspid valve, with severe regurgitation (black flow jet).
Flattened interventricular septum. (b) Late enhanced T1 gradient echo 3D TFE sagittal view of the
right ventricular outflow tract (RVOT). Pronounced abnormal enhancement of the leaflets of the
pulmonary valve and the endocardial surface in the RVOT. Nodular liver lesion. BTFE balanced
fast field echo, TFE turbo field echo [81]. Adopted from Moerman et al., Acta Cardiol 2012
April;67(2):245-8
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| Suggested CMR imaging protocol for infective endocarditis and carcinoid syndrome

Images Goal Interpretation / Report

1. L i /! in 3 di i Detect anatomy of the heart -

2- SSFP cine images versus Gradient echo images:*

4 chamber view . Evaluation of valve leaflet morphology Desc:p:ion of tge valve leaflet
2 chamber right view . Evaluation of valve leaflet motion EoEncosvencietion
RVOT view . Detect of tricuspid valve incompetence jet

. Evaluation of RV, LV volumes and
function, detect outlines of anatomical

Axial stack (from base of the heart to apex) and functional RV

EDV-ESV-SV-EF-of RV*

Short axis images . Valve area

3. Velocity encoded phase contrast images:
QF tricuspid valve (through plane) . Direct assessment of tricuspid flow+
Forward, backward, net flow

QF pulmonary (through plane) . Indirect assessment of TR. RVSV-QF pulmonary = TR volume

4. First pass perfusion images*

4 chamber view . Determine if the mass on TV is vascular or| Vascular or not
2 chamber right view not
RVOT view

5. Late contract hyper-enhancement images

4 chamber view
2 chamber right view
RVOT view

Detect fibrosis of the mass and RV wall Site, size of the fibrosis
Mass hemogensity

#Three directions are axial- sagittal- coronal views.

ADifferentiate between vegetation, thrombus, and tumours

+ Direct assessment of tricuspid valve flow is underestimated due to valve motion.

*Volumes should be indexed for BSA

EDV end diastolic volume, ESV end systolic volume, SV stroke volume, EF ejection fraction, RV right ventricle, LV left ventricle, TV tricuspid valve,
TR tricuspid regurgitation, RVOT right ventricle out flow tract, SSFP steady state free procession, SGE spoiled gradient echo.

Tumors

Cardiac tumours are rare, with prevalence at autopsy of 0.002-0.3%. About 75%
of cardiac tumours are benign, the most common of which in adult population are
cardiac myxomas, followed by papillary fibroelastomas, lipomas, and hemangio-
mas. Rhabdomyomas and fibromas are the main benign tumours in the paediatric
age group. Valvular tumors are rare and they are characterized by a smaller size,
greater mobility, and more significant tendency to embolise. The majority of val-
vular tumors are papillary fibroelastomas. Metastases are far more common than
primary malignant cardiac tumours. They occur either by direct invasion from
neighbouring organs or by hematogenous spread. The most common primary
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tumours spreading to the heart are melanomas, bronchogenic and breast carcino-
mas. The most common primary malignant cardiac tumours are sarcomas and
lymphomas [82].

CMR offers the value of its larger field of view, excellent tissue characteriza-
tion, versatility in imaging planes, dynamic and post contrast CMR imaging giv-
ing additional tissue properties such as vascularity and fibrosis. CMR can
contribute to the diagnosis of the nature of a cardiac mass as well as its relation-
ship to other cardiac and extra-cardiac structures, which echocardiography is
unable to identify. Serial CMR studies can be used to monitor tumour regression
after surgery or chemotherapy [82]. The most important CMR features that can
help differentiate mass lesions were suggested by several publications; motion,
heterogeneity, and mobility, tissue characterization, first-pass perfusion, LGE, and
TI scout and T1 mapping [83].

Papillary fibroelastomas are usually smaller than 1 cm, attached to the valve by
a short stalk, thereby having greater freedom and mobility, which might explain the
frequent occurrence of embolic events. They can be reliably diagnosed by echocar-
diography. Typical CMR imaging features are of a small, highly mobile homoge-
neous valvular mass (usually attached to the downstream side with a small pedicle);
hypointense signal intensity and surrounding turbulent ow on cine images; and
isointense T1 and hyperintense T2 signal intensity patterns.

Myxomas are the most common primary cardiac tumours with a growing
predilection on the interatrial septum of the left atrium. Valvular myxomas are
very rare accounting for 8.8% of cardiac myxomas. They are gelatinous, lobu-
lated tumors, often solitary with a short stalk. Echocardiography is very helpful
in the evaluation of a suspected valvular myxoma in determining the location,
size, attachment, and influence on valve function. On CMR images, they appear
isointense on T1- weighted images and have higher signal intensity on
T2-weighted images owing to the high extracellular water content. Regions of
acute haemorrhage within myxomas appear hypointense on both T1- and
T2-weighted images, and older regions appear hyperintense as the haemoglobin
becomes oxidized to methemoglobin. SSFP cine imaging is very useful in the
work-up of myxomas as they are highly mobile, occasionally prolapsing
through the mitral valve and causing obstruction. With SSFP cine techniques,
myxomas appear hyperintense relative to the myocardium but hypointense rela-
tive to the blood pool. Internally, myxomas may contain cysts, regions of necro-
sis, haemorrhage, and calcification, which lead to a typically heterogenous
appearance at contrast enhancement. Many myxomas have a layer of surface
thrombus, with low signal intensity on LGE images [82] (Fig. 8.16).

Primary cardiac malignancies are very rare; they include lymphomas, sarco-
mas and mesothelial tumours. Large, bulky masses with vascular encasement
without obliteration of lumen are typical features of lymphoma. Sarcomas usu-
ally present as bulky masses with irregular margins and invasive features
involving one or more chambers; they may show heterogeneous enhancement
due to the presence of necrosis or haemorrhage. These tumours may be associ-
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Fig. 8.16 A 54 year old female patient with a sizable mobile tricuspid valve mass seen by echo-
cardiography. CME images: (a—b) cine SSFP images in four chamber plane in systole and diastole,
showing the mass behind attached to the posterior leaflet of the tricuspid valve with no signs on
invasive behavior. It is rather mobile with leaflet excursion. (c—e) T1 pre-and post-contrast images,
as well as (d) first pass perfusion and (f) LGE images show patchy mainly peripheral enhancement
of the sizable mass. Overall features are suggestive of a tricuspid valve myxoma
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Table 8.2 Proposed core protocol for MR imaging of cardiac masses

Thinner slice (4-6 mm) high-
resolution acquisition in good
breath-holders

T1-w Trans- T1-w FSE(8-10 mm) free-breathing
axial Stack slice covering the entire thorax

Essential components

Confirmation of the presence or
absence of suspected mass

SSFP imaging in VLA, 4-Ch,SAX planes. Additional cine stacks in at least 2

B N - Description of location and anatomic
orthogonal customised imaging planes that optimally visualize the mass.

relationships of the mass

ient of size of mass in three
Useful in masses that appear to infiltrate myocardium or involve pericardium cross-sectional dimensions

| Tagging

Description of margins — smooth,
irregukar, or infiltrating

T1-w double IR FSE slices (6 mm) through the mass Repeat with fat

in optimal imaging planes identified as above | | saturation pre-pulse Description of motion of the mass at
cine imaging and its functional
significance

T2-w triple IR FSE slices (6 mm) through mass in the same optimal imaging planes

\dentified as above Description of T1-weighted, T1-

weighted SPIR, T2-weighted, and
contrast enhancement imaging

.......... patterns
[ '
1 First-pass 1| Acquired in the optimal imaging plane for visualizing the | ] Gd contrast Description of tumor-associated
: perfusion : mass. Provides a more detailed assessnment of vascularity | | (0.05-0.1mmol/kg) complications (eg, pericardial
- effusion)

<2 mins¢
Assessment of features that may

T1-w segmented double IR FSE slices (6 mm) with Tl set at 450-500 ms. suggest malignancy
Acquired in the optimal imaging planes identified as above.

Assessment of likely diagnoses*

Post GD T1-w double IR FSE slices (6 mm) through the mass in optimal

S ) ) Figure 4: Standard MR report for cardiac masses.
imaging planes identified as above

EGF
Post Gd T1-w
* = Although a differential diagnosis should be
§ 7-10mins v offered, it should be made clear that MR, like any
imaging technique, cannot be used to offer a tissue
T1-w segmented double IR FSE slices (6 mm) with Tl set by Look-Locker. Acquired diagnosis.
in SAX for LV coverage and in the imaging planes identified as above.

Sequences in red are used for localization of the mass. Sequences in blue are used for tissue char-
acterization. Tagging and rest-pass perfusion sequences are optional sequences that can supple-
ment the core data set. The second bolus of gadolinium (Gd)-based contrast material is given with
the rest-pass perfusion sequence, if performed, or alternatively as a top-up dose prior to early
gadolinium enhancement (EGE) imaging [82]

4-Ch four chamber, IR inversion recovery, LV left ventricle, SAX short-axis, 7/-w T1-weighted,
T2-w T2-weighted, VLA vertical long axis

ated with pericardial effusions and metastasis to mediastinal nodes, lungs and
other organs [81].

Secondary metastases to the heart are more common, most frequently from mel-
anoma, lung, breast, and gastric carcinomas. They may show intramural or pericar-
dial involvement and superior or inferior vena cava metastases. Signal characteristics
and contrast enhancement features are variable in metastatic lesions [84].

However, the most common type of cardiac mass is in fact “pseudotumors,”
such as intracardiac thrombus or misinterpreted normal anatomic variants [82].
Cardiac thrombi are more common than tumours, and timely diagnosis and
treatment are mandatory. On CMR, a thrombus shows variable T1- and
T2-weighted signal characteristics depending on its age. Contrast-enhanced MR
imaging with first pass perfusion, early, and LGE imaging enables clear differen-
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tiation of thrombus from surrounding myocardium because a thrombus is avascu-
lar and hence characterized by an absence of contrast material uptake [82, 85]
(Table 8.2).

Suggested CMR imaging protocol for cardiac tumours

We agree upon the suggested protocol for cardiac masses as demonstrated by Motwani et
al.81

Traumatic

Surgical closure of ventricular septal defect (VSD) considered one of the most
common surgeries in patients with congenital heart diseases. For closing a VSD,
temporary detachment of the TV leaflets may provide better exposure of the defect
in the usual trans-atrial approach [86]. However, this technique carries the risk of
TV regurgitation which might be needed to be repaired [87]. This traumatic TR
should be considered as secondary TR (Sect. “Secondary Tricuspid Valve
Regurgitation™).

Patients with a permanent pacemaker or automatic implantable cardioverter-
defibrillator leads have an increased prevalence of significant TR. TR can be caused
by direct lead interference with valve closure, laceration or perforation, infection,
and fibrous adhesions. After lead implantation, 18% of patients with baseline mild
TR develop moderate to severe TR [88]. Particularly on this group of patients CMR
has a limited role as having implanted pacemaker or ICD still consider a contraindi-
cation for CMR.

CMR Imaging for Tricuspid Stenosis (TS)

TS is most commonly of rheumatic origin in underdeveloped countries. Other pos-
sible causes of TS are: congenital tricuspid atresia, carcinoid syndrome, endomyo-
cardial fibrosis, metabolic or enzymatic diseases, or right atrial tumours.

It has been agreed upon that echocardiography enables a definitive diagnosis
of the cause and severity of TS. The rheumatic aetiology is suggested by commis-
sural fusion and diastolic doming with thickened leaflets and shortened chordae
[89]. Although CMR is feasible in evaluating TS, it is not used routinely in this
setting. Valve area can be assessed by placing of an image slice through the valve
tips in diastole and measuring forward velocity through the valve. CMR is less
effective than echocardiography in the detection of vegetation of the valvular
leaflets [90]. CMR has a bigger role in assessment of congenital tricuspid valve
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Fig. 8.17 A 16 year old female patient with double inlet left ventricle, severe tricuspid stenosis,
S/P Fontan operation. Series of axial and coronal SSFP images. (a) Axial SSFP cine shows jet of
tricuspid regurgitation and stenosis respectively (arrow). (b) Axial SSFP cine shows that both AV
valves commit to the LV (arrows), with an associated small VSD (curves arrow) and a rudimentary
RV (star). Images (c) axial SSFP cine and (d) coronal SSFP cine show patent extracardiac Fontan
conduit (arrows). LA left atrium, LV left ventricle, RA right atrium, C conduit

atresia to solve unanswered clinical questions by echocardiography. This is espe-
cially important in cases of postoperative assessment. CMR can evaluate ana-
tomical and functional data, with assessment of ventricular volumes and function,
flow dynamics, shunt quantification, and postoperative sequelae or complica-
tions. Also, it helps to assess patients with TV atresia who undergoing several
surgical procedures, e.g. bidirectional Glenn planned for completion on a Fontan
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circulation. CMR allows assessment of the Fontan connections, branch pulmo-
nary arteries, pulmonary, the atrioventricular valve(s), the ventricle(s), the ven-
tricular outflow tract, and any residual leaks (with CMR) or collateral vessels
using cine imaging as well as gadolinium enhanced angiography and 3D SSFP
sequences. Velocity mapping can be used to assess flow through a suspected nar-
rowing Fig. 8.17.

Suggested CMR imaging protocol of TS.
PS: In clinical practice for TS evaluation CMR is not used on routine basis.

Images Goal Interpretation / Report

1. Localizers/Scouts in 3 directions* Detect anatomy of the heart

2. SSFP cine images versus Gradient echo images:

. 4 chamber view
. 2 chamber right view Evaluation of intra-cardiac anatomy

- RVOT view

Description of cardiac morphology
and function

Detection of surgical baffles and

Detect anatomy, surgical shunts, and

. Short axis images vascular measurements Describe postoperative

complications.
. Oblique planes according to clinical question

3. Velocity encoded phase contrast images:

. QF tricuspid (In plane) . Direct assessment of TV flow Assessment of maximum velocity
velocity.+ across the TV

#Three directions are axial- sagittal- coronal views.
+Velocity measurement by CMR is underestimated compared to echocardiography.
TV tricuspid valve, RVOT right ventricle out flow tract, SSFP steady state free procession, SGE spoiled gradient echo.

Conclusion

The strength of CMR in TV assessment is its ability to offer a comprehensive exam-
ination in terms of morphology and associated structures assessment, in addition to
right ventricular volumes, mass and systolic function assessment. CMR may also
provide a quantitative measure of TV stenosis and regurgitation, including regurgi-
tant volume and fraction.

Unlike echocardiography, CMR imaging is not dependent on the presence of
adequate acoustic windows, and less dependent on operator experience for consis-
tently obtaining interpretable images. CMR offers excellent spatial resolution and,
with ECG gating, has acceptable temporal resolution, which approaches echocar-
diography. When compared to multi-slice computerized tomography, CMR uses no
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ionizing radiation, allowing for safe a serial examination which is an important
consideration in following patients over many decades.

On the other hand, the disadvantages of CMR use include its current relative inabil-
ity to be used for patients with certain types of metallic implants, most importantly
pacemakers and internal cardioverters defibrillators. The initial setup of a CMR labo-
ratory is considerably costly, and interpretation of CMR images is relatively more
complex and experience/knowledge-demanding. In addition, echocardiographic crite-
ria for TV lesions have been validated and compared with clinical outcomes, data that
are not yet available for CMR criteria, a relatively young imaging modality.

Given the potential strengths of CMR, prospective studies of clinical outcome,
using quantitative and qualitative CMR data to guide management of TV dysfunc-
tion, are needed to enhance CMR as a strong tool for guiding clinical practice.

Review Questions
Select the Single Best Sentence

48. Which of the following statement regarding Cardiac MRI (CMR) assessment of
tricuspid valve is correct?
(a) CMR slice thickness is often similar to TV leaflet thickness (1-2 mm)
(b) The slice thickness of CMR images is typically 5-8 mm
(c) The slice thickness of steady state free-precession (SSFP) sequences is
2 mm
(d) The slice thickness of the spoiled gradient echo (SGE) sequences is 1 mm

49. Which of the following statement regarding Cardiac MRI (CMR) assessment of

tricuspid regurgitation volume is correct?

(a) CMR 2D phase-contrast velocity mapping sequence is the standard method
for tricuspid regurgitation fraction calculation

(b) 4D CMR flow is more accurate method for tricuspid regurgitation fraction
calculation than 2D CMR phase-contrast flow

(c) Cardiac motion is a major limitation of 4D flow

(d) None of the above

50. Which of the following statement regarding Cardiac MRI (CMR) assessment of

patients with tricuspid regurgitation is correct?

(a) CMR is more accurate than echocardiography for the assessment of right
heart function

(b) CMR is more accurate than echocardiography for the assessment of tricus-
pid valve leaflets

(c) CMR is more accurate than echocardiography for the assessment of papil-
lary muscles

(d) CMR is less accurate than echocardiography for the assessment of tricus-
pid annulus
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Chapter 9
Tricuspid Valve Disease: A Computed
Tomographic Assessment

Rahatullah Muslem, Mohammed Ouhlous, Sakir AKin,
Abd Alla Fares, and Osama 1. Soliman

Abstract Current cardiovascular computed tomography (CT) scanners provide a
three-dimensional full volumetric dataset that covers the entire heart and its vascu-
lar connections at one or more time points. Cardiovascular CT plays an increasingly
important role in the era of transcatheter aortic and mitral valve therapy. Likewise,
it has a potential importance in planning of transcatheter tricuspid valve (TV) inter-
ventions. Advantages in the CT assessment of the TV include its ability to show a
complete overview of the complex anatomy, its submillimetre isotropic spatial reso-
lution and a temporal resolution as low as 66 ms. In addition, CT measurements are
generally simple and accurate on good-quality images. It allows for precise ana-
tomic measurements, which is needed for optimal valve sizing and successful valve
placement. However, the use of cardiovascular CT has certain limitations. In detail
visualization of the right atrioventricular junction can be challenging. It is associ-
ated with ionizing radiation, and it has other related risks, especially in dynamic
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imaging, and with the use of potentially nephrotoxic contrast agents. New TV thera-
pies are evolving, although, evidence for the efficacy and safety is limited to case
reports and small series. In this chapter, we will provide an overview of current and
potential future applications of CT in the assessment of right heart disease with a
focus on perioperative assessment of patients undergoing transcatheter TV
therapy.

Keywords Tricuspid * Stenosis ¢ Regurgitation ¢ Computed tomography ¢ Contrast
* Radiation ® Multiplanar reconstruction * ECG triggering ® Annulus * Right ventricle
* Annuloplasty ¢ Preprocedural planning ¢ Therapy ® Outcome

Imaging Technics of the Tricuspid Valve Using CT

Scan Mode

Computed Tomography has proven itself in imaging of the heart in general and the
tricuspid valve (TV) in particular. Dynamic anatomical information can be obtained
with CT. But in case of the TV only static anatomical information is sufficient. As
the majority of the hospitals today are equipped with at least a 64 slices CT scanner,
the following modes can be used:

1. Conventional spiral CT (without ECG gating).

2. Prospective high pitch spiral CT mode (with or without ECG triggering), this
technique is only possible with Dual Source CT scanners.

. Prospective ECG triggering mode.

4. Retrospective ECG gating mode (with or without ECG pulsing).

W

The first imaging technique is the easiest protocol and is feasible on all scanners,
but suffers from motion and/or breathing artefacts. Therefore, this protocol is usually
not used to image the TV. With Dual Source CT scanners double temporal resolution
and high pitch values can be achieved (P = 3.4) and therefore higher table speed up
to 737 mm/s. Motion free heart imaging in less than a single heart beat can be per-
formed with an effective radiation dose less than 1 mSv. This mode has no additional
radiation dose penalty compared to the first mode. Using ECG triggered high pitch
CT, one can choose which phase of the heart cycle should be imaged, provided that
the heart rate is regular. For TV CT imaging the diastolic phase is relevant. The
inconvenient of this imaging mode is that it requires a Dual Source CT scanner.

Prospective ECG triggered mode utilizes the step-and-shoot method. The scan is
performed by imaging a series of axial images at a selected cardiac phase, usually
the diastolic phase. The X-ray tube is turned off during the rest of the cycle. Only
wide area detector CT (16 cm) can image the heart in one heartbeat. All other scan-
ners require multiple heart beats which can lead to stack misalignment artefacts.
Single source CT scanners have a limited temporal resolution requiring either betta
blockers to rule out cardiac motion artefacts or to switch to a more dose intensive
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retrospective protocol with multi-segment reconstruction. Dual Source scanners
have sufficient temporal resolution to use prospective imaging also in high or irregu-
lar heart rates. Prospective step and shoot can provide dynamic information by using
ECG-padding. With ECG padding the X-ray exposure time per heart beat will be
increased or decreased depending on the desired heart phases. More dynamic infor-
mation achieved by longer X-ray exposure will result in a higher radiation dose.
However, in prospective step-and-shoot (SAS) mode will not obtain a full acquisi-
tion of the RR-interval. Retrospective ECG-gating exposes X-ray continuously with
simultaneous ECG information acquisition. In retrospect, multiple phases of the
ECG cycle can be reconstructed providing dynamic information over the full car-
diac cycle. This will come at the cost of a significant higher radiation dose. ECG
pulsing can be applied to select phases of the cardiac cycle where more noise can be
tolerated and tube current and voltage is reduced to decrease the radiation dose.
Data for a specific cardiac phase is used for image reconstruction. Retrospective
ECG-gating with tube current modulation can allow 30-40% less radiation dose.
This decrease in radiation dose is less effective with higher heart rates.

Contrast Injection

A similar approach to CT angiography where contrast is timed in the first pass,
scans will suffer from beam hardening artefacts because the contrast agent has not
sufficiently been diluted. This is worse when using low kVp. This can be partially
solved by injecting a diluted contrast agent. But, although this protocol may decrease
beam hardening artefacts, image quality still suffers from mixing artefacts. These
are caused by the inflow of contrast free blood from the inferior vena cava (IVC).
Imaging in the venous phase will provide homogeneous contrast agent enhance-
ment. The attenuation will be lower than in the arterial phase. To compensate for
this a larger contrast agent volume must be used. A well performed venous phase is
sufficient to assess the TV anatomy. As the beam hardening artefacts are solved, a
low kVp can help to obtain a higher attenuation with a lower radiation dose.

If a combination with a CT angiogram of the aorta is needed, a split bolus can be
used. In this case a first bolus will enhance the IVC inflow and the right heart. While
the second bolus will be used to image the left ventricle and the aorta in a single scan.

Clinical Utility of Computed Tomography in Right Heart
Diseases

Most cardiac CT examinations are mainly focused on the left side of the heart.
Therefore, injection protocols are optimized to visualize this side of the heart.
However, the right side of heart (the right atrium, atrioventricular junction and the
RV) can also be depicted trough CT [1]. More importantly, it can be of added clini-
cal value to detect and diagnose certain diseases such as arrhythmogenic right
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Fig. 9.1 Arrhythmogenic RV dysplasia on cardiac CT. Reprinted with permission from “Value of
Cardiac CT in Patients with Heart Failure” by Deepa Mangalat et al., J Curr Cardiovasc Imaging
Rep. 2009 Dec; 2(6): 410-417. Springer Science and Business Media, LLC 2009

ventricular (RV) dysplasia (Fig. 9.1) [2, 3]. In this section we will discuss the clini-
cal utility of CT and the appropriate acquisition techniques to assess the right side
of the heart.

Computed Tomography Acquisition Techniques for the Right
Side of the Heart

As mentioned before, due to the fact that standard injection techniques are optimized
for the left side of the heart, to acquire images of the right side of the heart the injec-
tion protocol has to be modified [1]. In order to acquire images of the right side of
the heart, adequate contrast quantity has to be maintained in this area. By adjusting
the amount of contrast medium and the flow, prolongation of the length of adminis-
tration of the entire bolus can be achieved [4], and adequate contrast quantity can be
maintained on the right side of the heart. To prevent streak artefacts and to achieve
clear depiction of the endocardial contour, the multiphasic infusions technique instead
of monophasic injection of contrast medium can be used [1]. Furthermore, the use of
different combinations of contrast material can contribute to improve the homoge-
neous enhancement profile. Including saline contrast mixture or saline flush [5].

Different studies have assessed the optimum protocol and modes for the delivery
of contrast material [6-9]. For RV functional analysis, biphasic infusion of contrast
medium followed by a contrast saline mixture was found to be optimal, mainly due
to the better delineation of the ventricular wall [6]. Furthermore, for the depiction of
the right side of the heart, including the valves, split bolus infusion seemed to be the
optimal method [7, 9]. For additional imaging of surrounding blood vessels, these
injections parameters have to be adjusted, in order to have the optimal enhancement
profile.
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Clinical Utility of Cardiac CT

Although, MRI is the most accurate in assessing RV volumes and function [10], CT
can be used to assess a variety of cardiopulmonary conditions and detect important
prognostic markers [1]. Table 9.1 lists cardiac diseases in which the assessment of
RV function is highly important. In patients with an acute pulmonary embolism
(Fig. 9.2) the RV/Left ventricle (LV) diameter ratio is associated with higher mortal-
ity rates [11]. In addition, RV/LV diameter ratio score greater than 1.5, estimated
through CT, indicates severe RV dysfunction [3]. Furthermore, both right- and left
sided valvular diseases can lead to RV dysfunction [1]. However, TV regurgitation
(TR) can also occur because of RV dysfunction and subsequent annular dilatation
[12]. CT can provide an anatomical delineation of the right atrioventricular junction
and the RV outflow tract, in order to depict dilation or enlargements. Finally, CT can
be used to rapidly asses the RV function and ejection fraction in acute settings such
as RV infarction, and in chronic diseases such as heart failure [1].

Comprehensive Assessment of Tricuspid Valve
and Surrounding Structures by CT

Advanced TV disease such as severe TR is associated with increased morbidity
and mortality [14, 15]. TR might not be recognized clinically until fairly late
in its natural history. Early stages of TR are therefore often asymptomatic and

Table 9.1 Computed tomography assessment of the right heart

Condition Impact CT measurements/findings

Acute pulmonary e 1 RV afterload e RV/LV ratio
embolism [3] e RV dysfunction ¢ Maximum distance between inner
* 1 RV end-systolic surface of the free wall and the

volumes endocardial surface of the
 Leftward septal interventricular septum
bowing
e LV Compression
| CO
Valvular heart disease e RV dysfunction * RAJ & RVOT size
* RA enlargement ¢ RV function
 Dilated RVOT * Morphologic changes
RV cardiomyopathy * RV dilatation * RVOT size
[13] * RVOT * Morphologic changes
enlargement e LV assessment
* RV * Subendocardial fatty tissue
intramyocardial fat
deposition

* Wall thinning

RV right ventricle, LV left ventricle, CO cardiac output, RA right atrium, RVOT right ventricle
outflow tract, RAJ right atrioventricular junction
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Fig. 9.2 Computed Tomography in a patient with acute pulmonary embolism. (a) Four-chamber
view reconstruction with septal flattening (arrows). (b) Grade 4 reflux of contrast into the inferior
vena cava (long arrow) and proximal hepatic veins (short arrows). (¢) The maximal diameter on
axial sections of (¢) right and (d) left ventricular diameter. (e) The maximal diameter on four-
chamber view of the right and (f) left ventricle. Right and left ventricle volumetric depicted on (g)
axial section and (h) sagittal reformation. Reprinted with permission from “CT Signs of Right
Ventricular Dysfunction: Prognostic Role in Acute Pulmonary Embolism” by Doo Kyoung Kang
et al., JACC Cardiovasc Imaging 2011; Volume 4:8:841-849. Copyright (2017) by Elsevier Inc.

are often observed on echocardiography. Transthoracic echocardiography
(TTE) is most often used to diagnose and to assess the cause and the severity
of TR. When TTE images are inadequate, transoesophageal echocardiography
(TEE) can be considered, although visualization of the anteriorly located TV
can be difficult [16].

In advance of TV interventions, a detailed knowledge of the complex surgical
anatomy of the TV is fundamental. The information gained through imaging may
help to plan and guide surgical decision-making and transcatheter TV interventions.
Different imaging techniques have been used for the assessment of the TV and the
surrounding structures. However, due to the complex anatomy of TV apparatus a 3D
imaging modality is often needed. Cardiac magnetic resonance (CMR) imaging and
real-time three-dimensional techniques can provide 3D information as well as accu-
rate quantification of TR severity [10, 17-19]. However, CMR is not widely avail-
able and often contraindicated due to the presence of pacemaker leads. On the other
hand, 3D echocardiography suffers often a low spatial and temporal resolution. CT
on the other hand has acquired an increasing importance in planning transcatheter
interventions because of its accurate 3D information as well as high spatial and
temporal resolution. CT can be used therefore to assess TV and the surrounding
structures such as the RV and adjacent blood vessels [20, 21]. In this section we
discuss the assessment of the TV and the surrounding structures with CT and the
clinical utility of CT in preplanning for TR interventions.
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The Tricuspid Valve

The most common abnormality of TV is TR, which is often due to incomplete leaf-
let coaptation or incomplete closure due to dilated annulus and dilated RV. Increasing
TR severity is associated with poor survival [22]. Therapeutic decisions for TR
often require 3D imaging modality to unravel its mechanism [14].

The normal tricuspid apparatus (Fig. 9.3) has been described previously in Chap. 1.
In brief, the TV apparatus consist of three leaflets, a partly fibrous annulus, and a sup-
porting tension apparatus. The supporting tension apparatus consist of the chordae
tendinae and papillary muscles. The leaflets include anterior, septal and posterior [23,
24]. The PMs include anterior, inferior and medial. The commissure between the septal
and anterior leaflets is located over the membranous septum and divides it into the
atrioventricular and inter-ventricular components [24, 25]. The chordae to the anterior
and septal leaflets, provided by the medial PM of the conus or RV septal wall, repre-
sents an important surgical landmark for the location of the right bundle branch [20].

Fig. 9.3 Normal appearance of tricuspid valve. (a) Four-chamber CT image shows the septal (S)
and anterior (A) leaflets. (b) Two-chamber CT image shows septal (S) and posterior (P) leaflets.
(¢) Short-axis CT image shows all the leaflets (S, A, P). (d) MRI appearance of the tricuspid annu-
lus, with the short-axis steady-state free precession (SSFP) image showing all the leaflets (S, A, P).
Reprinted with permission from Shah et al. [26] Insights Imaging. 2016 Oct;7(5):649-67
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Tricuspid Annulus

The normal tricuspid annulus is an ellipsoid, non-symmetrical, saddle-shaped structure
and appears nonplanar, with the posteroseptal part the most towards the RV apex. It
becomes more circular as it dilates in an anterior-posterior direction in response to RV
enlargement (Fig. 9.4) [14]. Among other reasons, the TV annulus differs from the mitral
annulus because of the lack of extensive fibrous elements in the peripheral (mural) part
of the valve to support its leaflets [25]. Measurements of TV annulus on CT can be per-
formed in the four-chamber views by measuring maximum and minimum diameters.

CT Assessment of the Tricuspid Valve and Adjacent
Anatomical Structures

In detail visualization of the right atrioventricular junction can be challenging. Clear
depiction of this region requires homogenous enhancement of the structures around
the TV annulus. ECG gated or triggered cardiac CT angiography (CTA) techniques
can provide good-quality motion-free images of the RV outlet and trabeculated por-
tions [20]. However, the quality may not be high enough to show the details of the
RV inlet [27], partially because of streaming artefacts.

Advantages
Advantages of CT use in the assessment of the TV includes, its ability to show the

extent of calcification, a complete overview of the complex anatomy, good spatial
and temporal resolution, it enables evaluation of the TV annuloplasty ring

Fig. 9.4 Measurements of the tricuspid valve annual diameter. Presented are the measurements of
the (a) maximum and (b) minimum tricuspid valve annual diameter on electrocardiogram gated
320-slice computed tomography. Reprinted with permission from “Relationship of maximum and
minimum tricuspid valve annular diameter determined by 320-slice computed tomography with
right atrial and ventricular volume and estimated right ventricular systolic pressure” by Nobusada
Funabashi et al., IJC 2013;168(4):4578-81. Copyright (2017) by Elsevier Inc
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Table 9.2 Advantages and limitations of the use of computed tomography

Advantages Limitations
* Only modality for reliable assessment of » Radiation

calcification * Potentially nephrotoxic contrast agents
* Good spatial/temporal resolution * Limited in detecting small vegetation’s and
* Complete overview of anatomy small valve perforations
* Multiplanar reconstruction capabilities » Limited in patients with high/irregular heart
* Identifies inappropriate positioning of leads rates

dislodgement, it helps to identify inappropriate positioning of the RV pacemaker
lead at the TV level, and, measurements are generally simple on good-quality four-
chamber cardiac CT images [20, 21]. Moreover, CT can evaluate associated extra-
cardiac lesions, for example in carcinoid heart disease. Advantages and limitations
are summarized in Table 9.2.

Limitations

The use of CT has certain limitations. It is associated with ionizing radiation, its
related risks and with use of potentially nephrotoxic contrast agents [26].
Furthermore, dynamic evaluation or ventricular functional evaluation is possible in
retrospective ECG-gated scans. However, this is associated with a higher radiation
dose [26]. The use of CT is limited in patients with high or irregular heart rates and
also in the characterization of tissues [26]. Finally, CT has limited value in the
assessment of the valve function or for the detection of small vegetation’s (<4 mm)
and small valve perforations. [26, 28].

The CT is technically limited in showing all TV leaflet positions at a specific
time frame of the cardiac cycle in one short-axis plane, therefore, when assessing
TV leaflets, a combination of different views is required. The four-chamber view
is the most appropriate view to assess the septal leaflet, and in some cases, only in
this projection small defects of the membranous septum can be seen [20].
Furthermore, the septal isthmus width, visualization of its relation with the coro-
nary sinus orifice and the atrioventricular node artery can be measured with the
four-chamber view [20]. The relationship of the anterior and posterior leaflets can
be depicted with the two-chamber CT of the right heart, and, this is the optimum
view to measure the cavotricuspid isthmus superior to the hinge of posterior TV
leaflet, which might be difficult to visualize trough TTE. The long-axis views can
be used for the evaluation of TV prolapse. Furthermore, when there is tethering of
the leaflets and regurgitation due to incomplete coaptation of the leaflets, the dis-
tance and area of tethering (tenting) can be measured by CT. The dimensions of
the TV annulus can be measured through the reconstructed short-axis view, by
measuring the maximal antero-posterior and septal-lateral diameter of the annulus
[21]. The perimeter and annulus area can be assessed by planimetery after the CT
is performed [21].
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The Right Coronary Artery

The distance of the right coronary artery (RCA) to the TV annulus and the course of
the RCA through the right atrioventricular groove may vary in humans [29].
Information regarding the course of the RCA may be of added value when planning
patients for transcatheter interventions that target the TV annulus, due to the risk for
impingement of the RCA [30]. CT analysis can be used to determine detailed char-
acterization of the spatial relationship between the RCA and the TV annulus
(Fig. 9.5). The mid-diastolic phase volume rendered reconstructions, the two- and
four-chamber long-axis and the short-axis views can be evaluated to determine the
course and position of the RCA relative to the TV annulus [31]. The position of the
RCA relative to the TV annulus can be classified as superior, inferior or at the same
level as the TV annulus. The short-axis view can be used to measure the distance

Posterior

Anterior

Fig. 9.5 Computed Tomography analysis of the right coronary artery. 3D reconstructions with
computed tomography showing the relationship between the right coronary artery and the tricuspid
valve annulus
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between the RCA and the TV annulus at the level of the anterior and posterior tri-
cuspid leaflets insertions, if the RCA courses at the same level as TV annulus [31].

The Right Ventricular Apex

Certain devices, like the Forma Repair System (Edwards Lifesciences, Irvine, California)
interact directly with the tricuspid leaflets. Therefore, the TV annulus dimensions and
the distance from the annulus to the RV apex should be evaluated, when planning
patients for these interventions [32]. To measure the maximal distance between the TV
annulus and the RV apex, the long-axis four-chamber view can be used [31].

The Vena Cava

Patients selected for transcatheter caval valve implantations (CAVI) require pre-
CAVI imaging with contrast-enhanced, electrocardiogram-gated CTA to assess the
IVC dimensions and the distance between the junction of the right atrium and IVC
to the first hepatic vein (Fig. 9.6) [33].

Hepatic Vein

Circ = 92 mm

L
025cm

Fig. 9.6 Computed Tomography for Caval Valve Implantation. (a) Assessment of the right atrium-
inferior vena cava junction plane. (b, ¢) Depiction of the hepatic vein and (d) Sequential measure-
ments of the horizontal planes for the assessment of the optimal valve size (1 cm below the right
atrium-inferior vena cava junction plane and 1 cm above the identified first hepatic vein). Reprinted
with permission from “Transcatheter Caval Valve Implantation Using Multimodality Imaging.
Roles of TEE, CT, and 3D Printing,” by Brian O’Neill et al., JIMG 2015;8:221-225. Copyright
(2015) by Elsevier Inc
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The axial view with the multi-planar reformation planes oriented along the RV
apex and the coronary sinus can be used to assess the dimensions of the IVC at the
transition level with the right atrium down to the level of the first hepatic vein [31,
33]. To reconstruct the double oblique transverse plane parallel to the transition
level of the right atrium with the IVC, single oblique and coronal views can be used
while aligning the multi-planar reformation planes to the basal part of the coronary
sinus [33]. Furthermore, the diameter, perimeter and area of the IVC can be assessed
at this level [31]. To assess the dimensions of the IVC at the first hepatic vein, these
measurements can be repeated on the double oblique transverse plane at the level of
the first hepatic vein (Fig. 9.7) [31].

Surgical Interventions for the Tricuspid Valve

Functional TR is the most common abnormality of TV. When indicated, surgical
repair or replacement of the TV is the only currently approved treatment option.
There are two surgical options for the TV, it can be either repaired or replaced. In
symptomatic patients or patients with sings of RV remodelling and primary TR, sur-
gery is recommended. Furthermore, it is recommended in patients undergoing sur-
gery for the left sided valves with concomitant functional TR. The preference for one
of these two techniques depends on the underlying cause of the TV disease. In patients
with damaged leaflets due to rheumatic or carcinoid valve disease, as in patients with
extreme annulus dilatation, valve replacement is favoured [34]. However, patients

Fig. 9.7 Vena Cava dimensions assessed through computed tomography. Computed tomography
assessment of the inferior vena cava (IVC) dimensions using the Orthogonal axial view (a), single
oblique sagittal view (b, f) and the Coronal view (¢, g). In order to reconstruct a transverse plane
of the entrance of the IVC into the right atrium (d), multi-planar reformation planes were aligned
along the transition of right atrium and IVC. Panel (e) depicts the distance between the first hepatic
vein and the IVC. The maximal and minimal diameter, perimeter and area of the IVC are measured
in h, using a double oblique transverse plane
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require chronic anticoagulation after valve replacement, and in addition, valve
replacement is associated with an increased mortality [35]. Therefore, the preferred
option is valve repair (Fig. 9.8), which consists of several techniques. Incomplete
band or De Vega’s suture annuloplasty and Kay bicuspidization are the most fre-
quently used techniques in patients undergoing left sided valve surgery to treat func-
tional TR [36]. A suture repair has the advantage that it can be performed easily and
quickly. However, due to the higher incidence of recurrent TR after suture repair
compared to the use of an annuloplasty band, the latter one is more favoured. Detailed
surgical TV repair and replacement techniques are presented in Chap. 17.

Clinical Utility of CT in Planning Transcatheter Interventions
for Functional TR

Transcatheter TV therapy is a less invasive alternative to surgery for patients with
functional TR and deemed to be high-risk surgical candidates [37]. Currently, trans-
catheter devices are designed to target TR via one or more of TV apparatus

Fig. 9.8 Tricuspid annuloplasty repair techniques (a) Tricuspid valve before surgical intervention,
(b) Kay bicuspidization repair, (¢) De Vega suture repair and (d) ring annuloplasty with use of an
incomplete semirigid prosthetic ring. Reprinted with permission from “Diagnosis and treatment of
tricuspid valve disease: current and future perspectives,” by Josep Rodés-Cabau et al., The Lancet
388(10058), Pages 2431-2442 (November 2016) Copyright (2016) by Elsevier Inc
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Table 9.3 Pre-procedural anatomic measurements using computed tomography

Therapeutic
anatomic target CT views CT parameters
TV annulus * Volume rendered reconstruction * RCA relationship to TV annulus
* Long-axis 4-chamber view
* Long-axis 2-chamber view
* Long-axis 4-chamber view * Distance between RCA and ATL
» Short-axis view at TV annulus insertion
* Long-axis 4-chamber view * Distance between RCA and PTL
» Short-axis view at TV annulus insertion
TV leaflets ¢ Short-axis view at TV annulus * TV annular dimensions
* Long-axis 4-chamber view » Long-axis of RV (distance
between TV annulus and RV apex)
Caval veins e Orthogonal axial view * Entrance of the IVC into the right
» Single oblique sagittal view atrium
* Coronal view
* Single oblique sagittal view e IVC dimensions assessment
* Coronal view

components such as TV annulus, TV leaflets or caval veins. Annuloplasty devices
such as TriAlign and the TriCinch System aim at reduction or modulation of TV
annulus. Coaptation devices such as the Spacer aims at improving TV leaflets coap-
tation. Heterotopic caval vein implantation aims at secure a functioning valve(s)
between right atrium and venous communication. Details of these devices and tech-
nical considerations are provided in other chapters of this book.

To minimize the risk for complications and to optimize the results, specific anatomi-
cal aspects should be taken into consideration before performing one of the currently
available transcatheter procedures for the TV. In contrast to echocardiography, CT can
provide better information on the anatomical spatial relationship of the TV apparatus
and surrounding structures [31] Table 9.3. Lists key anatomic measurements, which
are required for pre-procedural planning of transcatheter TV repair or replacement.

Percutaneous Tricuspid Annuloplasty

The Mitralign device (Mitralign, Inc. Tewksbury, USA), has been used to treat func-
tional TR performing a transcatheter bicuspidization of the TV [38]. The TriCinch
device (4Tech Cardio, Galway, Ireland) is a catheter-based device designed to per-
form tricuspid annular cinching [39], in order to reduce anteroseptal annular dimen-
sion and reduce TR improving leaflet coaptation. In the latter procedure, the
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tricuspid annulus dimensions are reduced by positioning of a corkscrew anchor at
the anterior tricuspid leaflet that is connected through a Dacron band to a self-
expandable stent implanted in the inferior vena cava. [40]. A schematic view of the
percutaneous interventions for the treatment of tricuspid regurgitation is presented
in Fig. 9.9. Continuous monitoring with TEE and demarcation of the right coronary
artery (RCA) course with wires and angiography are needed to safely perform the
intervention with the Mitralgn device. In addition, before performing the annulus
reduction with the TrinCinch device, the distance from the insertion of the anterior
tricuspid leaflet into the annulus to the RCA should be studied (Fig. 9.10) [31]. One
of the most feared complications in these procedures is impingement of the
RCA. Even in normal human hearts the distance between the TV annulus and the
RCA is variable. [29] According to an anatomical study by Ueda et al., [33] the
median nearest distance from the RCA to the base of the anterior tricuspid leaflet
was 6.8 mm [range 5.9-11.0 mm] and to the posterior tricuspid leaflet 2.1 mm
[range 2.0-4.0 mm] in normal human hearts. However, the distance between the
RCA and the TV measured with CT was larger at the insertion level of the anterior
tricuspid leaflet whereas the RCA coursed more closely to the annulus at the level
of the insertion of the posterior leaflet, in a study including patients with and

Transcatheter Therapies for Tricuspid Regurgitation

Heterotopic Caval
Valve Implantation

Heterotopic Caval
Valve Implantation

Fig. 9.9 Transcatheter therapies for tricuspid regurgitation. Transcatheter options, heterotopic
caval valve implantation, coaptation devices, annuloplasty devices. Reprinted with permission
from “Transcatheter Therapies for Treating Tricuspid Regurgitation” by Josep Rodés-Cabau et al.,
J Am Coll Cardiol 2015 volume 67:15:1829-1845. Copyright (2017) by Elsevier Inc
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Fig. 9.10 Distance between RCA and TV annulus. Computed tomography assessment of the dis-
tance between the right coronary artery and the tricupid valve annulus. Panel (a), long-axis two-
chamber view and (b), long-axis four-chamber view. The (¢) short-axis view was reconstructed
using the long-axis views of (a) and (b). A 3D reconstruction spatial relationship between the RCA
and the TV annulus is depicted in panel D

without significant TR. [31] Furthermore, a less favourable course of the RCA
(<£2.0 mm distance to the annulus) was depicted through CT analysis in 12.5% of
the patients with TR > 3+ at the anterior tricuspid leaflet and in 27.5% of the patients
with TR > 3+ at the posterior tricuspid leaflet [39] Therefore, evaluation of the RCA
course through CT analysis can be of value in patients with severe TR, awaiting
percutaneous tricuspid annuloplasty.
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Fig. 9.11 Tricuspid valve
annulus relative to the right
ventricular apex.
Computed tomography
assessment of the distance
between the tricuspid valve
annulus to the right
ventricular apex in the
long-axis four-chamber
view

Tricuspid Orifice

CT assessment of the orientation of the TV annulus plane relative to the RV apex
may be of value in pre-procedural planning of patients for devices that interfere or
are placed within the TV orifice, like the Forma Repair System [31, 32]. This is an
inflatable spacer device that is positioned within the regurgitant orifice area of the
TV and provides a surface for native leaflet coaptation [32]. Trough a rail, the inflat-
able spacer is attached to the RV apex. In order to reduce the TR grade effectively,
the spacer needs to be positioned in the center of the regurgitant orifice area perpid-
encular to the valve plane [32], which is currently assisted by three-dimensional
TEE. The implanting cardiologist could benefit from geometrical information of the
TV annulus plane orientation and distance relative to the RV apex, assessed through
CT (Fig. 9.11), to the benefit of catheter manoeuvring during the procedure [31].

Caval Valve Implantation Concept

Knowledge regarding the use of CT in the assessment of the right atriocaval junc-
tion, the vena cava and the distance to the first hepatic vein for prosthesis sizing and
the avoidance of hepatic vein obstruction during CAVI remains limited. A small
number of studies have reported about the success of this procedure [33]. The mean
cross-sectional area of the right atriocaval junction and the distance from this point
to the first hepatic vein can be assessed with the CT in patients with severe TR
(Fig. 9.7) [31]. This study also discusses that the design of customized caval valve
prosthesis fitted to the vena cava geometry of the patient assessed by CT may pro-
vide the most favourable results. The intraoperative TEE and post-CAVI CT are
depicted in Fig. 9.12.
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Lett
Atrium

b

Valve Leaflet Closure Valve Leallel Open

Fig. 9.12 Periprocedural multimodality imaging: role of intraoperative TEE and post-CAVI
CT. Intraprocedural TEE (a) at the level of the coronary sinus, (b) visualization of the mouth of the
inferior vena cava. (¢, d) 5 days post-procedure CT illustrating opening and closure of the SAPIEN
XT valve (Edwards Lifesciences, Irvine, California) and (e) three-dimensional volumetric CT
reconstruction of the SAPIEN XT valve within the Cook stent (Cook Medical, Bloomington,
Indiana). TEE transesophageal echocardiography, CAVI caval valve implantation, CT Computed
Tomography. Reprinted with permission from “Transcatheter Caval Valve Implantation Using
Multimodality Imaging. Roles of TEE, CT, and 3D Printing,” by Brian O’Neill et al., JIMG
2015;8:221-225. Copyright (2015) by Elsevier Inc

Conclusion

CT scan plays an important role in the assessment of right heart disease. Moreover,
CT role has been increasingly used in preinterventional percutaneous valve ther-
apy. Assessment of patients with CT before percutaneous transcatheter tricuspid
valve intervention could be of great value for implanting cardiologists, especially
in locating the right coronary artery. New tricuspid valve therapies are evolving,
although, evidence for the efficacy and safety is limited to case reports and small
series. CT enables acquisition of high quality images of the tricuspid valve and the
complex anatomical structures around it. Furthermore, CT provides important
insights into the geometrical dimensions of the tricuspid valve and adjacent veins.
These insights may help to guide the interventional cardiologists in the decision-
making process and to prepare for the tricuspid valve intervention.
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Appendix

Summary of MSCT planning of transcatheter tricuspid valve repair or replacement.

Due to increased attention and recognition of the need for TV repair or replace-
ment, MSCT preplanning has gained more attention of analysis software develop-
ers. MSCT assists in patient selection, provides insight in anatomy and can serve as
a roadmap to guide transcatheter valvular interventions. From single or multiphase
CT scans e.g. the annulus shape and dimensions, relationship between annulus and
right coronary artery position and location of right ventricular papillary muscles.
Additionally, percutaneous access routes can be evaluated such as the vena cava
inferior and jugular access. All information can be visualized as a virtual angiogram
providing an essential link between the MSCT scan and the actual implantation
procedure under X-ray. Currently dedicated MSCT planning software is being
developed such as 3mensio Structural Heart.

The following figures (9.13-9.18) summerize a MSCT scan analysis using
3mensio Structural Heart.

Fig. 9.13 Volume rendering
from MSCT scan showing
atria, ventricles and coronary
arteries (3mensio Structural
Heart)
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Fig. 9.14 Overview of the heart showing left and right ventricle, aortic root and superior vena
cava (3mensio Structural Heart)

Fig. 9.15 Tricuspid annulus dimensions (left) and shape (right) (3mensio Structural Heart)
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Fig. 9.16 Volume rendering showing tricupid annulus and relationship with right coronary artery
(purple) (3mensio Structural Heart)

Fig. 9.17 Virtual angiogram showing tricuspid annulus, right coronary artery centerline (purple)
and vena cava superior (green) and inferior centerlines (blue) (3mensio Structural Heart). The vir-
tual angiogram shows what the operator can expect during the angiography guided procedure and
shows optimal implantation views (bottom S-curve) on tricuspid annulus (e.g. co-axial, en-face),
right ventricle and vena cava
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Fig. 9.18 Sizing of the inferior vena cava (left) and visualization on virtual angiogram (right)
(3mensio Structural Heart)

Review Questions
Select the Single Best Sentence

51. Which of the following is the best imaging modality for the assessment of tri-
cuspid valve leaflets?

(a) Cardiac MRI

(b) Echocardiography

(c) Cardiovascular Computed Tomography
(d) Angiography

52. Which of the following is the best imaging modality for the assessment of tri-
cuspid valve annulus?

(a) Cardiac MRI

(b) 2D Echocardiography

(c) Cardiovascular Computed Tomography
(d) Angiography

53. Which of the following is the best imaging modality for the assessment of tri-
cuspid valve vegetation and masses?

(a) Cardiac MRI

(b) Echocardiography

(c) Cardiovascular Computed Tomography
(d) Angiography

54. Which of the following is the best imaging modality for the assessment of right
heart size?

(a) Cardiac MRI

(b) Echocardiography

(c) Cardiovascular Computed Tomography
(d) Angiography
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55.

56.

57.

Which of the following is the best imaging modality for the assessment of tri-
cuspid valve regurgitation?

(a) Cardiac MRI

(b) Echocardiography

(c) Cardiovascular Computed Tomography
(d) Angiography

Which of the following is the best imaging modality for intraprocedural guid-
ance of tricuspid valve interventions?

(a) Cardiac MRI

(b) Transoesophageal Echocardiography
(c) Cardiovascular Computed Tomography
(d) Angiography

Which of the following is the best imaging modality for the serial assessment
of outcome of tricuspid valve interventions?

(a) Cardiac MRI

(b) Echocardiography

(c) Cardiovascular Computed Tomography
(d) Angiography
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Chapter 10
Tricuspid Annulus Measurements:
Dynamic Changes in Health and Disease

Denisa Muraru and Luigi P. Badano

Abstract The most common cause of tricuspid regurgitation (TR) is the dilation of
tricuspid annulus (TA). In patients with left-sided valve disease, an enlarged TA is
currently regarded as a more reliable sign of associated tricuspid valve (TV) dys-
function, reflecting better the chronicity and the hemodynamic consequences of TR
on TV apparatus over time than the actual severity of TR, which may vary signifi-
cantly with loading conditions, respiration and technical factors. This paradigm
shift has led to the more liberal indications for surgical annuloplasty at the time of
left-sided valve surgical intervention and to the adoption of “prophylactic” TV
annuloplasty if the TA diameter exceeds 40 mm (or 21 mm/m? body surface area),
irrespective of TR severity. Due to limitations of conventional two-dimensional
echocardiography in assessing maximal TA diameter, three-dimensional echocar-
diography is emerging as the future standard technique for accurately measuring the
TA size. This chapter is focused on the characterization of TA geometry and func-
tion as a key component for maintaining the competency of the normal TV, and on
its role in the pathophysiology and development of functional TR.

Keywords Tricuspid valve ® Tricuspid annulus ¢ Tricuspid regurgitation  Tricuspid
insufficiency * Echocardiography ® Three-dimensional echocardiography

Introduction

Since the ‘80s, it has been recognized that the most common cause of tricuspid
regurgitation (TR) is not the intrinsic abnormality of the tricuspid valve (TV) itself,
but the dilation of tricuspid annulus (TA) [1]. The awareness of the crucial role of
TA dilation in the pathophysiology of functional TR has led to a renewed interest in
the assessment of TA and to its identification as the main therapeutic target in symp-
tomatic patients with significant TR. Unlike TR severity, TA size does not change as
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swiftly and, once dilated, will not return to normal [2]. In patients with left-sided
valve diseases, an enlarged TA is currently regarded as a more reliable sign of asso-
ciated TV dysfunction, reflecting better the chronicity and the hemodynamic conse-
quences of TR on TV apparatus over time than the actual severity of TR. The latter
may vary significantly with loading conditions, respiration and technical factors [3].
This paradigm shift coupled with solid evidences showing a high mortality risk in
case of redo surgery to treat late TR, have led to the more liberal indications for
surgical annuloplasty in the recent guidelines and to the adoption of “prophylactic”
TV annuloplasty at the time of left-sided valve surgical intervention by many sur-
geons. Finally, most of the current devices for percutaneous treatment of TR in high
surgical risk patients act by downsizing the TA through various methods [4].

This chapter focuses on the TA geometry and function as a key component of the
TV apparatus for maintaining the competency of normal TV, and on its role in the
pathophysiology and development of functional TR. A thorough understanding of
these mechanisms has profound implications for the imaging assessment of TV and
to develop effective treatment options for patients with functional TR.

Normal Tricuspid Annulus: Size, Shape and Dynamics

Similar to the mitral annulus, the TA has a complex elliptical and saddle-shaped
morphology [3]. Non-planar TA has higher points oriented in antero-posterior direc-
tion (i.e. anterior high point adjacent to the aortic valve and posterior high point at
180°) and lower points in medio-lateral direction [5] (Fig. 10.1).

It is worth noting, however, that the knowledge we have accumulated on the
mitral annulus shape and dynamics does not apply to the TA, due to significant

Aortic valve - Posterior

Aortic valve

Lateral

Posterior

Fig. 10.1 Heart specimen (courtesy of Prof Cristina Basso, Cardiac Pathology, University of
Padua) seen from atrial perspective, showing the tricuspid valve morphology and its spatial rela-
tionships with surrounding structures. At the right, a three-dimensional model of a normal tricus-
pid valve obtained by 3D echocardiography, illustrating the non-planar shape of tricuspid annulus
(high annular points are color-coded in red, while low annular points are represented in green
color; yellow leaflet—septal; red leaflet—anterior; orange leaflet—posterior)
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differences in the anatomy and function, and in the spatial anatomic relationships of
these two valves. For instance, mitral valve has two fibrous trigons (a right and a left
one), while the TV has only one right fibrous trigon (Fig. 10.1). Between the two
trigons, the mitral annulus has a fibrous part in continuity with the aortic valve,
which is not surrounded by myocardium, possibly explaining the smaller systolic
shortening of the mitral annulus area (28% on average) [6] in comparison with TA
area (35%), which is surrounded by myocardium to a larger circumferential extent.
In normal hearts, the mitral annulus is smaller and has a systolic longitudinal excur-
sion towards the apex, while the TA is larger and has a more active and complex
motion, combining longitudinal displacement and tilting (larger displacement at the
free wall side than at the septal side). All these differences suggest that the normal
anatomy and pathophysiology of TV should be understood and evaluated on its
own, without translating prior knowledge derived from the mitral valve studies.

Using 2D echocardiography, the normal TA diameter in adults is 28 =5 mm and
significant dilation is defined by a diastolic diameter >40 mm or >21 mm/mm? in
the apical four-chamber view. Of note, it has been demonstrated that 2D echocar-
diography underestimates the maximal dimension of TA in comparison with 3D
echocardiography (Fig. 10.2), cardiac magnetic resonance (CMR) and multi-
detector computed tomography (MDCT) measurements [7-9].

Apical RV-focused view
A v

T

Fig. 10.2 Measurements of tricuspid annulus diameter by 2D echocardiography (a, b) and 3D echo-
cardiography (c) in a patient with pulmonary arterial hypertension and functional tricuspid regurgita-
tion. 2D echocardiography underestimated the maximal size of tricuspid annulus (particularly in the
standard four-chamber view), with respect to the measurement obtained by 3D echocardiography
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Fig. 10.3 Tricuspid valve anatomy by transthoracic 3D echocardiography in a patient with func-
tional tricuspid regurgitation, as seen from atrial (a) and ventricular (b) perspective. Using custom
prototype software (courtesy of Federico Veronesi, University of Bologna, Italy), the tricuspid
annulus (c, d) and leaflets (d) geometry can be semi-automatically quantified

Using transthoracic 3D echocardiography, maximal and minimal linear dimen-
sions of normal TA are 42 + 5 mm (22 + 2 mm/m?) and 36 + 5 mm (19 + 3 mm/m?).
TA circularity (minimum:maximum diameters) is around 0.85 in late diastole,
reflecting its elliptical shape (Fig. 10.3). Furthermore, normal values of TA geome-
try are 12 = 1 cm? (6 = 1 cm?m?) for maximal area at late diastole, 12 + 1 cm
(7 = 1 cm/m?) for maximal perimeter, while annular height between the highest and
lowest point is around 7 mm (Fig. 10.1) [10, 11].

In healthy subjects, TA size and shape change significantly during the cardiac
cycle. On average, TA linear dimensions and perimeter show >20% systolic shorten-
ing, while TA area shrinks by 35% during the cardiac cycle. TA area reaches a mini-
mum in mid-to-late systole, then increases during isovolumic relaxation and diastole
reaching a maximum value in late diastole after the onset of atrial contraction (end of
P-wave) [5] (Fig. 10.4). Of note, the most significant reduction in TA size occurs in
the pre-systolic phase of the cardiac cycle (after right atrial contraction and during
isovolumic right ventricular contraction), with subsequent shortening during the first
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Fig. 10.4 Dynamic changes of tricuspid annulus (TA) area during the cardiac cycle. The maximal
annular area is reached in late diastole, and the minimum area is reached during mid-late systole

part of systole. As seen in cross-section, TA shape becomes more circular during
systole, and returns to more elliptical shape during diastole due to a relatively greater
increase in antero-posterior dimension than in septo-lateral dimension.

TA size and function depend on gender, women having smaller and more
dynamic TAs than men. However, indexing TA area by body size (i.e. body surface
area) practically eliminates the differences between genders [11].

TA size depends also on the dimensions of right heart chambers, being more
closely correlated with right atrial, than with right ventricular volumes [11, 12].

Changes in Tricuspid Annulus Geometry and Function
in Functional Tricuspid Regurgitation

TA dilation, leaflet tethering, or both, can lead to secondary or functional TR.

With functional TR, the TA becomes larger, flatter and more circular [5]. The
annulus becomes more circular with TR worsening due to the dilation of the TA
preferentially along its free wall distance. Specifically, there is greater enlargement
of the TA antero-posterior diameter (antero-septal commissure to posterior leaflet
distance) than the medio-lateral diameter (septal-to-anterior leaflet distance) [5]
(Fig. 10.5). This is likely due to the anterior high point of the TA being adjacent to
the fibrous skeleton of the heart, providing more resistance to dilation than along the
free wall. The ratio between the antero-posterior dimension and the annular height
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Fig. 10.5 Tricuspid annulus remodelling in severe functional tricuspid regurgitation (TR), as
depicted by 3D echocardiography (a—c) and 3D printed models: the annulus becomes larger,
rounder and flatter in comparison with normal annulus geometry

is a dimensionless index reflecting the TA remodelling (“stretch”) in dysfunctional
TV, which increases markedly in functional TR in comparison with controls (13 =5
vs. 4 = 1, p < 0.0001) and together with TA area and circularity, are independent
determinants of functional TR severity [5].

TA dilation is a constant feature in patients with functional TR and is poorly cor-
related with the severity of TR. Annular dilation is areliable marker of TV dysfunction
and a sign that the valve is prone to leak later on. In contrast with functional TR
which may improve after the reduction of pulmonary pressures (i.e. after mitral valve
surgery or after thromboendarterectomy in patients with chronic thromboembolic
pulmonary hypertension [2]), TA dilation persists and will not return to normal val-
ues. The persistence of TA dilatation may explain why almost 40% of patients who
underwent mitral valve surgery successfully may develop severe functional TR sev-
eral years later despite absence of pulmonary hypertension [13]. However, almost 1
out of 2 patients without significant TA dilation at the time of mitral valve surgery
(=70 mm intraoperatively in Dreyfus series [14]) will still develop late TR, suggest-
ing either that intraoperative TA diameter is an imperfect predictor of late TR, or that
there are multiple contributing factors to TR late development in addition to TA size.

Functional TR is frequently associated with advanced stages of left-sided valve dis-
ease, myocardial or pulmonary diseases leading to increased pulmonary pressures,
right ventricular dilation and/or dysfunction [3, 15]. Thus, it is an established belief that
the dilation of right ventricle is the first mandatory step towards the TR development
and univocally responsible for TA enlargement, even before significant TR is present
[16]. However, this theory does not explain the occurrence of functional TR in chronic
atrial fibrillation or its relatively low incidence in some conditions evolving with
significant right ventricular dilatation (corrected tetralogy of Fallot, arrhythmogenic
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cardiomyopathy etc) [17, 18] . Using 3D echocardiography-derived measurements of
right heart chambers and TA in 59 patients with functional TR of various etiologies, we
have found that right atrial volume was actually the most consistent determinant of TA
area [19]. This may explain, at least in part, the onset of FTR in patients with dilated
right atrium, but relatively small right ventricle (atrial fibrillation subgroup), and the
absence of significant regurgitation in those with severely enlarged right ventricles, but
preserved right atrial volumes (tetralogy of Fallot subgroup).

In patients with functional TR, there is also an impairment of TA “sphincteric”
function and dynamics, with a significant decrease (up to 50%) in the systolic short-
ening of TA area and diameters [5].

Measurement of Tricuspid Annulus Dilation

Despite its importance for the diagnosis and therapy of functional TR, the sizing of
TA remains an elusive goal. The best methodology for the noninvasive measurement
of TA size is not clearly defined, and present thresholds for surgical annuloplasty
based on TA diameter by conventional echocardiography are actually supported by
limited evidence and have been questioned by several recent papers [20, 21].

So far, several approaches have been used to size the TA in vivo in TR studies.
Dreyfus et al. have proposed the intraoperative sizing of TA from the antero-septal
commissure to the antero-posterior commissure, and the 70 mm cut-off for defining
significant TA dilation [14]. Performing an annuloplasty in all patients with TA
above this threshold improved New York Heart Association functional class and
prevented progression of functional TR at long-term follow-up. This approach was
deemed reliable and reproducible by Dreyfus and coworkers [14], yet it has been
criticized by others [20] due to its large variability with various degrees of TA
stretching since the heart is unloaded and still during surgery.

Dreyfus et al. suggested that the intraoperative 70 mm diameter threshold corre-
sponds to a 40 mm diameter measured in diastole by transthoracic 2D echocardiog-
raphy between mid-anterior and mid-septal annulus in apical 4-chamber view [14,
22] (Fig. 10.2). This assumption actually has never been demonstrated experimen-
tally and has been challenged recently by several recent 3D echocardiography stud-
ies showing that: (1) TA diameter in conventional 4-chamber view may represent the
distance between septal leaflet and either anterior or posterior leaflet [23, 24]
(Fig. 10.5); (2) the TA size by 2D echocardiography and surgical measurements cor-
relate only modestly, and the difference between the two is much smaller (roughly
3 mm) [20] than the difference suggested in the seminal papers of Dreyfus GD et al.
(30 mm) [14]; (3) 1 out of 5 healthy subjects have TA annulus >40 mm and would
qualify for annuloplasty based on conventional 2D TA diameter [12]; (4) newer
abnormality threshold for TA dilation could be larger—42 mm or 23 mm/m? [20].

Since the TA is a dynamic structure with an asymmetric saddle shape, even small
variations in the angle of the ultrasound beam (Fig. 10.2) or in the timing of mea-
surements can result in considerable discrepancies in TA size [12]. Although the TA
measurement from apical four-chamber view seems to be preferred, being recom-
mended by guidelines and different authors as more feasible and reproducible than
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Fig. 10.6 Tricuspid annulus diameter in 4-chamber view (39 mm, panel a) is significantly smaller
than the antero-posterior diameter (48 mm, yellow arrow—panel b) and both are smaller than the
true maximal diameter of tricuspid annulus (50 mm, red arrow—panel b). All measurements per-
tain to the projected tricuspid annulus obtained from a 3D slice (MPR). A anterior, Ao aortic valve,
P posterior, S septal

other views [8, 20], the best way and timing to measure the TA by conventional
echocardiography still remain controversial [22] and require stronger evidence.
Two-dimensional echocardiography, either transthoracic or transesophageal,
may underestimate the TA size. 3D echocardiography probably offers a more accu-
rate evaluation of TA dilation by its ability to yield anatomically sound, quantitative
measurements such as TA area, as well as true maximal and minimal diameters,
irrespective of their spatial orientation [3]. In addition, semi-automated modeling of
TV based on 3D echocardiography data offers unique quantitative measures of TA
size and leaflet tenting volume, which account for the non-planarity of TA, as well
as the asymmetry and inter-subject variability of leaflet size and tethering [25]
(Fig. 10.3). Finally, current technology allows to obtain 3D prints of TV models and
directly appreciate their different sizes and complex shapes (Figs. 10.6 and 10.7),
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Fig. 10.7 Segmentation of normal tricuspid valve from transthoracic 3D dataset by custom soft-
ware (courtesy of Federico Veronesi, University of Bologna, Italy), that can be used to obtain a 3D
printed solid model of the valve

elevating our impressions from textured flat-panel coloured perspectives to actual
exploration of the complex geometry of the TV, with the potential to guide personal-
ized care of patients with functional TR [26.]

It can be foreseen that 3D echocardiography will become the standard technique
for assessing the TV geometry and accurately measuring TA dimensions [22]. If so,
there are a few caveats that have to be considered.

First of all, since 3D echocardiography provides larger values for TA annulus
size than 2D echocardiography (Fig. 10.2), specific abnormality thresholds of TA
should be used if measurements are obtained by 3D echocardiography. Secondly,
due to the non-planarity of TA, software-derived semi-automated measurements
(Fig. 10.3) may provide different results than manual measurements of TA diame-
ters and area planimetry performed on a 3D slice of TA (Fig. 10.5). Thirdly, prelimi-
nary data using dedicated algorithms specifically developed for TA quantification
showed that TA reference values should be gender-specific and indexed by body
surface area, suggesting that the “one-size-fits-all” approach suggested for 2D TA
diameter no longer holds true for 3DTA measurements. Finally, despite the use of a
dedicated software algorithm applied on 3D echocardiographic data is the only way
to account for TA non-planarity and peculiar geometry, at present there is no such
software commercially available.

Other studies used either multi-detector computed tomography (MDCT) or mag-
netic resonance imaging (CMR) for measuring the TA size. Interestingly, the antero-
posterior TA dimension by MDCT, and not the septal-lateral dimension, was an
independent determinant of TR severity [9]. However, their clinical use of CMR and
MDCT is limited at present for patients with unsatisfactory quality images.
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Tricuspid Annulus Deformation: A “New” Pathophysiologic
Entity for TR Development?

By virtue of its ability to image large volumes of the heart including multiple car-
diac structures in vivo, 3D echocardiography has recently provided new mechanis-
tic insights regarding the existence of a reciprocal functional interaction (“coupling™)
between adjacent cardiac structures, such as aortic and mitral valves. Accordingly,
it has been demonstrated that mitral valve repair with a rigid annuloplasty ring
impacts on the function of untreated aortic valve [27] or that aortic stenosis impacts
on mitral valve function through the calcification of aortic-mitral curtain [28].

As opposed to the mitral valve, the TV does not have a clear anatomic continuity
with the aortic valve. However, looking at the base of the heart from the atrial per-
spective, one can appreciate that the posterior margins of the aortic root are wedged
between the orifices of both atrio-ventricular valves (mitral and tricuspid, Fig. 10.1).
Anatomically, the triangle between the non-coronary and the right coronary aortic
sinuses incorporates the membranous septum, which is crossed on its right side by
the hinge of the septal TV leaflet (which divides the septum into atrioventricular and
interventricular components) [29]. Therefore, a possible geometric and functional
interplay between TV and a dilated aortic root cannot be excluded.

Few isolated case reports advance the idea that TV dysfunction (regurgitation and/
or stenosis) can rarely occur in acute type A aortic dissection [30], marked aortic tortu-
osity [31] or unruptured Valsalva sinus aneurysm [32, 33]. The suggested mechanism
was the interference with the TV septal leaflet closure by the adjacent dilated aorta.

We recently studied and reported a clinical case of a patient with dilated ascend-
ing aorta and moderately-severe functional TR, that was likely due to the extrinsic
compression and distortion of TV annulus by a dilated and tortuous aortic root [34]
(Fig. 10.8). Using TA quantification by 3D echocardiography, we identified a small
and severely elliptical TA which was clearly deformed by the adjacent aortic root,
that most probably led to TR development by increasing the intercommissural dis-
tance and/or septal leaflet displacement.

Further studies are needed to clarify whether TA deformation by extrinsic com-
pression may be an additional pathophysiological factor involved in the develop-
ment of functional TR.

Unmet Needs and Future Research Directions

As TA dilation is the main player in the development of functional TR, it makes
sense that the research in this area should focus on the quantitation of TA remodel-
ling and function. However, leaflet size and tethering are the other key components
that make the TV leak. In the presence of severe tethering of the leaflets, particularly
if the leaflets are small, restrictive annuloplasty alone may not resolve functional TR
and actually may worsen the regurgitation. In these cases, it may be safer to replace
than to repair the TV [35].
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Fig. 10.8 Tricuspid annulus deformation due to extrinsic compression by dilated and tortuous
ascending aorta demonstrated by 3D echocardiography, as the most likely cause of valve incompe-
tency in a patient presenting with “idiopathic” tricuspid regurgitation. (a) minimal tricuspid annulus
diameter (green); (b) en face view of tricuspid annulus, showing maximal (red) and minimal (green)
diameters, as well as the 4-chamber diameter (yellow); (¢) maximal tricuspid annulus diameter (red)

Further studies on the pathophysiology of functional TR, such as the relation-
ships between TA area, extent of leaflets remodeling, right ventricular and atrial
volumes and shape, and leaflet tethering are needed. The assessment of the relative
contribution of annular dilations versus leaflet tethering to the occurrence of func-
tional TR represents a challenge, which clarification is of critical importance for
predicting which patients will benefit from annuloplasty-only repair techniques, and
which patients require additional procedures (leaflet augmentation) or different
treatment approaches (leaflet clipping, valve replacement, etc).

The various definitions of TA diameters used so far in tomographic imaging
studies and the conflicting data regarding the correlation of TA size and TR severity
highlights the need for standardization of TA linear measurements according to spe-
cific landmarks (mid-leaflet hinges, commissures, etc) which should be tested pro-
spectively in future outcome studies.

Despite the lack of robust data and conflicting evidence, according to the 2012
ESC/EACTS [36] and 2014 AHA/ACC guidelines [37], we should still base our deci-
sion to indicate tricuspid annuloplasty on the 40 mm cut-off of TA diameter in apical
4-chamber view. When doing so, we have to be aware of its potential limitations and
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that the current indications for the surgical treatment of functional TR are largely
based on expert opinion. We definitely need prospective outcome studies and regis-
tries to specifically address the indications for functional TR treatment.

Conclusions

The tricuspid annulus is the main player in the development and progression of func-
tional tricuspid regurgitation. Due to its complex, three-dimensional shape and highly
dynamic structure, linear measurements of tricuspid annular size using conventional
echocardiography have significant limitations, and 3D echocardiography seems more
suitable and accurate for this purpose. The design of the future outcome studies and
registries should take into account these peculiarities of tricuspid valve quantification,
for a better understanding of tricuspid regurgitation pathophysiology and management.

Key Points The most common cause of tricuspid regurgitation is tricuspid annular

dilation.

e However, not all functional tricuspid regurgitations can be explained by annulus
dilation only; leaflet tethering, pulmonary hypertension and, possibly, tricuspid
annulus distortion and dysfunction can also contribute to the development of
tricuspid regurgitation.

e Normal tricuspid annulus is a complex-shaped, elliptical and dynamic structure.
With progression of functional tricuspid regurgitation, annulus becomes larger,
rounder, flatter and less dynamic.

e 3D echocardiography will become the standard technique for accurately measur-
ing the tricuspid annulus dimensions, as conventional echocardiography signifi-
cantly underestimates its maximal size.

e Normal tricuspid annulus area by 3D echocardiography depends on gender, body
size, as well as right atrial and right ventricular volumes.

e Current guidelines advocate for an aggressive early tricuspid annuloplasty at the
time of left-sided valve surgery, if the enlarged annulus measures more than
40 mm (or 21 mm/m?) in diastole in conventional apical four-chamber view. Lack
of robust evidence and significant controversy exists around these cut-off values.

Review Questions

Select the Single Best Sentence

58. Which of the following statements about normal tricuspid annulus anatomy is true?

(a) tricuspid annulus is larger than mitral annulus

(b) similarly to mitral annulus, tricuspid annulus has two fibrous trigons
(c) unlike the mitral annulus, tricuspid annulus has a circular shape

(d) tricuspid annulus is less dynamic than mitral annulus
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60.

61.

62.

63.

64.

65.
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Which of the following statements about tricuspid annulus dilation is false?

(a) isamore reliable sign of tricuspid valve dysfunction that the regurgitation itself
(b) may explain the functional tricuspid regurgitation in atrial fibrillation patients
(c) evolves in a symmetric fashion in all directions

(d) may be associated with various degrees of leaflet tethering

Which is the most reliable sign of tricuspid valve dysfunction?

(a) tricuspid regurgitation severity
(b) tricuspid annulus dilation

(c) tricuspid leaflet tethering

(d) tricuspid coaptation distance

The largest tricuspid valve area is measured:

(a) in early systole
(b) in mid-systole
(c) in early-diastole
(d) in late diastole

Normal absolute tricuspid annulus area in late diastole is around:

(a) 6 cm?

(b) 10 cm?
(¢) 12 cm?
(d) 20 cm?

Regarding the determinants of tricuspid annulus size by 3D echocardiography,
which of the following statements is false?

(a) tricuspid annulus size is smaller in women

(b) tricuspid annulus size should be indexed by body surface area

(c) tricuspid annulus size correlates with right ventricular volume, and not
with right atrial volume

(d) tricuspid annulus size correlates with both right atrial and ventricular volumes

With respect to 3D echocardiography, the measurements of tricuspid annulus
by 2D echocardiography are:

(a) more accurate

(b) more reproducible

(c) do not allow the assessment of tricuspid annulus area

(d) may vary with the echocardiographic view and probe rotation

According to current guidelines, which is the cut-off of tricuspid annulus diam-
eter in 4-chamber view for indicating surgical annuloplasty?

(a) 35 mm
(b) 40 mm
(¢c) 42 mm
(d) 70 mm
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67.
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Which of the following imaging methods can be used to size the tricuspid
annulus?

(a) 2D/3D echocardiography
(b) cardiac magnetic resonance

(c) multi-detector computerized tomography
(d) all of the above

Which of the following methods is the least accurate for assessing maximal TA
diameter?

(a) cardiac magnetic resonance

(b) 3D transthoracic echocardiography

(c) 2D transoesophageal echocardiography
(d) 2D transthoracic echocardiography
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Chapter 11

Imaging of the Right Ventricle: Overview
of Imaging Modalities for Assessing RV
Volume and Function

Annemien van den Bosch and Roderick van Grootel

Abstract During recent years, the knowledge on right ventricular (RV)
characteristics has become increasingly appreciated, as RV function has established
itself as an important determinant of outcome in different cardiovascular diseases.
Currently, echocardiography and cardiac magnetic resonance (CMR) imaging are
the two imaging modalities most commonly used to visualize the RV. Most structural
abnormalities of the RV can be reliably described by echocardiography but due its
complex geometrical shape, echocardiographic assessment of RV function is more
challenging. Newer promising echocardiographic techniques such as speckle
tracking echocardiography are emerging into the clinical practise but lack of valida-
tion and limited normal reference data hamper their routine clinical application.
CMR is generally considered the clinical reference technique due to its unlimited
imaging planes, superior image resolution, and three-dimensional volumetric ren-
dering. The accuracy and reliability of CMR makes it the ideal tool for serial exami-
nations of RV function. Multidetector computed tomography (MDCT) can be used
for assessing RV function, especially when CMR is contra-indicated. Radionuclide
techniques have become more obsolete in the current era. In the setting of RV func-
tion and size assessment, echocardiography and CMR are the technique of choice.

Keywords Right ventricle ® 2D echocardiography e MRI e MSCT e systolic function
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Introduction

The right ventricle (RV), having a complex geometry, is often been neglected and
hence undermining its importance in different cardiovascular diseases. RV function
has been shown to be one of the major determinant in patients with chronic heart
failure, pulmonary arterial hypertension and ischemic heart disease [1-10].
Identifying the most sensitive markers of RV dysfunction is of immense importance
in daily clinical practice. RV function can be impaired by primary right sided heart
disease, or secondary to left sided cardiomyopathy or valvular heart disease. For
example, RV function can be influenced by pressure or volume overload from an
incompetent valve or muscle pathology. Different imaging modalities can be used
for imaging the RV and the role and clinical use of these imaging techniques are
increasing.

Currently, echocardiography and cardiac magnetic resonance (CMR) imaging
are the most commonly used imaging techniques for the assessment of RV morphol-
ogy and function. Other imaging modalities such as computed tomography (CT)
and radionuclide techniques are valuable alternatives but have limited value for the
assessment of RV function and size.

Right Ventricular Anatomy and Physiology

The RV is located immediately behind the sternum and is positioned anteriorly to
the left ventricle (LV). Correct identification of structural characteristics of the RV
cavity is the start of a RV assessment, regardless of the used imaging modality. The
morphology of the RV is clearly different from the LV as it has a more complex
geometrical anatomic shape. The inlet part of the RV is much smaller than the LV
and RV muscle mass is approximately 1/6 of the LV, which can be explained due to
the different loading conditions. The RV is more triangular in shape and it curves
over the near conical shape of the LV making the cavity a crescent—Ilike shape in
cross section. Morphologically, the RV is composed of several anatomical segments
that can be described in terms of three component parts namely the inlet, apical
trabecular and outlet or right ventricular outflow tract (Fig. 11.1). The fiber architec-
ture of the LV and RV is also different. The LV wall has a three-layered structure
with the epicardial cells oriented obliquely, the mid-myocardial cells more circum-
ferentially, and the endocardial cells again obliquely [11]. The RV wall has a two-
layered structure with the epicardial fibers oriented obliquely and contiguous with
epicardial LV fibers, and the RV endocardial fibers are oriented longitudinally. This
fiber arrangements elucidates that RV ejection is determined by longitudinal short-
ening rather than by circumferential deformation. Also there is a peristaltic contrac-
tion of the RV from inflow to outflow. The LV-RV interaction, caused by the shared
interventricular septum and continuity between the muscle fibers of the LV and RV,
plays an important role in RV and LV function. Also neurohormonal biomarkers
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Fig. 11.1 Measurements of RV dimensions. The RV basal (D1) and mid cavity (D2) dimensions
are shown in the RV focused apical four-chamber view (a). Measurements of the right ventricular
outflow tract (RVOT) at the proximal level and at the distal level are shown in the parasternal short-
axis (b) and parasternal basal long-axis (c)

have significant influence on the biventricular function. It is important to keep in
mind, that left-sided valve disease and failure can result in elevated pulmonary
venous pressure with or without an increase in vascular resistance. This has its con-
sequences as it increases the afterload for the RV resulting in RV enlargement, tri-
cuspid annular dilatation and functional tricuspid valve regurgitation. The
mechanism of this cascade led to the concept that treatment of left-sided pathology
will result in secondary improvement of tricuspid valve regurgitation. However, this
paradigm has been advocated because treatment of left-sided pathology alone, will
not directly improve RV function, correct TV annulus dilatation or reduce the func-
tional tricuspid valve regurgitation.

Also, in patients with long standing pulmonary hypertension, RV dysfunction
and tricuspid valve regurgitation might remain well established and irreversible.
Therefore, imaging of the RV should be directed towards RV enlargement, TV
annulus dilatation and RV function.

Imaging Modalities for Assessment of RV Function and Size,
and Tricuspid Annulus Size

Echocardiography

In every echocardiographic examination, RV size and function should be assessed
at the time of the first diagnosis and during serial follow up, particularly in patients
with chronic diseases and heart failure. Guidelines for the echocardiographic evalu-
ation of the RV have been published for the adult population and emphasize the
importance of 2D multiple views for the assessment of the entire RV and to distin-
guish the different RV segments, including the apical views as well as the paraster-
nal long-axis and short-axis views and subcostal view. The RV dimensions are best
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estimated from a RV-focused apical four-chamber view obtained with either lateral
or medial transducer orientation. Care should be taken to avoid foreshortening of
the RV. Reference values for the adult population are reported in the echocardio-
graphic guidelines for cardiac chamber quantification by the American Society of
Echocardiography and the European Association of Cardiovascular Imaging [12]
(Table 11.1). The tricuspid annulus dimensions are measured in end-diastole and

end-systole in an apical four-chamber view.

Table 11.1 Reference value for right atrial and ventricular size and function, and TV annulus for

echocardiography and CMR*

Abnormal
Women Men

Echocardiography
RA minor axis dimension (cm/m?) >2.5 >2.5
RA major axis dimension (cm/m?) >3.1 >3.0
2D echocardiographic RA volume (ml/m?) >33 >39
RV diameter

— Basal diameter (mm) >41 >41

— Mid diameter (mm) >35 >35

— Longitudinal diameter (mm) >83 >83

— RVOT PLAX diameter (mm) >30 >30

— RVOT proximal diameter (mm) >35 >35

— RVOT distal diameter (mm) >27 >27

— Wall thickness (mm) RVOT, right ventricular outflow tract >5 >5
RV volume

— EDV indexed to BSA (ml/m?) >74 >87

— ESV indexed to BSA (ml/m?) >36 >44
RV systolic function

— TAPSE (mm) <17 <17

— Pulsed Doppler S’ wave (cm/sec) <9.5 <9.5

— Color Doppler S wave (cm/sec) <6.0 <6.0

— RV fractional area change (%) <35 <35

— RV 3D EF (%) <45 <45
TV annulus

— Diameter at end-systole (cm) >3.4 >3.4

— Diameter at end-systole indexed to BSA (cm/m?) >1.9 >1.7

— Diameter at end-diastole (cm) >3.9 >3.9

— Diameter at end-diastole indexed to BSA (cm/m?) >2.2 >2.0
Cardiovascular magnetic resonance

— EDV indexed to BSA (ml/m?) >76 >91

— ESV indexed to BSA (ml/m?) >29 >40

— EF (%) <57 <52

RA, Right Atrium; RVOT, Right Ventricular Outflow Tract; EDV, End Diastolic Volume; ESV, End
Systolic Volume; TAPSE, Tricuspid Annular Plane Systolic Excursion; EF, Ejection Fraction;

BSA, Body Surface Area.
“Lang R, Eur Heart J Cardiovasc Imaging, 2015
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RV Function

RV systolic function can be evaluated by using multiple parameters, including
TAPSE, 2D RV Fractional Area Change (FAC), 3D echocardiography, and longitu-
dinal strain and strain rate by Doppler Tissue Imaging (DTI) and 2D speckle
tracking.

A simple and very attractive tool for measuring systolic long-axis motion of the
RV free wall or tricuspid annular plane systolic excursion (TAPSE) in the apical
four-chamber view is the two dimensional guided M-mode, which has a good cor-
relation with ejection fraction derived by radionuclide angiography (Fig. 11.2).
Moreover, it has been demonstrated to be valuable in ischemic heart disease and
cardiomyopathy. The main limitation of this method is that it only represents the
longitudinal shortening of the RV lateral wall, thus excluding the RV outflow tract
and septal contribution to the overall function of the right heart. Furthermore, in
patients with dilated cavity and volume overloaded right ventricles as is the case in
the presence of tricuspid regurgitation, TAPSE can erroneously overestimate RV
function.

Right ventricular fractional area change (RV FAC) has been shown to correlate
with RV Ejection Fraction (EF) calculated by CMR and is an independent predictor
for outcome after myocardial infarction (Fig. 11.3). RV FAC provides an estimation
of the global RV systolic function. However, poor image quality and visualization
of the endocardial borders are often limiting this technique, especially in the RV
lateral wall and RV apex.

RV index of myocardial performance (RIMP) or Tei index is a Doppler
method that assesses the overall RV function. This can be achieved by dividing
the total isovolumic time (the sum of the isovolumic contraction and isovolumic
relaxation) by the pulmonary ejection time. The RIMP or Tei index is load
dependent and due to the short RV isovolumic time intervals, its use remains
controversial.

DTI is a robust technique used to assess RV function by reflecting RV free wall
systolic and diastolic myocardial velocities in a reproducible way. The peak DTI
systolic velocity of the tricuspid annulus is a measurement of RV longitudinal func-

Fig. 11.2 Measurements of the tricuspid annular plane excursion (TAPSE) in a patients with nor-
mal RV function (a) and in a patients with RV dysfunction due to pulmonary hypertension (b)
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Fig. 11.3 Measurement of RV fraction area change (RV FAC). The endocardial border is traced in
the RV focused apical four-chamber views form the tricuspid annulus along the free wall to the
apex, then back to the annulus along the interventricular septum. This is performed in end-diastole
(a) and systole (b). The RV FAC = (end-diastolic area—end-systolic area/end-diastolic area) x 100%

Fig. 11.4 Doppler Tissue Imaging of the tricuspid annulus, measuring the velocity of tricuspid
annular systolic motion in a patients with normal RV systolic function. S velocity <9.5 cm/s mea-
sured on the free-wall side indicates RV systolic dysfunction

tion (Fig. 11.4). This technique is easy and reproducible but has the limitations of
being angle-dependent, load-dependent, and influenced by the global cardiac trans-
lation and tricuspid regurgitation. In the adult population, a normal cut-off value of
>10 cm/s has been proposed.

With speckle-tracking echocardiography, strain and strain rate measurements
are much easier to assess (Fig. 11.5). Strain is defined as the percentage change
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Fig. 11.5 Peak values of 2D longitudinal speckle tracking derived strain is assessed in the RV
focused apical four-chamber view. In the literature, RV strain and strain rate is assessed as the aver-
aged of all segments of the free wall and interventricular septum (a) or the three segments of the
RV free wall (b)

in myocardial deformation and its derivative, strain rate represents the rate of
change of deformation of a myocardium segment over time. Strain and strain rate
imaging are used to measure regional and global contractile function using frame
by frame tracking of unique speckles in the myocardium. Although developed for
the LV, it is also applicable to the RV. Global longitudinal strain and strain rate
measurement are independent from global cardiac motion and allow quantifying
regional myocardial deformation in the different RV segments. Its main advan-
tage is that it is angle independent and it can track in two or even three dimen-
sions. Furthermore, it provides segmental as well as global assessment of the
myocardium and it possesses an improved signal to noise ratio. On the other
hand, the main disadvantage is that there is a lack of normal range for segmental
and global measurements and strain values are influenced by loading conditions,
RV size and stroke volume.

With simultaneous multi-plane imaging (X-plane and I-rotation), a comprehen-
sive evaluation of the RV can be achieved, from one acoustic window based on
anatomic landmarks. With this new approach for RV assessment, a rotation through
the RV is preformed and all RV walls, including the anterior, lateral, inferior and RV
outflow tract (RVOT) anterior wall of the RV can be assessed. The rotation takes
only a few minutes, making it very attractive for routine use in the echo-lab. Also,
there is a high feasibility of the RV segments.

3D echocardiography has been developed for the last 15 years and RV volume and
function can be accurately assessed as well, including more complete views of the
valves. 3D echocardiography overcomes the geometric assumptions of 2D echocar-
diography and also overcomes some of the disadvantages of CMR as it can be routinely
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Fig. 11.6 Example of RV 3D volume assessment. Contouring is performed in three different per-
pendicular planes through the RV cavity and based on the semi-automatic contouring, the RV
volume (end-diastole and end-systole) and ejection fraction is calculated and presented in a 3D
model of the RV

used for serial imaging, particularly at the bed-side (Fig. 11.6). There are different
methods for the analysis of 3D volumetric data sets; the recommended method is the
volumetric semi-automated border detection approach. This method has been proven
to be reliable and accurate in different conditions. The challenge is to acquire a good
quality full volumetric 3D data set, including the RV anterior wall and the RV apical
lateral segments in patients with poor imaging windows and arrhythmias.

Right Ventricular Size

Assessment of RV dimensions using 2D echocardiography is challenging due to the
complex geometry as well as its heavy trabeculation of the RV wall. Recent data
have suggested that RV linear measurements and volumetric measurements should
be indexed to BSA in some circumstances. Reference values for RV dimensions are
reported in Table 11.1.

Cardiovascular Magnetic Resonance

The role of CMR is well established for comprehensive RV evaluation and provides
high resolution imaging with no need of geometric assumptions and lacks ionizing
radiation. CMR is considered the clinical reference technique for accurate
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Fig. 11.7 CMR assessment of biventricular volumes and mass. Cross-sections of the left and right
ventricle that are useful for volumetric measurements using the disk summations method

assessment of global RV function and volume. Ventricular volume is determined
using short-axis or axial SSFP images without need for contrast administration and
with the method of disk summation technique, RV volumes and EF is calculated
(Fig. 11.7). Appropriate spatial and temporal resolution of the images is important
for endocardial and epicardial contour tracing, either manually or with the use of
semi-automated software on end-diastolic and systolic frames. Normative age- and
gender-specific values for RV volumes and function have been published for the
adult and the pediatric population. The CMR RV measurements have a high accu-
racy and reproducibility with an low intra- and interobserver variability. This makes
CMR the ideal tool for serial examination of RV function. Regional RV function can
be evaluated qualitatively at rest and during pharmacological stress on SSFP short-
axis cine loops. Regional dysfunction can be assessed quantitatively with myocar-
dial tagging or strain encoding CMR; both techniques have been shown to be
feasible in the RV and correlate well with echocardiographic evaluation. However,
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their application in the RV is technically demanding, due to the thin wall, and exten-
sive post processing, which limits its clinical application.

Cardiac morphology is assessed using T1-weighted fast spin-echo sequences,
tissue characterization using T2-weighted fast spin-echo and contrast-enhanced
inversion-recovery gradient-echo sequences (the so-called late or delayed enhance-
ment techniques). The velocity-encoded cine MRI (phase-contrast MRI) makes it
possible to study flow patterns, and thus to accurately quantify valvular regurgita-
tion or to calculate the presence and severity of cardiac shunts.

Multidetector Computed Tomography (MDCT)

MDCT is not a first-line technique for the assessment of RV function and volume,
because it requires significant radiation exposure and the use of an iodinated con-
trast medium. RV function is usually evaluated as part of a whole cardiac examina-
tion or when there are concomitant thoracic or pulmonary disorders, such as
pulmonary embolism (PE), suspected. MDCT is a valuable alternative to CMR in
patients with a pacemaker, patients with CMR incompatible prosthetic material and
claustrophobia. Improvements in temporal and spatial resolution and reduction in
radiation dosage further improved this technique. The use of MDCT for the RV has
mainly been validated for the detection of PE and for work up of pulmonary
hypertension.

Structural evaluation of the RV by MDCT includes measurement of RV size and
volumes, as well as RV free myocardial wall thickness (RV hypertrophy). Septal
bowing into the LV indicates RV volume (diastolic bowing) or pressure overload
(systolic bowing). The diameters of the systemic veins and pulmonary arteries are
indirect measures of elevated preload and afterload, respectively. Normal values for
RV structures measured by MDCT have been recently published.

Radionuclide Techniques

Radionuclide techniques have the advantage of relying on a count-based method
that is independent of the geometry of the RV. Three methods are available: gated
equilibrium radionuclide angiography, gated first-pass radionuclide angiography,
and first-pass radionuclide angiography. For RV volume and function measure-
ments, radionuclide techniques have been largely replaced by CMR and echocar-
diography. Nonetheless, radionuclide modalities still play a role in assessment of
RV myocardial ischemia and in patients in whom CMR is contraindicated. Gated
SPECT is able to provide RV volumetric and functional data, but validation studies
are lacking. Radionuclide techniques are also of additional particular interest for
assessing myocardial metabolism and perfusion, however for the RV its clinical
value is limited.
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Table 11.2 Advantages per imaging modality

RV function RV size TV annulus Clinical value
Echocardiography
- 2DE ++ ++ ++ ++
— Doppler ++ - - +
— Strain ++ - - +
- 3DE ++ ++ ++ ++
— SMPI
CMR ++ ++ - ++
MDCT + + - +
Nuclear + + — -
Summary

Right ventricular function has prognostic value in multiple cardiovascular diseases.
Therefore, accurate assessment of RV volume and function is of incremental impor-
tance. The complex geometric shape of the RV complicates its assessment.

Non-invasive imaging modalities such as echocardiography and CMR are avail-
able to assess the RV, each with their advantages and disadvantages (Table 11.2).

New techniques like speckle tracking are promising, but need to be validated. 3D
echocardiography overcomes the disadvantages of 2D echocardiography, however
the feasibility of 3D echocardiography in the assessment of RV volumes and func-
tion is low.

CMR is the golden standard to assess the RV, with high accuracy and reliability,
also making it ideal for serial examinations. CMR can be used for both anatomical
and functional assessment. However functional assessment is technically demand-
ing and time consuming.

MDCT and radionuclide techniques are not a first-line modality. But MDCT may
be a valuable alternative for CMR in patients with contra-indications, and radionu-
clide assessment can be used to evaluate the myocardial metabolism and perfusion.
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Chapter 12
Echocardiographic Assessment of Pulmonary
Artery Pressure, Tips and Tricks

Anthonie L. Duijnhouwer and Arie P.J. van Dijk

Abstract Pulmonary hypertension (PHT) is often observed in the presence of left
side heart disease and lung disease, it is rare in the presence of all other possible
causes, like PHT associated with atrial septal defect. Regardless of the cause of
PHT it is always a sign of poorer prognosis. Echocardiography can help making the
diagnosis of PHT, keeping in mind that only invasive pressure measurements can
confirm the diagnosis of pulmonary hypertension (PHT). Echocardiography plays
an important role in the screening and can simultaneously determine the possible
cardiac cause of the PHT.

Tricuspid regurgitation velocity is the most used method to assess the systolic right
ventricular pressure. This is only possible in absence of an outflow obstruction of the
right ventricle (like pulmonary valve stenosis or infundibular obstruction). Other features
of PHT should be evaluated like right ventricle deformation (dilatation, loss of banana
shape) and function, the later being important for the prognosis. Doppler interrogation of
pulmonary regurgitation can give an estimation of the existing mean and diastolic pul-
monary artery pressures. Patterns of the pulsed wave Doppler of the right ventricular
outflow can also be used to estimate the existing pulmonary artery pressures.
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IvC Inferior vena cava
RVOT Right ventricle outflow tract
PA Pulmonary artery

Introduction

Echocardiography plays an important role in the screening for PHT, because esti-
mation of the blood pressure in the pulmonary artery is possible in a variety of ways.

Echocardiography is non-invasive, easy applicable and almost everywhere acces-
sible. Several Causes of pulmonary hypertension can be differentiated using echo-
cardiography, especially in left sided heart diseases and congenital heart defects.
The presence of an increased pressure load in PHT causes remodeling of the right
ventricle, which can easily be assessed by looking for changes in anatomy and func-
tion. Right ventricular function has an important role in determining prognosis in all
patients with some form of PHT [1]. To understand the lung circulation, not only
pulmonary artery pressure, left atrial pressure and the right ventricle function need
to be known, but pulmonary blood flow is important as well. Both pressures and
flow can be estimated by echocardiography.

To understand the pulmonary circulation the analogy with Ohm’s law for electri-
cal circuits can be used.

Ohm’s Law: V=1x R

(V = voltage difference between two points, I = current, R = resistance)

Ohm’s law can be rewritten for a hemodynamic circuit, i.e. the pulmonary circu-
lation as:

(MPAP—LAP) = Qp x PVR

(Qp = pulmonary blood flow (L/min), MPAP = mean pulmonary arterial pressure
(mmHg), LAP = left atrial pressure (mmHg), PVR = pulmonary vascular resistance
(Wu)

Case
Mrs. K, a 65 years old woman complains of chest pain and dyspnea during
moderate physical effort as walking stairs. She had hypothyroidism for which
she uses substitution therapy. At the emergency department of a regional hos-
pital she had elevated cardiac troponin, but on coronary angiography no sig-
nificant stenosis were present.

For further evaluation of the dyspnea, she was referred to the outpatient
pulmonary hypertension clinic.

All images shown in this chapter were obtained from Mrs. K’s
echocardiography.
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The Anatomy of the Right Ventricle and the Effects
of Elevated Pulmonary Arterial Pressures

Due to the limitations of two-dimensional echocardiography, the anatomy of the
right ventricle is difficult to analyze. Ideally, three-dimensional echocardiography
could resolve this problem, but in practice the retrosternal location of the right ven-
tricle in the thorax makes it difficult to image the entire right ventricle. Especially
imaging of the anterior right ventricular wall is troublesome [2]. To get a full picture
using two-dimensional echocardiography, it is necessary to assess the right ventricle
form multiple directions and views.

The right ventricle is a low-pressure volume pump and therefore has only thin
myocardial wall and is wrapped around the thick walled spherical left ventricle. As
shown in Fig. 12.1, the right ventricle has a more banana-shaped configuration.

In PHT, as a consequence of increased afterload, right ventricular hypertrophy
develops in order to keep wall stress as low as possible and to increase contractility.
To maintain stroke volume the right ventricle dilates, which also includes dilation of
the tricuspid annulus. Eventually, with chronically increased afterload, right ven-
tricular systolic and diastolic failure ensues leading to more dilation and tricuspid
regurgitation.

To evaluate the anatomy of the right ventricle and pulmonary valve a minimal
number of images should be made.

Fig. 12.1 Parasternal short
axis view at the height of
the papillary muscle
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Parasternal Long Axis View of the Left Ventricle

One should keep in mind that the right ventricle consists of 3 parts, the inflow, the
outflow and the trabecular part, that all parts should be visualized. The outflow part
is best seen in the parasternal long axis view. In this view the abnormal position of
the interventricular septum can be seen. The left ventricle, aortic valve and mitral
valve can be evaluated (Fig. 12.2a).

Fig. 12.2 (a) Parasternal long axis view. (b) Parasternal long axis view of the right ventricle. (c)
Parasternal long axis view of pulmonary artery and right ventricle outflow tract. (d) Parasternal
short axis view at the level of the aortic valve. (e) Parasternal short axis view at the level of the
papillary muscles. (f) Apical 4-chamber view
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Parasternal Long Axis of the Right Ventricle

This view can be obtained by tilting the probe to scan more anteriorly. The right
ventricle inflow part can be visualized. This is the only view in which the right ante-
rior (free) wall can be visualized completely, in order to assess the hypertrophic
right anterior free wall and its systolic function. (Fig. 12.2b). The diaphragmatic,
inferior right ventricular wall can also be seen.

Parasternal Long and Short Axis Views of the Pulmonary Valve
and Main Pulmonary Artery

In order to evaluate the pulmonary valve the two most used views are the parasternal
long axis view and short axis view. The long-axis view (Fig. 12.2c) is obtained by
tilting the probe more cranial. In the parasternal short axis view (Fig. 12.2d), the
infundibular portion or outflow portion of the right ventricle can be evaluated to
assess whether a right ventricular outflow obstruction or pulmonary valve stenosis
is present. Quantification of the severity of the obstruction can be done using con-
tinuous wave Doppler.

Parasternal Short Axis at the Level of the Papillary Muscles

The parasternal short axis at the level of the papillary muscles evaluates the mid
segments of the left and right ventricle (Fig. 12.2e).

Progression of right ventricle pressure causes thickening of the wall and dilation
of the lumen.

The pressure loaded right ventricle loses its crescent, banana-shape, configura-
tion and becomes more spherical and dilated. The wall is thickened. The interven-
tricular septum shows systolic flattening, which causes the left ventricle to get a
typical D-shape in this view. This septal flattening can be quantified by the eccen-
tricity index, which is the ratio of the left ventricular diameter perpendicular to the
septum and the orthogonal diameter of the left ventricle at the same level. This
index changes from 1 (normal) to >1 in elevated right ventricular systolic pressures.
An index >1.0 is therefore one of the secondary echocardiographic signs of pulmo-
nary hypertension. An index >1.7 denotes a poor prognosis.

Diastolic interventricular septal flatting can be seen in severe tricuspid valve
regurgitation as a sign of volume overload.

Eccentricity index = D1/D2
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Apical 4 Chamber View

The inflow of the right and left ventricle can be evaluated in the 4-chamber
view, which further allows the comparison of the right and left ventricular
dimensions. The ratio of the basal right to left ventricular diameters. >1.0 is a
secondary sign of PHT (Fig. 12.2f). For a realistic measurement of these diam-
eters one should avoid foreshortened images by placing the ultrasound probe on
the apex of the heart. In some cases this can be challenging and difficult to
accomplish.

Right atrial dilation is often present in the presence of PHT. In the apical
4-chamber view the maximal right atrial area (mid-systole) can be measured. A
right atrial area >18 cm? is indicative of right atrial dilatation and >27 cm? indicates
a poorer prognosis.

Beware of foreshortening with the consequence of measuring a larger right
to left ventricular diameter ratio, due to oblique imaging of the right
ventricle.

Tricuspid Valve Anatomy and Effect of High Pulmonary
Artery Pressures and Right Ventricle Dilatation

The tricuspid valve is an anatomical structure belonging to the right ventricle. It
consists of 3 valve leaflets which are kept in place by chordae, which on their part
are mostly attached to the anterior papillary muscle. Chordae are also attached
directly to the septum and to many smaller medial and inferior papillary muscles.
The normal tricuspid valve annulus is an oval structure, with its largest diameter in
the anterior to posterior direction. The tricuspid valve does not lie in one plane: the
septal part is more cranially displaced in the perimembraneus region and the
postero-septal region near the opening of the coronary sinus is lying more apically.
During the cardiac cycle the annular area changes with a maximum area change dur-
ing mid-diastole with the largest change in the septal to lateral axis. In diastole the
annular plane is round and flat, while in systole the annulus becomes more oval and
the curvature increases [3].

In the setting of right ventricular remodeling by pressure overload in PHT the
morphology of the tricuspid valve changes. Dilation of the annulus is dominantly in
the septal to lateral axis making the annular area larger, more round, and more pla-
nar during systole. As a consequence, a loss of leaflet coaptation area occurs.
Additionally, right ventricle dilatation leads to a change in the geometry of the sub-
valvular apparatus causing tenting of the valve leaflets. In Fig. 12.3a, b schematic
drawing shows these changes.
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Fig.12.3 (a) Change in tricuspid annulus geometry due to pressure overload of the right ventricle,
the cranial view from atrium to right ventricle. (b) Change in tricuspid annulus geometry in the
lateral view, due to pressure overload of the right ventricle

Pulmonary Pressure Estimation

As stated before it is important to realize that pulmonary artery pressure is depen-
dent on left atrial pressure, pulmonary vascular resistance and pulmonary blood flow
(cardiac output created by the right ventricular pump). During echocardiography,
focus should lie on these parameters in order to understand and report the state of the
pulmonary circulation completely.

In case of right ventricular outflow tract obstruction or pulmonary valve stenosis
the estimated

A common mistake is to overlook the fact that pulmonary artery pressure is
not equal to systolic right ventricular pressure in the presence of right ventri-
cle outflow obstruction (on whatever level).
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systolic right ventricular pressure is not equal to the systolic pulmonary artery
pressure.

Pulmonary Artery Pressure Estimation Using Tricuspid Valve
Regurgitation

Almost every tricuspid valve has some regurgitation, although sometimes hard to
capture with Doppler interrogation. The regurgitation jet velocity can be used to
estimate the systolic pressure differences between the right ventricle and the right
atrium by using the simplified Bernoulli law equation (Fig. 12.4):

TR Vmax 3.34 m/s :
TR maxPG 44.52 mmHg 10_#

L™ T v U Y BT T

| 1t Pl vt i\"_m- ¥ Mgl ﬂl.w: '

b TR vmax 4.80 m/s
TR maxPG 92.1 mmHg

Fig. 12.4 (a) Continuous wave Doppler regurgitation velocity of the tricuspid valve. (b)
Continuous wave Doppler regurgitation of the tricuspid valve of another pulmonary hypertension
patient
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Table 12.1 Right atrial pressure estimation

Right atrial pressure 3 mmHg (0-5 mmHg) | 8 mmHg (5-10 mmHg) |> 15 mmHg
IVC diameter <21 mm <21 mm >21 mm >21 mm
IVC collapse after sniff > 50% <50% > 50% <50%

AP =4V2

In case of tricuspid regurgitation:

AP = 4 TR-Vmax2

RV systolic pressure—RA pressure = 4 TR-Vmax2

RV systolic pressure = 4 TR-Vmax2+ RA pressure

RV systolic pressure = systolic PA pressure IF no right ventricular outflow tract
obstruction.

AP = pressure differences; V = maximal velocity assessed with continuous wave
Doppler. PA = pulmonary artery, RV = right ventricle, TR-Vmax = maximal tricus-
pid regurgitation velocity.

To estimate right atrial pressure (see Table 12.1), the diameter of the inferior
vena cava is measures either by 2D-mode or by M-mode and the variation induced
by spontaneous breathing or sniff testing. This measurement should be taken just
proximal of the right hepatic vein (Fig. 12.5).

So, for our patient it means that the estimated systolic pulmonary arterial pres-
sure is 50 mmHg (pressure gradient accross tricuspid valve 45 mmHg + right atrial
pressure S mmHg), as no right ventricular outflow tract obstruction exists (Fig. 12.2¢).

A common mistake is to presume that high right ventricular pressures are
accompanied by severe tricuspid valve regurgitation. But severity of tricuspid
regurgitation tells us little about the existing pressure difference between right
atrium and the right ventricle.

According to current guidelines (ESC guidelines 2015) the probability of the
presence of pulmonary hypertension is primarily based on the maximal velocity of
the tricuspid valve regurgitation jet, although other characteristics are taken into
account [4]. The height of right atrial pressure is not included in the ESC guideline
for pulmonary artery pressure estimation, but it is important to reckon with it. In the
presence of a reduced right ventricle function or more severe tricuspid valve regur-
gitation right atrial pressure will be elevated, which leads to underestimation of
pulmonary pressures. The guideline-based probability determination of the pres-
ence of PHT is only valid in the absence of elevated right atrial pressures (as high
right atrial pressure will reduce the pressure gradient across the tricuspid valve).

Care has to be taken to measure the proper maximal velocity. Not only Doppler
angle should be kept as low as possible, blurred or faint Doppler signal should be
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Fig. 12.5 (a) 2D subcostal view of the inferior vena cava. (b) M-mode during sniff-testing of the
inferior vena cava

optimized in order to prevent over- or underestimation of velocity. Incomplete sig-
nals should not be used at all. Discrepancies in right atrial pressure estimation might
lead to inaccurate pressure estimation too [5] (Fig. 12.6).

Be careful with the use of the maximal tricuspid valve regurgitation jet veloc-
ity method for the estimation of systolic pulmonary arterial pressure in the
presence of severe tricuspid regurgitation, in which the pressure in the right
atrium is elevated, antegrade flow through the pulmonary artery might be
diminished and the simplified Bernoulli equation does not work.
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Fig. 12.6 Flow diagram of probability of pulmonary hypertension based on tricuspid valve regur-
gitation. TR tricuspid valve regurgitation, high P high probability of pulmonary hypertension, int
P intermediate probability of pulmonary hypertension, low P low probability of pulmonary hyper-
tension, sec. signs secondary signs of pulmonary hypertension

Pulmonary Artery Pressure Estimation Using Pulmonary Valve
Regurgitation

The pulsed wave or continuous wave Doppler of the pulmonary valve regurgitation
jet entails a lot of information about the gradient between pulmonary artery and
right ventricle. In the same way as explained in paragraph 1.4.1 the Bernoulli equa-
tion can be used to calculate pressure difference between the pulmonary artery and
the right ventricle in diastole. The calculated pressure gradient by using peak regur-
gitation velocity, occurring directly after closure of the pulmonary valve added to
estimated right atrial pressure, nicely corresponds with the mean pulmonary artery
pressure. In the ESC guidelines an early diastolic pulmonary regurgitation velocity
> 2.2 m/s is seen as evidence for the presence of pulmonary hypertension. Care has
to be taken to measure only the maximal regurgitation velocity just after pulmonary
valve closure. In many patients the early pulmonary regurgitation velocity, i.e. the
pressure difference between pulmonary artery and right ventricle is influenced by
the early passive filling of the right ventricle through the tricuspid valve leading to
loss or diminishing of the velocity signal. In the example case (Fig. 12.7a) the maxi-
mal regurgitation jet is difficult to establish, but was measured at 3.3 m/s corre-
sponding to an estimated mean pulmonary artery pressure of 50 mmHg in case of
adding a 5 mmHg right atrial pressure.

The end diastolic velocity of the pulmonary regurgitation, measured at the begin-
ning of the QRS-complex of the ECG, corresponds well with the end-diastolic
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Fig. 12.7 (a) Continuous wave Doppler of the pulmonary valve regurgitation. (b) Shows another
example of maximal regurgitation velocity and end diastolic regurgitation velocity. (¢) End-

diastolic velocity of pulmonary regurgitation
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pulmonary arterial pressure. Right atrial pressure should be added to the calculated
end-diastolic pulmonary to right ventricular pressure difference. (Fig. 12.7¢).

The pulmonary regurgitation Doppler velocity is a good alternative for the
tricuspid valve regurgitation Doppler velocity to estimate elevated pulmonary
artery pressures.

Pulmonary Artery Pressure Estimation Using the Right Ventricle
Outflow Pulsed Wave Doppler Velocity

According to ESC guideline, the acceleration time of the right ventricular outflow
tract velocity as measured by pulsed wave Doppler <105 ms is a sign of PHT. The
shape of the velocity curve is probably even more informative [6]. With advanc-
ing PHT the normally symmetrical parabolic shape of the curve becomes more
triangular with shorter acceleration time and shorter ejection time as well. The
ratio of acceleration to ejection time becomes lower meaning that acceleration
time shortens more than ejection time. Eventually, by the influence of early
returning reflected pressure waves in the case of elevated pulmonary vascular
resistance, a notch will appear in the velocity curve. The presence of a notch is
highly sensitive and predictive for the presence of elevated pulmonary vascular
resistance.

Technically it can be difficult to obtain reliable Doppler signals. Placing the sam-
ple volume in the middle of the right ventricular outflow tract with a small Doppler
angle can be a challenge or even impossible. Other factors as right ventricular dys-
function, the presence of tricuspid regurgitation and right bundle branch block influ-
ence the shape of the curve (Figs. 12.8 and 12.9).
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Fig. 12.8 Pulsed wave Doppler with sample in right ventricle outflow tract
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According to Lopez-Candales et al. pattern 1 can be seen in patients with a sys-
tolic pulmonary pressure up to 48 mmHg, pattern 2 in patients with a systolic pul-
monary artery pressure between 48 and 68 mmHg, pattern 3 in patients with a
systolic pulmonary artery pressure between 69 and 94 mmHg and pattern 4 in
patients with a systolic pulmonary artery pressure above 95 mmHg [6].

Pulmonary Artery Diameter

Pulmonary artery dilatation can occur in many circumstances. The most common
cause is high pulmonary pressures [7]. Measuring main pulmonary arterial diameter
using echocardiography is, in our experience, inaccurate. The visibility of the
pulmonary arterial wall is hindered by the fact the vessel wall runs parallel to the

Pattern Il

Pattern Il

Fig. 12.9 Pulsed wave Doppler pattern of the right ventricle outflow
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Fig. 12.9 (continued)

ultrasound beam. If well visualized a pulmonary arterial diameter > 25 mm is a
secundary sign of PHT. The evidence for this recommendation is low and other
conditions might lead to pulmonary arterial dilatation too, for example idiopathic
pulmonary arterial dilatation or severe pulmonary regurgitation.

Key Points

1. Echocardiography can be used to screen for PHT. The diagnosis of PHT should
be confirmed by invasive hemodynamic measurements.

2. Tricuspid valve regurgitation jet velocity is the best predictor of right ventricular
pressure in the absence of right ventricular outflow obstruction and severe
regurgitation.
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. Pulmonary valve regurgitation can be used to estimated mean and diastolic pul-

monary artery pressure and is good alternative of tricuspid valve regurgitation
Doppler velocity method

Right atrial pressure estimation should be added to the Doppler derived regurgita-
tion jet velocity. Derived pressure difference between right ventricle and right
atrium or between right ventricle and pulmonary artery, are more reliable when
incorporating right atrial pressure, especially in circumstances in which an elevated
right atrial pressures excised, like right ventricular failure or severe regurgitation.
Right ventricular outflow Doppler pulsed wave velocity signal can be used to
evaluate the pulmonary artery pressure.

Questions

~

. What is the effect of elevated high right ventricular pressure on the right ven-

tricular shape?
What is the effect of elevated high right ventricular pressure on the annulus of
tricuspid valve?

. What condition(s) should be met to use the velocity of the tricuspid valve regur-

gitation to estimate systolic pulmonary artery pressure?

What could be the reason(s) to use right atrium pressure estimation in estimation
pulmonary artery pressure?

Does the severity of tricuspid valve regurgitation tell us something about the
height of the right ventricular pressure?

What does the maximal pulmonary valve regurgitation velocity tell us?

What does the end-diastolic pulmonary valve regurgitation velocity tell us?
What other parameters determine pulmonary artery pressure?

Review Questions

68.

69.

What is the effect of elevated high right ventricular pressure on the right ven-
tricular shape?

(a) RV hypertrophy
(b) RV dilatation
(c) RV hypertrophy and later on dilatation

What is the effect of elevated high right ventricular pressure on the annulus of
tricuspid valve?

(a) Dilatation of the anterior part only

(b) Dilatation of the septoanterior portion
(c) Dilatation of the anteroposterior portion
(d) Dilatation of the posterior part only
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70. What condition(s) should be met to use the velocity of the tricuspid valve regur-
gitation to estimate systolic pulmonary artery pressure?

(a) Effect of respiration

(b) Doppler alignment

(c) Effect of loading conditions
(d) All of the above
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Chapter 13
Right Heart Catheterization for Hemodynamic
Evaluation of Right Sided Heart Disease

Tim ten Cate, Tamara Aipassa, and Roland van Kimmenade

Abstract This chapter will describe the basics of right heart catherization (RHC),
and will address how to interpret the hemodynamic information that is obtained.
RHC is the only way to adequately calculate the complete hemodynamic status of a
patient. Especially in patients with complicated congenital cardiac anatomy or post-
operative anatomy after congenital heart disease repair. It also allows for analysis of
valvular function and the pulmonary vascular function. All non-invasive imaging
modalities, e.g. echocardiography, MRI, CT and Nuclear, only provide part or indi-
rect measurements of the hemodynamics.

By means of case based learning we will present tips and tricks how to properly
carry out a RHC. The value of these hemodynamic calculations will be discussed.

Keywords Right heart catheterization * Pulmonary hypertension ¢ Cardiac output

Introduction

Before the introduction and development of doppler echocardiography a right
heart catheterization (RHC) was the only means to properly discern the hemody-
namics of the cardiac and pulmonary circulation. The use has fallen, because with
doppler echocardiography many hemodymanic questions can be answered in a
non invasive manner [1]. With the decline in RHC performed in cath-labs world-
wide, the knowledge of a properly carried out RHC declines likewise. However,
the European Society of Cardiology (ESC) core curriculum updated in 2013 still
finds that the skills to perform a proper RHC is a mandatory part of cardiology
training [2].
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With a complete RHC not only important information for diagnostic purposes,
but also for prognostic purposes is obtained [3]. For precise measurement of the
pulmonary arterial pressure and resistance, a RHC is the only means to quantita-
tively assess these parameters. But there is much more information that can be
obtained. With a complete RHC appreciation of valvular function, vascular func-
tion and ventricular function is possible. Even for the diagnosis of diastolic dys-
function (heart failure with preserved ejection fraction) a RHC adds to non-invasive
information as it can discern effects on the diastolic left ventricular pressures and
left atrial pressures of exercise and fluid changes. However, the value of the find-
ings is as reliable as the quality of the recordings and the completeness of the
measurements.

The most important task of the operator is to get a precise measurement of the
wave-forms, saturations and pressures in all compartments. Not only in all right sided
compartments, but also in the aorta and if feasible and necessary in the left ventricle.
Therefore it is of the utmost importance for the operator to have a proper understand-
ing of the reason for the RHC and of the measurements necessary to answer the ques-
tions asked. Furthermore, it is important to understand the anatomy that one will
encounter. Especially in cases of congenital heart disease, either corrected or native.

To understand the hemodynamics of patients with complex cardiac anatomy and
those with complex hemodynamic pathology, a RHC still remains one of the cor-
nerstones to adequately assess the hemodynamics and to advise the patient in his
treatment.

Basics of the Right Heart Catheterization

For a complete RHC a special catheter (Photo of Swan Ganz) is inserted in the
venous system and advanced through the heart towards the pulmonary artery. This
pulmonary artery catheter, also known as Swan-Ganz catheter, usually consists of a
balloon tipped catheter with two ports for pressure measurement and a thermistor
for cardiac output measurement.

After the normal pre-requisites of a cardiac catheterization, venous access is
obtained and a sheath is inserted. Any large vein is usable, but usually the jugular
vein or the femoral vein is used for access. To measure the aortic pressure and left
ventricular end diastolic pressure arterial access is also obtained and a sheath is
introduced [4].

As any invasive procedure, RHC has it own complications. Naturally bleeding is
an important complication. But as RHC is performed in a specific population the
complications are also specific (Table 13.1) [5].

Blood samples for oxygen content, and pressure measurements are taken in all
cardiac compartments (Fig. 13.1). Since the left atrium is not easily reached, as a
representative of the left atrial pressure the pulmonary capillary wedge pressure
(PCWP) is used. Figure 13.2 describes the principle of the PCWP measurement and
how to measure it.
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Table 13.1 Complications of right heart catheterization

0.055% (pulmonary artery rupture, diffuse

Mortality intrapulmonary haemorrhage)
Serious adverse events 1.1%
Related to venous access site 0.4%
Related to right heart catheterization 0.3%

— Supraventricular tachycardia 0.1

— Hypertensive crisis 0.03

— Haemoptysis 0.01

— New bundle branch block 0.01

Fig. 13.1 Cardiac
compartments. /VC inferior
vena cava, SVC superior
vena cava, RA right atrium,
RV right ventricle, AP
pulmonary artery, PCWP
pulmonary capillary wedge
pressure, Ao aorta, LA left
atrium, LV left ventricle

The order in which the various compartments are studied is left to the discretion
of the operator. The only prerequisite is that every compartment is properly mea-
sured. The measurement of the pressures and registration of the wave-forms can
best be obtained at end-expiration with open mouth.

Based on these measurements, calculation of various valvular, vascular function
and cardiac output can be done using specific formula. Also, it allows for differen-
tiation between various causes of pulmonary hypertension. Figure 13.3 explains
the RA and PCWP wave forms. In Fig. 13.3b the typical wave forms of all right
sided compartments are shown.
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Fig. 13.2 Pulmonary capillary wedge pressure. Because the pulmonary veins that enter the left
atrium form a continuous system with the pulmonary arteries through the pulmonary capillaries,
the pressure that is registered when a distal artery is occluded by the balloon inflation at the tip of
the Swan Ganz is the same as in the left atrium. (a) Represents the situation when the Swan-Ganz
catheter is situated in a small pulmonary artery branch before balloon inflation. (b) Represents the
situation with ballon inflation. Note that the pressure at the tip of the catheter behind the inflated
balloon becomes the same as in the left atrium. AP pulmonary artery, P, pulmonary arterial pres-
sure, Py pressure with ballon inflation. Adapted with permission from Cardiale diagnostiek van
pulmonale hypertensie, op zoek naar het cor pulmonale (in Dutch), Vliegen editor, Fig. 4.4, p13,
publisher TTMA BY, Oegstgeest, The Netherlands



13 Right Heart Catheterization for Hemodynamic Evaluation of Right Sided Heart 257

a
mmHg
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Fig. 13.3 (a) Specific pressure wave-forms of the RA and PCWP. Note that the atrial cycle is
asynchronous with the ventricle, thus the atrial systole is the ventricular diastole and vice versa. A,
C and V-are positive waves, X and Y are negative. And the ventricular systole is between C and
Y. The a-wave is the atrial systole (the contraction of the atrium); the c-wave is formed by the rapid
filling of the ventricle just before the AV-valve closes; The X descent is the atrial diastole (relax-
ation of the atrium); the V-wave is caused by filling of the atrium when the AV-valve is closed (the
venous return towards the atrium). The height of the V-wave reflects the filling pressure of the
ventricle. When the V-wave is high this may be a sign of heart failure. However, when the AV-valve
is insufficient the regurgitation jet causes the filling of the atrium to increase and thus the V-wave
to be more prominent. But when the AV-valve is insufficient the V-wave occurs early and is fol-
lowed by a steep Y-descent. The Y-descent is the opening of the AV-valve and the rapid ventricular
filling. As mentioned before the slope of the Y-descent points towards AV-valve insufficiency. But
may also reflect pericardial constriction. Adapted with permission from Cardiale diagnostiek van
pulmonale hypertensie, op zoek naar het cor pulmonale (in Dutch), Vliegen editor, Fig. 4.3, p12,
publisher TTMA BV, Oegstgeest, The Netherlands. (b) Pressure wave forms in the various com-
partments of the right side of the heart. Every compartment has a characteristic pressure wave-
form. The atrial (and AP-wedge) pressure wave forms have typical waves and descents that
represent various parts of the cardiac cycle. ECG electrocardiogram, RA right atrium, AP pulmo-
nary artery, AP-wedge pulmonary capillary wedge pressure, RV right ventricle
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Fig. 13.3 (continued)

Tips and Tricks

Sometimes reaching the pulmonary artery can be a challenge. When there is tricus-
pid regurgitation the back-flow from the right ventricle into the right atrium may
hamper advancing the catheter from the right atrium towards the right ventricle and
the pulmonary artery.

There are several possible solutions. The first is to make a loop (Fig. 13.5¢) in the
right atrium and try to advance the catheter without inflated balloon tip. The back-
ward pushing force is less with the deflated balloon and the loop in the right atrium
increases the resistance of the catheter to overcome the backward pushing force of
the regurgitant blood through the tricuspid valve.
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If this is not sufficient one can insert a thin wire in the Swan Ganz catheter to
stiffen the catheter and thus increase the pushability and stearability. When this is
also not enough, then filling the balloon with saline in stead of air is the final easy
resort. Usually any one of these tricks will help positioning the catheter at the site of
interest.

When a tricuspid annuloplasty was performed any of the aforementioned tricks
can be of help to finish the RHC successfully.

Hemodynamic Information from a RHC

As mentioned before, with a properly carried out RHC a multitude of hemodynamic
information becomes available. As we will demonstrate this necessitates properly
registered and measured wave-forms, saturations and pressures. Table 13.2 demon-
strates the normal values of a RHC.

Calculation of Cardiac Output

For the calculation of Cardiac Output (CO) it is essential to obtain oxygen satura-
tion measurements at various sites. Based on these values, CO can be calculated
using Fick’s equation. As well, this allows for the interpretation of possible intra-
cardiac shunts. The basics of these calculations is that the circulation is a closed
circuit.

The formula for this calculation is called after the inventor of the calculation,
Adolf Eugen Fick (1829-1901). The value of this parameter is important for both
prognosis and also in cases of hemodynamic instability where inotropic therapy is
instigated, for assessment of the effects of therapy. To calculate the cardiac output
first the amount of consumption of oxygen from the air is measured (or calculated).

Table 13.2 Normal pressure values

Sat Pressure (mean mm Hg) Pressure (S/D mm Hg)
IvC 80 0-5
SvC 70 0-5
RA 75 0-5
RV 30/4
PA 70-75 <24 30/15
PCWP 4-10
Ao 95-98
LVEDP 95-98 <12

1VC inferior vena cava, SVC superior vena cava, RA right atrium, RV right ventricle, PA pulmonary
artery, PCWP pulmonary capillary wedge pressure, Ao aorta, LVEDP left ventricular end diastolic
pressure, S/D systolic/diastolic
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When we then know the amount of oxygen that enters the longs and the amount
that exits the lungs, the amount of blood that has passed through to allow for this
uptake can be calculated.

O, consumption

Cardiac Output =
ardiac Duipdt 136x1.6x Hb (mmol / L) [ (Sat Aorta) — (Sat mixed venous)/100 | x10

The best way to get the O, consumption is by means of real measurement. Since
the O, consumption can vary a lot in time, it is best to measure this as close to the
time of RHC as possible. This is especially true for patients with pulmonary
pathology.

If measurement is not possible or not available. An educated guess can be
obtained by calculating the O, consumption. For this calculation the following
equation comes closest to the actual measured values [6].

O, consumption = (157.3 x BSA + 10 x constant (male = 1; female = 0)—10.5 x In
(Age) + 4.8) mL/min [6]. This calculation is rather difficult to calculate.

Therefore, for rapid in cath-lab estimation of O, consumption while performing
the RHC, the rule of thump “O,-consumption = 3.5mL x body weight (kg)” can be
used.

Assessment and Calculation of Intra-Cardiac Shunts

Based on the fact that the circulation is a closed circuit, the cardiac output of the
right ventricle and the left ventricle should be the same. When a shunt is present, the
flow in the right heart circulation and left heart circulation are not the same and
therefore the shunt fraction can be calculated based on the ratio between the flow in
the pulmonary circulation (Qp) and systemic circulation (Qs).

When one performs a RHC the saturations in the SVC, RA, RV and AP can point
towards a shunt. In the normal situation, the saturation in the right side of the heart
is more or less the same in all compartments. But with a left to right shunt on atrial
of ventricular level this rule of thumb does not hold true. The oxygenated blood
from the left heart circulation will mix with the blood in the right heart circulation.
Based on the saturations in the various right sided compartments one can discern the
location of the left to right shunt. In the presence of a atrial shunt, the mixed venous
saturation is calculated as (3x SVC + 1xIVC)/4. Figure 13.4 shows an example of
the actual saturations measured in a real patient with an atrial septal defect with left
to right shunting. We passed the atrial septal defect with the Swan Ganz catheter to
obtain a real pulmonary vein saturation.

In case of a right to left shunt the location is much more difficult to find with
RHC. The calculation is the same as for the left to right heart shunt. However, the
saturation in the pulmonary vein is not the same as the arterial saturation in these
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Fig. 13.4 Example of
shunt calculation. This real
world case shows an
illustrative example of the
actual saturations in a
patient with a known atrial
septal defect (ASD). The
saturation in the pulmonary
vein was obtained by
passing the ASD with the
Swan-Ganz and taking a
sample from the actual left
lower pulmonary vein

cases. One assumes that in the absence of severe pulmonary disease the pulmonary
vein saturation to be 95-96%. When severe pulmonary disease is present, a right to
left heart shunt calculation by RHC is more or less impossible.

_ O, consumption
1.36x1.6 x Hb(mmol / L)x [(Sat Pulmonary vein ) —(Sat AP)/ 100] x10

Qp

O, consumption

Q= 1.36x1.6x Hb(mmol / L)x [(Sat Aorta ) —(Sat mixed venous)/ 100] x10

[Sat Aorta —Sat Mixed Venous|
[Sat Pulmonary vein —Sat AP]

Thus Qp/Qs =

Note: for the saturation in the pulmonary vein, the saturation of the aorta of left
ventricle can be used. The mixed venous saturation is calculated as
(3x SVC + 1xIVC)/4.
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Resistance of the Vascular Bed

Pulmonary and systemic resistance are the representatives of the resistance that is
encountered by the blood to flow from the arterial compartment to the venous
compartment.

Hagen-Poisseuille’s equation describes the relationship between flow, pressure
gradient and resistance in fluids. The essence is the same as Ohm’s law that describes
how current, voltage and resistance relate.

Resistance = Pressure gradient / Flow
If this simplification of the complete equation is translated into the values
obtained with RHC we can calculate the pulmonary pulmonary vascular resistance

by

Mean pressure AP —mean Pressure LA (= PCWP)
Cardiac Output

And the systemic vascular resistance by

Mean pressure Aorta —mean pressure RA
Cardiac Output

For the circulation, this means that the resistance of the circulation can be calcu-
lated with the pressure difference between the pre-capillary and post-capillary
pressures.

For the pulmonary vasculature this means that we can calculate the resistance of the
pulmonary capillary bed. This also allows for discrimination of pre- and post-capillary
pulmonary hypertension. When there is pulmonary arterial hypertension present and
the pressure gradient is high, e.g. a low LA pressure, this means that the problem is
located before the capillary bed. However, when the pressure gradient is low, e.g. high
pressures in the left atrium then the cause of pulmonary arterial hypertension is situ-
ated behind the capillary bed and thus caused by left sided cardiac pathology.

Case

To appreciate what information a right heart catheterization can add in the diagnosis
and management of patients with right sided cardiac pathology we use the following
case. We focus on how the RHC helped in the diagnosis and discuss how the afore-
mentioned hemodynamic parameters were obtained and how it helped in the diag-
nosis and the subsequent treatment plan.

The patient is a 64 year old female who presented with complaints of chest-pain
and shortness of breath to the emergency department of a local community hospital.
In the work-up the lab results showed elevation of hs-troponin-t as sign of cardiac
injury. Coronary angiography was performed without epicardial stenoses. The
echocardiogram however showed enlargement of the right atrium and right ventricle
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(RV), with signs of elevated RV pressures. The RV pressure was estimated at 50 mm
Hg. It was concluded that the patient suffered from a non ST-elevation acute coro-
nary syndrome without obstructive coronary disease. And also had signs of pulmo-
nary hypertension on echocardiography.

She was then referred to our pulmonary hypertension center for further analysis
and possible treatment. A VO,-exercise test revealed hypoxemia at rest and a severe
cardiopulmonary limitation with increasing hypoxemia during exercise.

Because of the discrepancy of the echocardiogram that only showed limited ele-
vation of right sided pressures and the severely abnormal VO,-exercise test the
patient was referred for RHC.

The operator was asked to answer two important questions, (1) what are the pul-
monary pressures and what is the pulmonary vascular resistance, (2) is there a car-
diac cause to be found.

As mentioned earlier, the most important task for the operator when performing
a RHC is to understand how to answer the questions asked. In this particular case
the first question is straight forward. It only implicates that a proper pressure wave-
form is taken in the pulmonary artery.

However, the second question is much less straight forward. In the preparation of
this case it was discussed that however unlikely, it was important to rule out restric-
tive cardiomyopathy as a cause. Therefore an LVEDP was also measured.

Because the right ventricle showed enlargement and the CT-scan showed a large
pulmonary artery the RHC was also focussed on assessing a left to right shunt
because in theory an atrial septal defect could be the basis of the problems.

In this particular case restrictive cardiomyopathy was a possibility. Therefore,
the operator decided to advance a catheter to the left ventricle for continuous left
ventricular pressure measurement.

Figure 13.5a—g demonstrate the stepwise approach to the RHC performed in this
particular case. Note that the operator chose to first asses the SVC and then went on
to PCWP. Also as seen in Fig. 13.5¢c, advancing the Swan Ganz catheter to the RV
was difficult. Therefore a loop in the RA was made to increase the push towards the
RV. Because the LVEDP and PCWP were both low restrictive cardiomyopathy was
quickly ruled out. In restrictive cardiomyopathy the filling pressures, e.g. diastolic
pressures are elevated.

Figure 13.5g shows all the pressures and saturations in the compartments that
were assessed. It was concluded that there was proof of pulmonary arterial hyper-
tension with a high pressure gradient across the pulmonary vasculature. Therefore a
left ventricular cause for the increased pulmonary pressures was ruled out.

However, the left to right shunt possibility remained open. We will now discuss
how to use the RHC values of this patient to assess the presence or absence of a left
to right shunt.

By looking at the results we can already see that there will not be a left to right
shunt present. The saturation in the right atrium, the site closest to the possible
location of a left to right shunt is lower than that of the SVC and IVC. Therefore
there will not be a left to right shunt, because in that case the RA saturation would
have been higher.
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As mentioned before the formula to calculate a shunt is the following

[Sat Aorta — Sat Mixed Venous|

/Qs =
P/Q [Sat Pulmonary vein —Sat AP]

Because we may expect a left to right shunt we can not use the pulmonary arte-
rial saturation for the mixed venous saturation. Therefore we calculate the mixed
venous saturation by the eq. (3x SVC + IxIVC)/4.

Fig. 13.5 (a) Image of the Swan-Ganz catheter with the tip in the SVC with the corresponding
pressure measurement. The yellow arrow points to the location of the Swan-Ganz. (b) Image of the
Swan-Ganz catheter with the tip in the RA with the corresponding pressure measurement. The
yellow arrow points to the location of the Swan-Ganz. (¢) Image of the Swan-Ganz catheter with
the tip in the RV with the corresponding pressure measurement. The yellow arrow points to the
location of the Swan-Ganz. (d) Image of the Swan-Ganz catheter with the tip in the PA with the
corresponding pressure measurement. The yellow arrow points to the location of the Swan-Ganz.
(e) Image of the Swan-Ganz catheter with the tip in the PCWP with the corresponding pressure
measurement. The yellow ball depicts the inflated ballon at the tip of the Swan-Ganz to close of the
pulmonary artery (as explained in Fig. 13.2). (f) Image of the Swan-Ganz catheter with the tip in
the IVC with the corresponding pressure measurement. The green line represents the diaphragm,
the red line is the right atrial wall. The yellow arrow points to the location of the Swan-Ganz. (g)
Complete registration of all the pressures and saturations of the patient. /VC inferior vena cava,
SVC superior vena cava, RA right atrium, RV right ventricle, PA pulmonary artery, PCWP pulmo-
nary capillary wedge pressure, PV pulmonary valve, TV tricuspid valve
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Fig. 13.5 (continued)
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When we enter the various parameters, for this patient the equation results in

Qp/Qs = M =0.68
[94— 75]

This means that there is no sign of a left to right shunt. We now ruled out a car-
diac cause of the pulmonary arterial hypertension. But the RHC gives much more
hemodynamic information

First Cardiac Output.

O consumption
1.36x1.6xHb (mmol/L)x [(Sat Aorta )—(Sat mixed Venous)/lOO:I x10

Cardiac Output =

The equation to calculate O,-consumption for this patient is

(157.3xBSA + 10 x constant (male = 1; female = 0)—10.5x In (Age) + 4.8) mL/min

Her BSA is 1.83; her age is 64. Her Hb was 9.6 mmol/L at the time of the study.
The saturations were 94 and 75 respectively.

This leads to a calculated O,-consumption of 251.1 mL/min and a cardiac output of
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Cardiac Output = 2511 =6.6L /min
1.36x1.6x9.6x[94—75/100]x10

The rule of thump 3.5 mL/kg (See paragraph Calculation of Cardiac Output)
leads to an estimated O, consumption of 255.5 mL/min.

In this case because of her hypoxemia at rest in the referring hospital a higher
resting O, consumption can be expected. Therefore O,-consumption was measured
prior to the RHC. This value was 312 mL/min.

The calculated cardiac outputs therefore range from 6.4—7.8. The operator also
chose to measure cardiac output with thermodilution. This result was 7,3 L/min.
So we can conclude that calculation of CO with the measured O,-consumption
corresponds well with the actual measured CO. Whereas the calculation of the CO
with the assumed O,-consumptions in this case underestimates the CO. As men-
tioned earlier, this is probably because this patient had pulmonary disease with
hypoxemia at rest and thus a higher baseline O,-consumption necessary to sustain
the basic functions of the body.

Second Resistance.

We calculated the cardiac output above. And we measured the pressures in all
compartments.

Therefore when we enter the numbers in the formula to calculate the pulmonary
vascular resistance

Mean pressure AP —mean Pressure LA (= PCWP)
Cardiac Output

This results in

M‘% = 6 wood units or 480 dynes

And the systemic vascular resistance by

91%4 =11.88 wood units or 950 dynes

In summary, this real world case demonstrates that based on only non-invasive
measurement of the pulmonary pressures this patient would not be a candidate for
pulmonary vascular lowering therapy. The RHC demonstrated significant pulmo-
nary arterial hypertension and ruled out a cardiac contribution to the pulmonary
hypertension that otherwise would not be possible.

Because of the results of the RHC the treatment regimen of the patient was
changed. She was started on bosentan, an endothelin-1 receptor antagonist that is
a potent pulmonary arterial dilator.
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Table 13.3 Classification of shock based on right heart catheterization

CvVP PCWP/LA CO SVR Specifics
Cardiogenic High High Low High
Hypovolemic Low Low Low High
Obstructive Tamponade | High High Low High Pulsus
paradoxus
Pulmonary | High Low Low Pulmonary
embolism vascular
resistance is
high
Distributive Low Unchanged/ |High |Low
low

CVP central venous pressure (also right atrial pressure), PCWP pulmonary capillary wedge pres-
sure, LA left atrium, CO cardiac output, SVR systemic vascular resistance, PVR pulmonary vascu-
lar resistance

Conclusion

Right heart cathterization allows for a complete assessment of the hemodynamic
state of a patient. The results have important prognostic implications [3] but also
help in the diagnosis of especially complex hemodynamic pathology [7, 8]. And
although not shown to improve outcome when used in elective surgical patients [9]
it also helps to discriminate the various types of shock (Table 13.3) and helps in the
follow-up of instigated treatment [7].

Review Questions

71. In which cases of suspected pulmonary arterial hypertension noninvasive imag-
ing is insufficient

(a) If only RV Pressures are measured

(b) No variables are known at exercise

(c) Possible restrictive CMP cannot be excluded
(d) All of the above

72. To calculate pulmonary resistance, which variables must be known

(a) Difference between PA pressure and Pulmonary capillary wedge pressures
(b) Cardiac output
(c) Both

73. In a case of severe TR RV catheterization can be cumbersome. How is your
problem solved?

(a) Make a loop in the RA
(b) Insert a thin wire into the Swann Ganz catheter
(c) Both are right
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Chapter 14
Pharmacotherapy of Tricuspid Valve Disease

Kadir Caliskan

Abstract In this section, pharmacological treatment of tricuspid regurgitation will
be revised and illustrated by a case of patient with severe tricuspid regurgitation.
The basic approach of pharmacological treatment of tricuspid valve disease is the
treatment of volume overload/congestion, pulmonary hypertension and support of
the right ventricle.

Keywords Tricuspid ¢ Regurgitation ® Heart failure ¢ Pharmacotherapy ¢ Outcome

Introduction

Primary tricuspid valvular disease is a relatively uncommon entity in the daily
clinical practice and is mainly represented by tricuspid regurgitation (TR), sec-
ondary to dilatation of the tricuspid annulus due to right ventricular (RV) diseases
and/or to elevation in the RV systolic pressure due the pulmonary hypertension.
The clinical management is primary etiologic-based treatment. The conservative,
pharmacological treatment is supportive with treatment of the symptoms and
signs of heart failure like hepatomegaly, ascites and peripheral edema [1]. Given
the rarity of the disease, there is no evidence-based specific treatment. In this
chapter, we will give an overview of the pharmacological treatment, illustrated by
a clinical case.
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Case

A 48 years old women presented in 2009 with slowly progressive fatigue since a year.
At presentation, she could only walk 15-20 min or one flight of stairs, consisting
NYHA functional class III. She had no edema or congestion of the upper abdomen.
Physical examination showed a heart rate of 72 bpm, blood pressure of 120/85 and a
normal jugular venous pressure (JVP). Cardiac auscultation revealed a 2/6 systolic
murmur at the 4th left intercostal space. Liver was not palpable and she had no edema.
Her electrocardiogram (ECG) revealed sinus rhythm 72 bpm, PQ 178 ms, QRS width
75 ms, QTc 393 ms. The right precordial leads showed an increased R/S ratio resem-
bling right ventricular (RV) hypertrophy (Fig. 14.1). Her echocardiography showed a
severe dilated right atrium and RV with a preserved systolic RV function (Fig. 14.2a,
b). The left ventricle (LV) dimensions and systolic function were normal. Her inter-
ventricular septum bulged to the left. There was a severe tricuspid regurgitation (TR)
due annular dilatation and restriction of septal leaflet. The insertion of the tricuspid
leaflets looked further normal. Mid 2010, the patient underwent tricuspid valve (TV)
valvuloplasty with Carpentier Edwards ring No. 30. Besides annulus dilatation, there
was insufficient volume of the anterior leaflet with indentation. Therefore, the ante-
rior leaflet was augmented with an autologous pericardial patch. Nevertheless, there
was a residual grade 2+ TR. Further postoperative period was uncomplicated.

B T UL EUSeL S AL

i I A G ol et
i L LB B

25 mm/s 10 mm/mV ECG centrale 10 381 1294

Fig. 14.1 Electrocardiography
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Fig. 14.2 (a, b) Showing dilated right atrium and right ventricle with interventricular septum
bulged to the left. There is a severe tricuspid regurgitation due annular dilatation and restriction of
septal leaflet. The insertion of the tricuspid leaflets looked further normal

In 2013 she was again presented with complaints of fatigue, dyspnea and some
palpitations, with estimated NYHA class II a III. She had this time some signs of
right-sided heart failure with elevated JVP and mild hepatomegaly. Cardiac auscul-
tation revealed a 3/6 some rough systolic murmur at the 4th left sided intercostal
spaces. There were no signs of ascites or peripheral edema. Her ECG showed sinus
rhythm 66 bpm with frequent premature atrial extra systoles, PQ 182 ms, QRS
width 102 ms and increased right precordial repolarisation abnormalities. Her echo-
cardiography (Fig. 14.2a, b) showed severe RA and RV dilatation with diastolic
D-sign of the interventricular septum at the parasternal short-axis view, and mobile
intra-atrial septum. The RV function showed mild systolic dysfunction with TAPSE
of 16 mm. There was again severe TR with a TR gradient of 24 m Hg with normal
collapsing VCI of 18 mm. The patient was treated with low doses digoxin 0.0625 mg
qd, bumetanide 1 mg bid, eplerenone 25 mg qd and bisoprolol 1.25 mg qd. Her case
was discussed again in the heart team for redo surgery, but rejected due estimated
low successful repair rate. Alternatively, the tricuspid valve could be replaced by a
mechano-prothesis, but given the high long-term risk of complications, the redo
surgery was postponed for the time being as long as the pharmacological treatment
was sufficient for control of congestive symptoms. She was advised to do cardiac
rehabilitation. At last follow-up in October, 2016, she was stable with some com-
plaints of tiredness, but without any signs of heart failure. Her estimated functional
NYHA class was II. Her ECG showed sinus rhythm 60 bpm, with signs of RV
hypertrophy and secondary strain pattern.
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Pharmacotherapy (See Fig. 14.3)

Lifestyle Advises

In patients with signs of fluid overload/congestion, mild salt (<5 g/day) and fluid
restriction (1.5 or 2 L/day) is usually indicated, especially in patients needing high
doses of loop diuretics and/or refractory congestion. The evidence in of these life-
style advices is however far from conclusive [2].

Loop Diuretics

For patient with symptomatic heart failure and volume overload, the initial ther-
apy is usually a loop diuretics like furosemide or bumetanide [3]. The usual start-
ing dose for furosemide in our clinic is 40 mg qd (bumetanide 1 mg qd), but in
more advanced heart failure patients with more severe elevated jugular venous
pressure (JVP), hepatomegaly, ascites and/or peripheral edema, twice daily dose
is usually need. Albeit no maximal doses toe give, in case of failing oral daily
doses above furosemide 500 mg orally (or bumetanide 10 mg), continuous intra-
venous are usually need. In cases of non-response of progressive deterioration of
the renal function, additional low doses inotropes (e.g. dobutamine 3-5 pg/kg/min
or enoximone 0.5-2 pg/kg/min) could be added.

In case of euvolemia, maintanence dose of diuretics should be minimalized, given
potiential aggrevation of the neurohormonal stress, i.e. renine-angiotensine-aldoste-
ron system, beside risks of gout, electrolyte disturbances and renal dysfunction.

Left-sided heart failure, pulmonary | Volume overload
hypertension !

Lis-diuretics and/or thiazide diuretics
Aggressive treatment of the primary ethology | High-doses aldosterone antagonist
(spironolactone)

= =

Signs of right ventricular dysfunction:
low-dose digoxine

Standard heart failure therapy, including beta-
blockers and renin-angiotensin-aldosterone system

inhibitors
Consider sildenafil or tadafil for persistent Supraventricular arrhythmias:
pulmonary hypertension anti-arrhythmics, high-dose digoxin

Fig. 14.3 The approach for the pharmacological treatment of tricuspid valve diseases
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Mineralocorticoid Receptor Antagonist

The clinical use of the mineralocorticoid receptor antagonist (MRA) spironolactone
and eplerenone is in chronic HF is established with two landmark trials: RALES
and EMPHASIS [4, 5]. The studies are however in predominantly, left-sided sys-
tolic HF patients. In predominant right-sided HF patients like in TR, the use of
MRA based on clinical experience. The usual start doses for spironolactone is 12.5—
25 mg with maintenance doses of 25-50 mg daily and for eplerenone 25-50 mg. In
refractory heart failure patients and/or diuretic resistances, usually higher doses
(>100 mg) are needed. The common sides includes hyperkaliemia, worsening renal
function and/or gynecomastia. Eplerenone have however, significantly lower endo-
crine side effects, including gynecomastia and breast tenderness.

Digoxin

Since the eighteenth century, digitalis has been used for patients with heart failure.
As a weak positive inotropic due to indirect increase in the intracellular calcium in
the myocardium, it improves the cardiac hemodynamics, exercise tolerance and
diuresis [6]. Currently, digoxin is commonly advised for persistent symptomatic HF
patients with functional NYHA class 3 or more, in right-sided HF patients with
refractory symptoms, RV dysfunction and/or concomitant atrial arrhythmias. Given
the narrow therapeutic window, concerns of excess morality, especially in women,
the advised digoxin doses is much lower (“the HF dose”; i.e. 0.5-0.8 ng/mL) than
in patients with atrial arrhythmias [7].

ACE-Inhibitors, Angiotensin II Receptor Blocker
and Beta-Blockers

The blockade of activated renin-angiotensin (RAAS) and sympathetic nervous sys-
tem (SNS) in chronic heart failure patients are essential element of the current heart
failure treatment given tremendous positive effect on the long-term outcome and
survival [8, 9]. There is however no randomized trials in patients with TR, so the
indication will be only on pathophysiological rationale. Given the same expected
effects in RAAS and SNS system-lesser of more- in all heart failure patients regard-
less of the etiology, we treated most of the TR patient with ACE-R and beta-blocker.
This is however usually much lower doses than wat used in left-sided HF patients,
in our experience due to hypotensive effects and worsening renal function.
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Key Points

Treatment of volume overload and congestion by diuretics are the key approach
in the pharmacological treatment of tricuspid valve disease.

Any left sided heart failure and/or pulmonary hypertension should be treated
aggressively.

If signs of right ventricular dysfunction or supra-ventricular arrhythmias, digoxin
should be prescribed in low positive inotropic heart failure dose or high anti-
arrhythmic doses.
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Chapter 15

Tricuspid Valve Interventions: Heart Team
Discussion, When, Who and What?

Joachim Schofer

Abstract Tricuspid valve disease is mainly the consequence of RV annular dilata-
tion (functional tricuspid regurgitation, TR) following RV pressure or volume over-
load. Moderate to severe TR is affecting a significant number of patients and impacts
mortality.

Surgical tricuspid repair is indicated at time of left-sided valve surgery in the
presence of an annulus diameter of >40 mm. The same is true for reoperation of
patients with symptomatic severe TR, preserved RV function and not severe pulmo-
nary hypertension as well as for primary surgery of patients with asymptomatic
severe TR and progressive RV dysfunction. Suture or ring annuloplasty are the cur-
rently preferred surgical techniques.

Patients with severe TR and prior open-heart surgery and patients with functional
TR and progressive RV dysfunction are often deemed at high or prohibitive opera-
tive risk and are mostly treated medically. Those patients are candidates for less
invasive transcatheter techniques, which recently were developed for treating TR.

Percutaneous approaches for TR are valve implantation in the caval veins by
using self-expandable or balloon expandable valves, devices to improve leaflet
apposition or annuloplasty devices.

Initial in-human experiences with transcatheter devices have been demonstrated
to be feasible, their effectiveness, however, remains to be shown in retrospective
registries with larger number of patients with longer-term follow-up and finally, in
prospective randomized trials to demonstrate the superiority of these new therapies
over standard medical therapy. Before this data becomes available these interven-
tions should be limited to patients with an extreme or prohibitive surgical risk.

Keywords Tricuspid valve regurgitation ¢ Heart team ¢ Outcome ¢ Surgery
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Prevalence and Mechanism of Tricuspid Regurgitation

The prevalence of moderate or severe tricuspid regurgitation (TR) is estimated to
affect 1.6 million people in the United States [1]. Primary tricuspid valve (TV) dis-
ease represents about 25% of TR and may be due to congenital, rheumatic, neoplas-
tic, traumatic, infective endocarditis, endomyocardial fibrosis, or iatrogenic (following
pacemaker lead implantation or right ventricular [RV] biopsy) causes [2].
Secondary (functional) TR most often is a consequence of RV annular dilation
following RV pressure or volume overload. This causes tricuspid annular dilation,
which is the dominant mechanism of functional TR [3, 4]. Significant TR occurs
when anterior and posterior leaflets, which are fixed at the muscular part of the
annulus, are pulled away from their coaptation point. The septal leaflet, in contrast,
remains stable in position because it is fixed at the fibrous part of the annulus [4, 5].
Severe functional TR may appear in the context of left-sided heart disease or may
arise following RV myocardial infarction and subsequent RV dilation (Table 15.1).
RV dilatation is associated with a shift of the interventricular septum to the LV,

Table 15.1 Etiologies of TR

Primary (leaflet Congenital Ebstein’s anomaly
abnormality): 25%

Tricuspid valve tethering associated with
perimembranous VSD and VSA

Other (giant right atrium)

Acquired disease Carcinoid

Degenerative (myxomatous)
Endocarditis

Endomyocardial fibrosis

Tatrogenic (pacing leads, RV biopsy)
Rheumatic

Toxins

Trauma

Other (e.g., ischemic papillary muscle
rupture)

Secondary Left heart disease LV dysfunction or valve disease
(functional): 75%

Right ventricular RV cardiomyopathy (e.g., ARVD) RV
dysfunction ischemia
RV volume overload

Pulmonary hypertension Chronic lung disease
Left-to-right shunt
Pulmonary thromboembolism

Right atrial abnormalities Atrial fibrillation

Other Post-operative Recurrent TR post-surgical intervention

ARVD arrhythmogenic right ventricular dysplasia, LV left ventricle, RV right ventricle, TR tricus-
pid regurgitation, VSA ventricular septal aneurysm, VSD ventricular septal defect
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Left-sided
HVD/Cardiomyopathy

Tricuspid annular —_—
dilation/Leaflet tethering RViGiation ‘_‘

Pulmonary
Hypertension

Advanced RV

dilation <: Secondary TR

/1 LA/RA

RV failure ¢ pressure
7 Risk of atrial T
; ’ fibrillation
71 RV diastolic Restricted LV
pressure + illlTas]
7 Symptoms
RV septum

displacement
toward LV i N LV cavity size

Fig. 15.1 Mechanisms of functional tricuspid regurgitation [6]

which decreases LV stroke volume and increases LV-filling pressure and thereby
pulmonary artery pressure. The increase in RV afterload further deteriorates TR and
RV function closing a vicious circle [6] (Fig. 15.1).

Right heart catheterization is important for determining the etiology of second-
ary TR. Evaluating both the degree and origin of PAH (pre-capillary, isolated post-
capillary, or combined pre- and post-capillary) [7] impacts the decision to treat or
not to treat severe functional TR. Interventions in patients with pre-capillary PAH or
severe PAH may be associated with major negative clinical effects secondary to
critical RV failure. Similarly, an early post-operative RV dysfunction after tricuspid
surgery has been associated with a negative clinical outcome [5].

Outcomes

Significant secondary TR is frequently well tolerated in its early stages, however,
progressive dilation of the tricuspid annulus and RV remodelling results in right
heart failure over time. Irreversible RV damage is a common reason for the poor
outcomes following late TV surgery.

Several observational studies have reported that moderate-to-severe TR is asso-
ciated with excess mortality at follow-up, independent of RV function [8, 9]. It is
important to optimize medical therapy of the underlying condition according to
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guidelines. The use of pulmonary vasodilator therapies in post-capillary PAH is not
recommended in patients with PAH secondary to left heart disease according to the
2015 European guidelines [7].

Surgery for TR

In patients with severe mitral regurgitation and normal left ventricular ejection frac-
tion, the prevalence of at least moderate TR was 24% [10]. Following mitral valve
surgery in case, this has not been combined with tricuspid repair in the presence of
an annulus diameter of >40 mm, nearly 50% of the population demonstrated an
increase in TR severity of more than two grades over time [11].

Despite the association of severe TR and poor survival, relatively few patients
undergo TV surgery. In the absence of another indication for cardiac surgery patients
are mostly managed with medical therapy. Isolated TV surgery accounts for only
20% of all tricuspid interventions [12], mostly because this is associated with a high
operative risk. Results from isolated TV surgery series report an in-hospital mortal-
ity rate ranging from 2% to 9.8% [12-14]. Pre-operative hemoglobin, bilirubin,
creatinine levels, and measures of RV function predicted clinical outcome [15].

In patients undergoing left-sided valve surgery, the guidelines (Fig. 15.2) recom-
mend concomitant TV repair when the tricuspid annulus is dilated, even if TR

Tricuspid _
Regurgitation Class lla
\l, \I/ | \]/ Class lIb
Progressive functional TR Asymptomatic severe TR Symptomatic severe TR
(stage B) (stage C) (stage D)
Mild  Moderate Functional Primary Reoperation Functional Primary
At _time of left- At _time of left- Progressive RV Preservgd RV | [At _time of left-
sided valve sided valve dysfunction function sided valve
surgery surgery PHTN not severe surgery

TA dilation* PHTN without
\l/ TA dilation

TV Repair| |TV Repair TV Repair or TVR
(na) (Ilb) (Ilb)

Fig. 15.2 Indications for surgery for tricuspid regurgitation [17]

TV Repair
or TVR
(lla)
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severity is mild [16, 17]. This is done to prevent the need for TV reoperation at a
later date, if severe TR and RV dysfunction develop. Tricuspid annuloplasty remains
the surgical technique of first choice for functional TR, either by suture annulo-
plasty or ring annuloplasty, which is the currently preferred technique due to
increased durability compared with suture techniques [18].

Transcatheter Interventions for TR

In recent years novel transcatheter interventional options were developed for treat-
ing TR. Patients with severe TR and prior open-heart surgery are often deemed at
high or prohibitive operative risk for reoperation and are mostly treated medically.
In particular, those patients and patients with functional TR and progressive RV
dysfunction with right heart failure are candidates for less invasive transcatheter
techniques.

When performing transcatheter interventions for TR the size of a device and its
placement into the RA or RV should take into account close structures that can be
injured by the procedure, such as the AV node, the coronary sinus, and the right
coronary artery. Pacemaker or defibrillator leads, which may cause significant TR
[19] could also impact the feasibility of a transcatheter technique. To date, this has
been a contraindication for most of the transcatheter TV repair techniques.

Imaging of the Tricuspid Valve

Several catheter techniques for functional TR are currently under clinical evalua-
tion. For the application of all these devices imaging is crucial. Most of the proce-
dures are almost completely guided by transesophageal echocardiography.

Because visualisation of the tricuspid valve for guiding transcatheter procedures
is a new field, a brief introduction into this specific issue seems to be reasonable.

Transthoracic Echocardiography

Visualizing the TV should be performed from multiple transthoracic windows
(Fig. 15.3a—d). The European and American Heart Association/American College
of Cardiology guidelines recommend the end-diastolic septolateral dimension from
the transthoracic apical 4-chamber view (Fig. 15.3c) as a criterion for intervening.
A dimension of 40 mm (or >21 mm/m?) indicates severe tricuspid annular dilation
[16, 17].
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Fig. 15.3 Transthoracic and transesophageal imaging planes for the TV. Multiple transthoracic
imaging planes (a—d) should be performed for comprehensive imaging of the tricuspid valve (TV).
The parasternal inflow view.(a) Images the anterior (a) and posterior (p) leaflets when no ventricu-
lar septum is in the imaging plane. (b) Parasternal short-axis view at the level of the aortic valve;
when the transducer is angled anteriorly, only the anterior (a) leaflet is seen (with no other leaflet
coaptation). (¢) On-axis 4-chamber view with the left ventricle (LV) in the apex of the sector. The
end-diastolic frame shown should be used to measure the annular diameter (dashed yellow double
arrow). A subcostal view is shown in d. Transesophageal imaging planes (e—g) should be per-
formed from multiple levels. These examples from the mid-esophageal view (e), the deep-
esophageal view (f), and the transgastric view (g) are simultaneous multiplane images showing the
primary imaging plane on the left of each panel, and the orthogonal (rotated 90°) image on the
right side of each panel. AV % aortic valve; LA % left atrium; RA % right atrium; RV % right ven-
tricle; RVOT Y4 right ventricular outflow tract; s Y4 septal leaflet

Table 15.2 summarizes the parameters used for grading the severity of TR, which
are described by the ASE and European Association of Echocardiography guide-
lines [20, 21]. Quantitative assessment of tricuspid regurgitant volume by the
proximal iso-velocity surface area method has been validated [22, 23]. An effective
regurgitant orifice area (EROA) >40 mm? and regurgitant volume of >45 mL has
been considered an important sign of severe TR. Three-dimensional (3D) imaging
studies of the color Doppler vena contracta, however, suggest that severe tricuspid
regurgitation EROA may be >75 mm? [24, 25].

Transesophageal Echocardiography

Compared to transthoracic, transesophageal echocardiography (TEE) has higher
spatial resolution and allows a larger number of windows to image the entire TV
apparatus. The new ASE guidelines [26] advocate additional views of the TV
(Fig. 15.3e—g). Low esophageal and high transgastric views may permit better
imaging of the TV. Transgastric short-axis views allow simultaneous
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Table 15.2 Assessment of TR severity
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Parameters ‘ Mild ‘ Moderate Severe

Qualitative

TV morphology Normal or mildly | Usually abnormal | Severe valve lesions (e.g., flail

abnormal leaflets | leaflets leaflet, severe tethering,

malcoaptation)

Interventricular septal | Normal Typically normal Paradoxical/volume overload

motion pattern (diastolic interventricular
septal flattening)

Colour flow TR jet Small RA Moderate RA Deep RA penetration and

(note: not recommended
for sole grading of
severity)

penetration or
not holosystolic

penetration or
large penetration
and late systolic

holosystolic jet, or eccentric
wall-impinging jet (variable size)

Flow convergence zone

Not visible,
transient or small

Intermediate in
size and duration

Large throughout systole

CW TR jet density/ Faint/parabolic Dense/parabolic, Dense/triangular with early peaking

contour or partial contour | variable contour (peak <2 m/s in massive TR)

IVC size Usually normal Usually normal or | Usually dilated® with reduced
mild dilation respirophasic variability

RV and RA size Usually normal Usually normal or | Usually dilated®

mild dilation

Semi-quantitative

Tricuspid annulus <40 mm? or May be >40 mm?> | >40 mm? or 21 mm?*m?
21 mm*m? or 21 mm*m?

*Color flow jet area Not defined Not defined but <10 | >10

(cm?)

#Vena contracta width Not defined <7 >7

(mm)

SPISA radius (mm) <5 6-9 >9

Hepatic vein flow Systolic Systolic blunting® | Systolic flow reversal
dominance

Tricuspid inflow A-wave Variable E wave dominant (>1 cm/s)
dominant and/or
E-wave <1 m/s

Quantitative

EROA (mm?) [by PISA] | <20 20-39¢ >40

Regurgitant volume <30 30-45¢ >45

(mL) [by PISA]

Assessment of TR severity is by a combination of the American Society of Echocardiography and
European Society of Echocardiography Recommendations for the Assessment of Valvular Regurgitation
[20, 21] and the AHA/ACC Guideline [17]. Bolded signs are considered specific of their TR grade

CW continuous wave, EROA effective regurgitant orifice area, RA right atrium, RV right ventricular,
TR tricuspid regurgitation, 7'V tricuspid valve

4IVC diameter of >2.5 cm as per ASE guidelines [20]

"RV and RA can be within the “normal* range for patients with acute severe TR or with chronic severe
TR associated with restrictive cardiomyopathy

“Signs are non-specific and are influenced by many other factors (RV diastolic function, atrial fibrillation,
RA pressure)

IThere is little data to support further separation of these values

At a Nyquist limit of 50-60 cm/s

SWith Baseline Nyquist limit shift of 28 cm/s
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b 3D Quantitation of TR

B

Fig. 15.4 3D Imaging of the TV. The surgical view of the tricuspid valve (TV) (a) places the
interatrial septum inferiorly (at the 6 o’clock position), regardless of the atrial or ventricular orien-
tation. Using 3-dimensional (3D) color Doppler (b), the effective regurgitant orifice area can be
used to quantify the severity of regurgitation. TR % tricuspid regurgitation

visualization of all valve leaflets (Fig. 15.3g, orthogonal plane). A deep transgas-
tric view of the TV permits optimal color flow and spectral Doppler evaluation of
TR jets.

Three-D imaging of the TV, which has also been addressed in the guidelines [27]
has significantly improved the identification of the tricuspid leaflets and associated
anatomic components.

Lang et al. [27] suggested a standardized imaging display for the en face view of
the TV with the interatrial septum placed at the 6 o’clock position (Fig. 15.4). This
standardization improves the communication with the interventionist when per-
forming transcatheter interventions.

Transcatheter Treatment Modalities

Interventional strategies for functional TR comprise three different types of
approaches (Fig. 15.5):

— Transcatheter valve implants at the level of the SVC and IVC or the IVC only, to
treat the caval reverse backflow.

— Devices to improve valve leaflet coaptation by occupying the regurgitant orifice
area (FORMA device) or by edge-to-edge repair (Mitraclip device).

— Devices to decrease the TA dimensions in order to reduce TR severity (Trialign,
TriCinch, CardioBand). As preclinical upcoming devices, TRAIPTA and the
Millipede IRIS Implant.
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Fig. 15.5 Transcatheter treatment modalities

Bicaval Valve Implantation

Due to the challenging anatomy of the TV complex, there is a lack of in-human
experiences of transcatheter TV replacement. However, experience with valve
implantation for treating TR has targeted the inferior and superior vena cava in
order to limit the reverse backflow associated with severe TR.

Caval valve implantation (CAVI) has been suggested for patients with severe TR
and significant regurgitation of blood into the caval veins, which is often seen in the
presence of severe, long- standing TR and RV enlargement. The main challenges for
this approach are the large and variable diameter of the caval veins and the proxim-
ity of the right atrium and hepatic veins.

Self-expandable dedicated Valve devices: Self-expandable dedicated valve
devices are currently under clinical evaluation for a transvenous approach
(Fig. 15.6a—e) [28]. The Tric Valve (P&F Products & Features Vertriebs GmbH,
Vienna, Austria, in cooperation with Braile Biomedica, Sao José do Rio Preto,
Brazil) consists of two self-expandable bio-prosthetic valves that are anchored at
the cavo-atrial inflow accommodating vein sizes from 28 to 43 mm. These self-
expandable devices do not require a pre-stenting of the caval veins. They are
designed with the upper segment protruding into the RA, to protect from backflow
and, on the other hand, avoid occlusion of hepatic veins [28, 29].
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Fig. 15.6 CAVI with the Tric valve device. (a and b) The pericardial valve mounted on a self-
expandable nitinol stent is loaded into a 27-F catheter for implantation. (c—e) After transfemoral
access and under fluoroscopic and echocardiographic guidance, the SVC and IVC valves are
sequentially deployed. Transjugular pacer leads are jailed by the SVC stent. Reprinted with per-
mission from Lauten et al. [29]. (f and g) Pressure measurement confirms a reduction of the ven-
tricular wave and mean pressure in IVC pressure from 32 mm Hg to 23 mm Hg and 24 mm Hg to
19 mm Hg, respectively. Blue tracing % inferior vena cava; red tracing % right atrium. CAVI Y4
caval valve implantation; IVC % inferior vena cava; SVC % superior vena cava



15 Tricuspid Valve Interventions: Heart Team Discussion, When, Who and What? 289

Chronic animal studies further showed excellent function of caval valves at mid-
term follow-up [30]. Since 2011, five compassionate clinical use cases have been
performed confirming the technical feasibility of CAVI, as well as the immediate
and sustained hemodynamic improvement from the reduction of IVC and SVC
backflow (Fig. 15.6f, g) [28]. The device was implanted successfully in four cases.
In one patient, the devices could not be deployed as intended, and surgery was
required. After a mean clinical follow-up of 7.4 + 13.2 months, sustained valve
function was observed. Midterm symptomatic relief and moderately improved
physical capacity were observed [28, 29]. Warfarin anticoagulation was effective
and sufficient to prevent thromboembolic complications during follow-up. However,
the mortality rate was 80%, which reflects the significant comorbidities of this
patient cohort. A prospective multicenter registry is planned in the near future.

Balloon-expandable caval implants: Caval implantations of balloon-expandable
valves designed to treat aortic stenosis (29 mm Edwards Sapien XT or Sapien 3,
Edwards Lifesciences, Irvine, California) have also been used off-label for the treat-
ment of severe TR. Due to size limitations this approach requires preparation of a
landing zone by implanting one or more self-expandable stents (Sinus XL, Optimed
Medizinische Instrumente, Ettlingen, Germany), to facilitate valve fixation. This
technique has been mostly limited to the IVC.

The procedure is performed through the right femoral vein via a 20-F eSheath. A
self-expandable large stent (26-30 mm in diameter according to IVC diameter and
40-80 mm in length) is then implanted protruding approximately 5 mm into the
RA. Thereafter, the 29-mm balloon-expandable valve is deployed inside the stent
just superior to the confluence of the first hepatic vein (Fig.15.7). For a dual-valve
procedure, prior to IVC, the SVC prosthesis is implanted after positioning a self-
expanding stent superior to the confluence of the RA. A total of ten compassionate
clinical use patients have been treated to date. Ninety percent of patients had the
valve implanted in the IVC only, and intact valve function was confirmed by echo-
cardiography in all cases. Patients received unfractionated heparin and oral antico-
agulation therapy thereafter.

There were no procedure-related complications. All, but one patient (with
decompensated PAH at baseline) improved by at least one New York Heart
Association (NYHA) functional class and had improved RV function [31]. The
30-day mortality rate was 20%, and no valve malfunction was detected at a follow-
up of up to 913 days. Currently, this technology is under evaluation in a randomized
single-center open-label study in Europe [32] and in a prospective single-center
registry in the United States [33].

Devices to Improve Leaflet Apposition

The FORMA Repair System (Edwards Lifesciences): is a transcatheter device for
patients with severe functional TR that acts as a coaptation device. It is composed
of a rail, which is anchored at the apex of the RV, and a spacer, which is a
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Fig. 15.7 CAVI With the Balloon-Expandable Edwards Valve. (a) Severe TR with hepatic vein
reflux (arrow); (b) deployment of two self-expandable stents in IVC; (¢) valve implantation above
the confluence of the hepatic vein; (d) no regurgitation at the level of the transcatheter valve; (e)
free confluence of the hepatic vein (arrow)

foam-filled polymer balloon, available in two sizes (12 and 15 mm) that serves as
the coaptation element in order to improve leaflet malcoaptation (Fig. 15.8).
Implantation of the device is performed via the left subclavian or axillary vein,
which should accommodate a 24 F introducer sheath.

The anchoring zone at the RV apex is identified by right ventriculography. By
using a steerable catheter the anchor is deployed perpendicular to the center of the
TA plane, viewed by fluoroscopy. Thereafter, the spacer is moved forward and
placed under fluoroscopy, and its position then verified by two-dimensional (2D)
and 3D TEE. The device is locked and the extra rail length is placed into a subcla-
vian subcutaneous pocket.

To date, seven patients treated with this device have been reported [34], with no
in-hospital mortality, no cardiac tamponade, no need for conversion to open surgery,
or access-site complications. Although the presence of the spacer makes TTE
assessment of TR difficult, reduction in TR was sufficient to improve functional
(NYHA) classification and reduce peripheral edema in all patients. Exercise capac-
ity and results of quality-of-life tests at 30 days improved in four patients. An early
feasibility trial is currently on-going in the United States [35] and larger feasibility
studies are planned to start in the near future.
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Fig. 15.8 The FORMA Repair System. (a) Spacer. (b) Steerable delivery catheter and anchoring
system. Apical 4-chamber-view of TEE of the same patient before (¢) and after (d) device implan-
tation. Reprinted with permission from Campelo-Parada et al. [34]. EROA Y4 effective regurgitant
orifice area; TEE V4 transesophageal echocardiography

MitraClip for TR: An initial human experience with the MitraClip device (Abbott
Vascular, Santa Clara, California) for treating severe TR via the transjugular or
transfemoral vein was reported in four patients [36, 37]. The device was success-
fully implanted and associated with acute TR reduction in all patients. These first
anecdotic reports were followed by a more comprehensive publication of the
European experience comprising 64 patients [38]. Clipping was performed in 42
patients for TR only and in additional 22 patients in association with a MitraClip
procedure. The results are promising (Table 15.3).

Annuloplasty Devices

Annular dilation (usually >40 mm or >21 mm/m?) is the most important mechanism
underlying severe functional TR. In order to reduce the TA diameter percutaneous
annuloplasty devices have been developed.

The Trialign device (Mitralign, Tewksbury, Massachusetts) (Fig. 15.9) is a percu-
taneous annuloplasty system that reproduces the Kay surgical procedure [39]. By
plication of the muscular part of the tricuspid annulus this procedure converts an
incompetent tricuspid into a competent bicuspid valve. The device components are
an 8-F articulating wire delivery catheter, a pledget catheter, which is preloaded
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Table 15.3 Echocardiographic and functional results at baseline and before discharge to 30 days
seperated after combined MR + TR or single TR clipping-procedure

TR clip (n =42) TR + MR clip (n =22)

Baseline Discharge p Baseline Discharge p
TR vena 1.0+04 0.5+0.1 0.003 |1.3+0.6 0.8+0.5 0.06
contracta,
cm
TR EROA, | 0.8 +0.4 04+0.2 <0.001 [1.0+£0.3 04 +0.1 <0.001
cm?
Regurgitant | 59.9 £ 18.4 |30.8 £6.9 <0.001 [563+134 [299+82 <0.001
volume,
ml/beat
Septo- 432+7.6 30.5+£8.7 0.02 422+9.7 32.7+9.6 0.04
lateral
diameter,
mm
Leaflet 34+19 3.6+3.1 0.7 4.5+0.7 42+0.8 0.5
tenting area,
cm?
Leaflet 13.6 £3.7 15549 0.3 13.3+4.5 14.8 £6.7 0.5
tenting
distance,
mm
O6MWT, m | 181.9 +44.1 209.5+59.9 0.006 |224.0+143.1 268.2+143.1 0.2

with 4 mm x 8§ mm large pledgets, and a plication lock device (Fig. 15.9) [40]. Two
12 F sheaths are placed into the right internal jugular vein and the wire delivery
catheter is positioned into the RV with fluoroscopy and 2D and 3D TEE guidance.
The catheter is articulated under the annulus to either the antero-posterior or the
septo-posterior commissure. To avoid right coronary artery perforation the artery is
marked by a guidewire. Then an insulated radiofrequency wire is advanced and
positioned 2-5 mm from the base of the leaflet within the annulus. The wire is
advanced through the annulus toward the right atrium, which is confirmed by TEE,
and tB0pti+.

9op hen externalized. A pledget delivery catheter is advanced across the RV
annulus and half of the pledget is delivered and cinched in the subannular region of
the ventricle. Upon withdrawal of the pledget delivery catheter, the second part of
the pledget is extruded and cinched on the atrial surface of the annulus. The steps
are repeated on the opposite commissure of the posterior leaflet. With a dedicated
plication lock device, the two pledgeted sutures are brought together, thereby plicat-
ing the annulus.

The first-in-man procedure was performed in September 2014 [40] in a 89-year-
old woman with right heart failure due to severe secondary TR. The procedure
resulted in reduction of the TA area and EROA, which was reduced by >50%
(Fig. 15.9¢). This was associated with a significant decrease in right atrial pressure
and increase in left ventricular stroke volume. The patient tolerated the procedure
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Annular . Annular
Area = ) Area =
14.1 cm2 3 6.05 cm?2

EROA =
0.63 cm?

Fig. 15.9 The Mitralign Device (a) Steerable catheter. (b) Detail of the Mitralign system. (c)
Pledgets delivered at the anteroposterior and septoposterior commissures. (d) TEE assessment of
TR at baseline and (e) after device implantation

well, was extubated the same day, and was discharged 5 days post-procedure with
significant improvements in effort tolerance.

Meanwhile, more than 30 patients have been treated with the Trialign device
worldwide. At TCT 2016 the results of the first reported clinical cohort in a US early
feasibility study of transcatheter tricuspid repair (SCOUT trial [41]) and the early
European experience [42] were presented.

The SCOUT trial enrolled 15 patients with symptomatic functional TR and no
left-side surgery planned. The study was performed at four US investigational sites.
The primary endpoint was technical success at 30 days, freedom from death with
successful access, delivery and retrieval of the device delivery system, deployment
and correct positioning of the device and no need for additional unplanned or emer-
gency surgery or re-intervention related to the device or access procedure.

Key inclusion criteria were

e Chronic functional tricuspid regurgitation with a minimum of moderate TR,
e >18 and <85 years of age
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* Symptomatic despite Guideline Directed Medical Therapy GDMT; at minimum
patient on diuretic use

* Systolic pulmonary artery pressure SPAP <60 mmHg

* LVEF >35%

* Right ventricle TAPSE >13 mm

* Tricuspid valve annular diameter < 55 mm or 29 mm/m?

e Tricuspid EROA <1.2 cm?

» Sufficient posterior annular dimension for device implantation

Key exclusion criteria were

— Previous tricuspid valve repair or replacement

— Presence of trans-tricuspid pacemaker or defibrillator leads

— Chronic oral steroid use >6 months

— Tethering distance >0.8 cm

— Aortic, mitral and/or pulmonic valve stenosis and/or regurgitation >moderate

The mean age of the patients was 73.6 + 6.6 years, 86.7% were females, all
patients were in NYHA class II or III, 66.7% had prior percutaneous or surgical
mitral valve interventions, 66.7% were in atrial fibrillation and all patients were on
diuretics.

The device implant success was 100%, in one patient (7%) an intraprocedural
stenting of the right coronary artery was performed due to vessel impingement.

Results at 30 days were 100% freedom from death and technical success in 80%.
In 3/15 patients single pledget dehiscence was observed. There were no major
adverse events. Per protocol echocardiographic outcomes at 30 days showed signifi-
cant reductions of TV annular diameter, TV annulus area, PISA EROA and quanti-
tative EROA as well as a numerical reduction of TR regurgitant volume from
79.6 = 17.5 mL at baseline to 57.1 +29.0 mL at 30 days. Interestingly LVOT stroke
volume increased significantly from 63.6 = 17.9 mL to 71.5 = 25.7 mL.

The hemodynamic improvements translated into an intent to treat clinical out-
comes improvement at 30 days with significant enhancement in the 6 MWT (from
245.2 to 298 m), in NYHA classification and in the Minnesota Living with Heart
Failure Score.

It is planned to enroll 15 additional patients with the purpose to implant more
than one pair of pledgets, patients with pacemaker leads, congenital heart disease or
transplant tricuspid regurgitation.

Yzeiraj et al. reported the results of 14 patients who were treated on a compas-
sionate use basis [42]. The EROA and the annulus area could be reduced by 51%
and 34%, respectively. No serious adverse events like death, myocardial infarction,
stroke/TIA, vascular access complications, acute kidney injury, coronary obstruc-
tion or perforation, valvular injury or ventricular perforation occurred. Only one
patient experienced a transient conduction disturbance.

At the Albertinen Heart Center in Hamburg, in 2/14 patients for the first time a
double pair of pledgets was implanted (Fig. 15.10). The results of the procedure in
the first patient are summarized in the Table 15.4.
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Pre Procedure Post 1st Pair Post 2nd Pair

Fig. 15.10 3-D-Echo of a patient with two pairs of pledgets

Table 15.4 Echocardiographic results before and after Trialign procedure with two pairs of
pledgets

Parameter Baseline Post-procedural Reduction (%)
Vena contracta (mm) 16 4.4 73
TR volume (mL) 30 9 70
4 Ch diameter (cm) 5.01 3.87 23
Annular area (cm?) 20.38 10.44 49
3D EROA (cm?) 2.67 0.49 82
TR ERO (cm?) 0.71 0.17 76
TR PISA radius (mm) 11 6 45

Step 1: Access via Inferior Vena cava Step 3: Implant the anchor on the annulus

Step 2: Aim at the anterrior annulus Step 4: Pull tension, check, secure.

Fig. 15.11 The TriCinch System. The TriCinch System is composed of a corkscrew anchor, a
self-expanding stent, and a Dacron band connecting them (left). Images show the step-by-step
procedure for implantation of the TriCinch System (right). Reprinted with permission from
Latib et al. [43]

The TriCinch device (4Tech Cardio, Galway, Ireland) is a percutaneous annulo-
plasty device designed for functional TR repair [43]. This device system (Fig. 15.11)
consists of a corkscrew anchor, a self-expanding stent, and a Dacron band, which is
connecting the anchor with the stent [43]. Four stent sizes are currently available
(27, 32, 37, and 43 mm).
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Implantation is performed using an 18-F steerable delivery system which is
advanced through a 24-F femoral vein introducer sheath into the right atrium under
fluoroscopy and echocardiographic guidance. The location of the anchor implanta-
tion is identified by baseline cardiac CT and, during the procedure, by fluoroscopy.
A coronary wire within the right coronary artery serves as a landmark. The stainless
steel corkscrew is fixed into the anteroposterior TV annulus. The stability of the
anchor is checked by angiography and an echocardiographic “pull test.” An appro-
priately oversized self-expanding nitinol stent is then deployed in the IVC. The stent
delivery system is advanced and connected to the corkscrew via the Dacron band.
The system is then tensioned under TEE monitoring, to assess reduction of septolat-
eral dimension and TR grade. Once sufficient TR reduction is obtained, TV tension
is maintained while deploying the stent in the sub-hepatic region of the IVC.

The first-in-human implantation of this device was recently reported [43]. The
device is currently being evaluated in an on-going feasibility trial, the PREVENT
study [44]. The objectives are to demonstrate safety and efficacy in TR reduction in
24 patients [43]. As reported by Denti [45] to date 24 patients have been enrolled,
all symptomatic with signs of right heart failure. The device could be successfully
implanted in 18 patients (75%). Two patients (8%) developed hemopericardium and
late detachment was seen in another four patients (17%). Thirty-day all-cause mor-
tality was 0%.

In four patients at 6 months follow-up 6 MWT improved by 53%, quality of life
by 38% and physical activity by 42%. Based on the early learning curve, several
aspects of the delivery system have been improved. In addition, evaluation of tissue
quality, perioperative echocardiographic guidance and the pre-operative identifica-
tion of a safe location of the target position on the TA with respect to the right coro-
nary artery turned out to be important requirements for a successful procedure. The
next steps for this device will be the release of a 1-step version, to integrate the two
current delivery systems into one, and the development of an alternative anchoring
mechanism to avoid late anchor detachment.

CardioBand for TR: Recently, the Cardioband annuloplasty device, which is
designed for treatment of functional MR, has been used for functional TR in a small
number of patients. Maisano [46] (Fig. 15.12) did the first patient and the procedure
resulted in a significant reduction in TA diameter as well as TR grade. A feasibility
and safety study is currently been performed in Europe.

Preclinical Experience with Upcoming Devices

Successful preclinical experiences with transcatheter tricuspid devices include two
annuloplasty devices, the transatrial intrapericardial tricuspid annuloplasty
(TRAIPTA) device [47], and the Millipede IRIS Implant (Fig. 15.13a, b). This
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Tricuspid Cardioband
FIM case performed by Francesco Maisano

Fully deployed implant — before cinching Echo — pre

&

Post cinching to 4.5
Echo — post

Fig. 15.12 Cardioband

device consists of a complete ring, which is fixed in the annulus from the atrial site
by eight anchors that are screwed into the tissue. The distance between the anchors
can then be reduced by turning a screw at the tip of the device. Advantages of the
device are that it is customizable in size post-implantation, it preserves native valve
leaflets and has no LVOT interference. It may serve as a stand-alone repair or as a
valve docking station for a de novo valve.

Transcatheter Valve Replacement

There have also been successful pre-clinical experiences with fully transcatheter TV
replacement using dedicated transcatheter valve platforms (Figs. 15.14 and 15.15)
[48]. However, to the best of our knowledge, to date there have not been attempts of
full transcatheter valve replacement in a native TV in humans.
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Millipede IRIS Surgical Implant

Millipede IRIS Implant
Three Implant Steps

#1 Placement #2 Attachment #3 Regurg-ltatmn
of 8 anchors Reduction

Fig. 15.13 Millipede implant
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Atrium

Atrium

Fig. 15.14 Tricares

Fig. 15.15 Navigate



300 J. Schofer
Conclusions

Functional TR is a consequence of RV and TA dilatation. It has a high prevalence
and a significant impact on functional status and long- term survival. Isolated surgi-
cal tricuspid replacement/repair is associated with high operative risk, especially in
patients with prior left-sided cardiac surgery. To date, for most of these patients
medical therapy is the only treatment option. Less invasive interventions are there-
fore badly needed.

Interventional strategies for functional TR are still in the early stages. Three dif-
ferent types of approaches are under evaluation:

— Transcatheter valve implants at the level of the SVC and IVC or the IVC only, to
treat the caval reverse backflow.

— Devices to improve valve leaflet coaptation by occupying the regurgitant orifice
area (FORMA device) or by edge-to-edge repair (Mitraclip device).

— Devices to decrease the TA dimensions in order to reduce TR severity (Trialign,
TriCinch, CardioBand). As preclinical upcoming devices TRAIPTA and the
Millipede IRIS Implant.

The initial in-human experiences with transcatheter devices have been limited to
patients at very high or prohibitive surgical risk. Although feasibility has been
demonstrated in small patient cohorts, the effectiveness of these new therapies
remains to be shown.

Prospective registries with larger number of patients and longer-term follow-up
are needed. Finally, prospective trials will be required to demonstrate the superiority
of these new therapies over standard medical therapy. Demonstrating the safety and
efficacy of these transcatheter therapies would cause a major paradigm shift in the
management of a large number of patients with severe functional TR. Before this
data is available these interventions should be limited to patients with an extreme or
prohibitive surgical risk.
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Chapter 16
Tricuspid Valve Disease: Surgical Outcome

Kevin M. Veen, Jonathan R.G. Etnel, and Johanna J.M. Takkenberg

Abstract Outcomes after tricuspid valve surgery were initially extremely poor but
have improved over time thanks to innovations in diagnostics, guidelines for treat-
ment, emerging surgical experience and technical advances. This chapter provides a
contemporary overview of patient and procedural characteristics of tricuspid valve
repair and replacement and early and late outcomes in different settings, such as
functional tricuspid regurgitation, rheumatic, congenital, carcinoid tricuspid valve
disease, iatrogenic tricuspid valve damage, and finally endocarditis of the tricuspid
valve. For this purpose a systematic literature review and meta-analysis was con-
ducted including 132 studies published after 2005 and reporting on outcome after
tricuspid valve surgery. This thorough review of reported experience with tricuspid
valve repair and replacement reveals a strong variation in patient presentation and
outcome among the various indications and highlights that tricuspid valve replace-
ment is still associated with high early and late mortality. Innovations in the treat-
ment of tricuspid valve disease are direly needed to improve outcome in this
complicated patient population.

Keywords Tricuspid valve surgery ° Tricuspid valve replacement * Tricuspid valve
repair * Outcomes ¢ Functional ¢ Congenital ¢ Ebstein’s anomaly ° Endocarditis
* Carcinoid ¢ Iatrogenic ¢ Systematic review ¢ Meta-analysis

Introduction

The first valve ever to be operated on was the aortic valve in 1912, when Theodore
Tuffnier attempted to dilate a stenotic aortic valve with his finger [1]. Next in line
was the mitral valve; in 1923 Elliot Cutler performed the first successful mitral
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valve repair on a 12-year old girl. Right sided valves were only given attention much
later. The first pulmonary valve stenosis was repaired in 1947 [4] and in the 1950s
the first tricuspid valvotomy was performed by Dr. Bailey [5]. Subsequently, addi-
tional techniques were developed for tricuspid valve repair. Nowadays, most
suture annuloplasty techniques are a variation on the Kay technique [2] or the
DeVega technique [3]. Rings and bands have also become available for tricus-
pid valve repair. With the introduction of cardiopulmonary bypass, replacement of
the tricuspid valve became an option.

Outcomes after tricuspid valve surgery were initially extremely poor. However,
outcomes have improved over time thanks to innovations in diagnostics, guidelines
for treatment, emerging surgical experience and technical advances. Nevertheless,
nowadays tricuspid valve surgery is still associated with considerable early and late
mortality, in particular when valve replacement is needed.

This chapter aims to provide an overview of contemporary outcomes after tricus-
pid valve surgery in different settings. Given the heterogeneity in the indications for
tricuspid valve surgery and their interrelationship with surgical approach (replace-
ment versus repair), first characteristics and outcomes of tricuspid valve repair and
tricuspid valve replacement will be discussed separately. Next, reported outcomes
after tricuspid valve surgery will be discussed for the following surgical indications:
functional tricuspid regurgitation, rheumatic tricuspid valve disease, congenital tri-
cuspid valve disease, carcinoid tricuspid valve disease, iatrogenic tricuspid valve
damage, and finally endocarditis of the tricuspid valve.

In order to provide a contemporary overview of outcomes after tricuspid valve
surgery we conducted a systematic review and meta-analysis of studies published
after 2005. Several databases were searched for publications on outcome after tri-
cuspid valve surgery. The search yielded 6026 abstracts and eventually 132 publica-
tions were included. Outcomes were pooled in a random-effects model.

Tricuspid valve Repair and Replacement

One-hunderd thirty two publications encompassing a total of 20,559 patients with
82,103 patient-years were included in the meta-analysis [6—137]. Among all patients
undergoing tricuspid valve surgery, mean age at the time of surgery is 56.8 years and
60.4% of patients are female. Pooled early mortality (<30 days or in-hospital) is 7.3%
(95% CI [6.4-8.3%]). Meta regression shows that prior heart surgery is significantly
associated with a higher early mortality, odds ratio of 3.4 (95% CI [1.8-6.1]), p < 0.001.

However, this early mortality is lower than the early mortality in the Society of
Thoracic Surgeons (STS) database. The STS database, which describes 34,469
operations since 1993 involving the tricuspid valve, reports an early mortality of
10.0% for isolated tricuspid valve surgery and as high as 14.0% for patients under-
going triple valve surgery involving the tricuspid valve [138]. The difference
between the STS database and our systematic review of published literature may be
due in part to publication bias.
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Tricuspid Valve Repair

Tricuspid valve repair is the procedure of choice for surgical treatment of tricuspid
valve disease. There are two approaches to repair the tricuspid valve: valvoplasty,
where the valve leaflets and chordae are repaired and annuloplasty, where the annu-
lus diameter is reduced and stabilised by either sutures (DeVega and Kay) or a rigid/
flexible ring. Since the most prevalent tricuspid valve disease by far is functional
tricuspid valve regurgitation [139], in which the valve leaflets and chordae are gen-
erally unaffected, annuloplasty is performed more frequently than valvoplasty.

There were 75 publications on tricuspid valve repair [6, 10, 13, 14, 17-26, 28,
29, 32, 33, 36, 37, 39, 41, 42, 46, 47, 49, 52, 54, 56, 58, 59, 64, 66, 70, 72-77, 80—
82, 84, 86, 87, 89-91, 95, 97, 98, 100, 101, 105, 107, 109, 110, 112, 115, 117, 118,
121-123, 127, 129, 130, 133, 135, 137, 140-145].

Patient Presentation and Intraoperative Details

Patient characteristics and etiology are presented in Table 16.1. The most prevalent
etiology is functional tricuspid disease. In 98.6% of cases, patients present with iso-
lated tricuspid valve regurgitation, in 0.5% of cases with isolated stenosis and in 0.9%

Table 16.1 Preoperative Characteristic Replacement Repair
characteristics and etiology Number of patients 3,662 13,299
of replacement and repair of
the tricuspid valve Follow up (years) 42+43 4.7+4.0
Age (years) 51.0+13.8 589+ 124
Male 34% 42%
Previous heart surgery 54% 31%
NYHA I-II 16% 32%
NYHA HI-1V 84% 68%
Etiology
Functional (%) 15.4% 84.9%
Primary disease (%) 84.3% 14.3%
— Congenital® 31.3% 51.9%
— Endocarditis® 7.3% 4.4%
— Degeneration® 7.4% 3.3%
— Rheumatic* 34.6% 29.7%
— Carcinoid® 13.4% 0.0%
— latrogen® 1.3% 1.3%
— Degenerated 3.9% 0.2%
prosthesis®
Unknown (%) 0.3% 0.9%

Presented as “percentage” or “mean * standard deviation”
“Percentage of primary disease
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with combined stenosis and regurgitation. Four out of 10 patients have a history of
hypertension and 6 out of 10 patients have preoperative atrial fibrillation. Mean
preoperative systolic pulmonary artery pressure is 50.1 + 15.4 mm Hg. Isolated
annuloplasty is performed in 96% of patients, isolated valvoplasty in 2% and a fur-
ther 2% of patients undergo combined annuloplasty and valvoplasty. Of all patients
undergoing annuloplasty, suture annuloplasty is performed in 3 out of 10 patients
and ring annuloplasty in 7 out 10 patients. Nearly all patients (97%) undergo con-
comitant procedures. Mitral valve procedures were performed in 88%, aortic in
19% and pulmonary valve procedures in 0.1%. CABG and maze procedures were
performed in 16% and 20%, respectively.

Outcomes

Pooled early morality is 4.4% (95% CI [3.6—5.3%]). Late outcomes are shown in
Table 16.2. Late mortality is substantial and nearly half of all deaths are cardiac.

Low cardiac output syndrome occurrs in 9.3% (95% CI[6.6%—13.2%]) of cases
and the risk of early (<30 days) pacemaker implantation is 3.4% (95% CI[2.4—
4.8%]). An early reintervention is necessary in 1 out of 100 patients.

Late pacemaker implantation rate is 0.8%/year (95% CI[0.5%/-1.2%/year]).
Late reintervention rate is relatively low (0.6%/year). Pooled estimate shows that
late endocarditis of the repaired tricuspid valve is rare (0.2%/year).

Tricuspid Valve Replacement

Tricuspid valve replacement is generally reserved for cases in which tricuspid valve
repair is not technically feasible or when a tricuspid repair fails. The systematic review
included 37 publications, 12 on mechanical and 15 on bioprosthetic valve replace-
ment and 13 mixed. [9, 13, 16, 27, 30, 35, 40, 42, 48, 50, 55, 60-62, 67, 69, 79, 81,
88,92, 94,96-98, 100, 102, 103, 108, 111, 119, 128, 131, 132, 134, 135, 146-148].

Table 16.2 Late outcomes of Outcome LOR 95% CI
tricuspid valve repair Late mortality 2.6%/year 2.1-3.4
Late cardiac mortality 1.1%l/year 0.8-1.7
Late valve-related mortality | 0.6%/year 0.4-1.0
Reintervention 0.6%/year 0.2-0.4

LOR linearized occurrence rate, CI confidence interval
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Patient Presentation and Intraoperative Details

Patient characteristics and etiology are shown in Table 16.1. Notably, more than half
of the patients has undergone previous heart surgery. Primary tricuspid valve dis-
ease is the most common etiology. Isolated tricuspid valve regurgitation is present
in 85.7%, isolated stenosis in 4.5% of patients, and 9.8% of patients present with
combined stenosis and regurgitation. Ascites prior surgery is present in almost a
quarter of patients at the time of surgery. Atrial fibrillation is present in approxi-
mately half of the patients. Mean pooled systolic pulmonary artery pressure is 47.1
+ 14.4 mm Hg. Approximately half of patients undergo at least one concomitant
procedure, mostly mitral valve (36%), aortic valve (23%) and/or pulmonary valve
(13%) procedures.

A bioprosthesis is implanted in 72% of patients and a mechanical prosthesis
in 28%. None of the patients received an allograft. Patients receiving a biopros-
thesis are generally younger (41.6 = 16.2 years) compared with patients receiv-
ing a mechanical prosthesis (49.6 + 13.1 years). This can be explained by the fact
that patients receiving a bioprosthesis are diagnosed with congenital tricuspid
disease more frequently than those receiving a mechanical prosthesis (72.5% vs.
22.2%). In the bioprostheses group 59.3% were female versus 76.7% in the
mechanical group. Patients receiving a mechanical prosthesis underwent prior
heart surgery more frequently compared with patients receiving a bioprosthesis
(72.9 vs. 35.3%).

Outcome

Pooled early mortality risk is 14.5% (95% CI [11.9-17.3%]). This risk is markedly
higher than in mitral and aortic valve replacement [149, 150]. The high early mor-
tality may be explained in part by the poor preoperative state of patients, character-
ized by a high prevalence of ascites and poor functional status (NYHA class III-IV).
Early mortality has declined significantly in more recent years of surgery (odds
ratio/10 years [0.73 (95% CI: 0.57-0.93]).

Low cardiac output syndrome occurred in 22.2% (95% CI [15.7-31.3%]) of
patients. Early pacemaker implantation risk is 11.0% (95% CI [7.7-15.6%]) and
late pacemaker implantation rate is 1.2%/year (95% CI [0.5-2.9%]). This can partly
be explained by the close proximity of the atrioventricular conduction system to the
tricuspid valve annulus. As a result, tricuspid valve replacement can cause a total
atrioventricular block.
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Table 16.3 Late outcomes after tricuspid valve replacement stratified by prosthesis type

LOR Overall LOR Bioprosthesis | LOR Mechanical
Outcome (95% CI) (95% CI) prosthesis (95% CI)
Number of publications |37 15 13

Late mortality

3.9%lyear (3.1-4.8)

2.8%lyear (1.7-4.7)

3.1%lyear (1.9-5.1)

Cardiac death

1.7%/year (1.3-2.4)

1.1%/year (0.5-2.3)

1.0%/year (0.5-2.3)

Valve-related mortality

0.3%lyear (0.2-0.6)

0.3%/year (0.1-0.9)

0.2%/year (0.0-0.9)

Reintervention 1.1%l/year (0.8-1.5) 1.2%l/year (0.7-2.0) | 0.9%/year (0.5-1.6)
Thromboembolism 0.4%l/year (0.2-0.7) 0.3%/year (0.1-0.7) | 0.6%/year (0.2—1.6)
Bleeding 1.2%lyear (0.8-1.7) | 0.6%l/year (0.4-1.1) | 2.2%/year (1.2-4.2)
SVD 0.9%/year (0.6-1.3) 1.1%/year (0.6-2.0) | 0.2%/year (0.1-0.6)
NSVD 0.2%l/year (0.1-0.4) 0.2%l/year (0.1-0.4) | 0.3%/year (0.1-1.0)

Valve thrombosis

0.9%/year (0.6-1.3)

0.2%/year (0.1-0.7)

1.8%/year (1.1-3.0)

Endocarditis

0.2%lyear (0.1-0.4)

0.2%l/year (0.1-0.5)

0.4%lyear (0.1-1.2)

LOR linearized occurence rate, CI confidence interval, SVD structural valve deterioration,
NSVD non-structural valve deterioration

Late outcomes are presented in Table 16.3. Late mortality is substantial and the
majority is cardiac. However, valve-related death is relatively low. Reintervention rate
is 1.1%/year. Endocarditis of the tricuspid valve is also occurs rarely.

Outcomes of Bioprosthesis vs. Mechanical Prosthesis

Pooled early mortality for bioprosthesis is 14.0% (95% CI[9.2-21.4%]) and 14.1%
(95% CI [9.0-21.0%]) for mechanical prosthesis. However, the substantial preop-
erative differences between patients receiving a bioprosthesis and those receiving a
mechanical prosthesis preclude direct comparison of outcome between these
prostheses.

Late outcomes are presented in Table 16.3. Bioprostheses are characterized by a
high rate of SVD and subsequent reintervention and low, but not absent, rates of
NSVD and valve thrombosis. On the contrary, mechanical prostheses are exception-
ally durable in design, but require lifelong anticoagulation due to their thromboge-
nicity. This is reflected in the high rates of bleeding and valve thrombosis, but low
rates of SVD. In conclusion, anticoagulation-related events remain an important
limitation of mechanical valves. Most importantly, the lower risk of SVD compared
to bioprostheses does not translate to a considerably lower risk of reintervention.
This is due to the higher incidence of other indications for reintervention, in particu-
lar valve thrombosis. Thus, although valve thrombosis may often be successfully
treated with thrombolytics, as evidenced by the low reintervention and valve-related
mortality rates relative to the higher valve thrombosis rate, valve thrombosis still
gives rise to a substantial reintervention risk in patients with a mechanical valve,
which largely negates the advantage of the increased durability compared to
bioprostheses.



16  Tricuspid Valve Disease: Surgical Outcome 311
Functional Tricuspid Regurgitation

Secondary tricuspid regurgitation, more commonly known as functional tricuspid
regurgitation, is the most prevalent form of tricuspid valve disease [139].
Functional tricuspid regurgitation is defined as regurgitation with apparently nor-
mal leaflets and chords due to annular dilation of the tricuspid valve, mostly due
to left sided valve disease [151]. Sometimes tethering is also present [152].
Functional tricuspid regurgitation (functional TR) has been found to be an inde-
pendent risk factor for long term mortality [153]. Therefore, it has become com-
mon practice to repair the tricuspid valve during mitral valve surgery when deemed
necessary. Among 46.500 mitral valve operations in the USA between 2011 and
2014, 4% of patients with no or mild TR underwent concomitant tricuspid valve
repair, 35% of patients with moderate TR and 79% of patients with severe TR
[154]. The systematic review for functional tricuspid disease encompassed 52
publications [7, 8, 10, 14, 18, 19, 22, 23, 28, 33, 34, 39, 45, 52, 54, 56, 63, 64, 66,
70-77, 80, 82, 84, 86, 90, 91, 93, 95, 105, 107, 112, 114, 115, 117, 121-123, 127,
129, 155-158].

Patient Presentation and Intraoperative Details

Characteristics are shown in Table 16.4. Notably, 6 out of 10 patients present with
atrial fibrillation, probably due to the large proportion of patients with concomitant
mitral valve disease. Only 79% of patients actually present with moderate or greater
tricuspid regurgitation. This is due to the fact that current guidelines recommend
tricuspid valve surgery if there is tricuspid annular dilatation of >40 mm, even when
there is less than moderate tricuspid regurgitation, because this can help in prevent
progressive regurgitation [159]. None of the patients presents with tricuspid steno-
sis. Intraoperative characteristics are presented in Table 16.5. The tricuspid valve is
repaired in the vast majority of patients (99%), whereas replacement is performed
rarely. Nearly all patients undergo concomitant surgery, usually a mitral valve

Table 16.4 Pooled characteristics of functional TR, rheumatic tricuspid valve disease and
congenital tricuspid valve disease

Characteristic Functional Rheumatic Congential
Number of patients 10,558 1,808 1,555
Follow up (years) 37+24 104 +£74 5.8+5.0
Age (years) 628 x11.8 453 +12.1 21.6 =158
Male 46% 23% 51%
Previous heart surgery 29% 23% 25%
NYHA I-II 35% 15% 37%
NYHA HI-IV 65% 85% 63%

NYHA New York heart association
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Table 16.5 Pooled intraoperative characteristics of functional TR, rheumatic tricuspid valve
disease and congenital tricuspid valve disease

Intraoperative Functional Rheumatic Congenital
Repair (%) 99% 88% 70%
Replacement (%) 1% 12% 30%
Concomitant procedure (%)* 98% 98% 88%
-MV procedure® 91.3% 97.3% 1.5%
—AV procedures® 18.4% 74.8% 0.0%
—PV procedures® 0.4% 0.0% 4.4%
—Maze® 22.3% 0.0% 10.1%
-CABG" 19.3% 0.5% 0.8%
—~ASD/VSD closure® 1.7% 0.0% 69.8%

“Percentage of patients that underwent at least 1 concomitant procedure

Percetage of patients that underwent that specific concomitant procedure (non-exclusive groups
due multiple concomitant procedures in some patients). MV mitral valve, AV aortic valve, PV pul-
monary valve, CABG coronary artery bypass graft, ASD atrial septal defect, VSD ventricular septal
defect

Table 16.6 Late outcome Outcome LOR 95% CI
after surgery for functional Late mortality 27%lyear | 2.1-3.4
tricuspid valve disease - -
Late cardiac mortality 1.1%l/year 0.8-1.7
Late valve-related mortality 0.6%/year 0.4-1.0
Reintervention 0.3%/year 0.2-0.4

LOR linearized occurence rate, CI confidence interval

operation. Some patients undergo multiple concomitant procedures, with a mean of
1.6 procedures per patient. Pulmonary valve procedures and tricuspid valve surgery
for functional disease are rarely performed concomitantly.

Outcome

Early mortality is 3.6% (95% CI [2.9— 4.5%]). The STS database describes a cohort
of 21,056 double mitral and tricuspid valve procedures. For tricuspid valve repair
concomitant with mitral valve replacement and repair, respectively, they report an
operative mortality of 10.3% and 8.0%. The discrepancy between present meta-
analysis and this study may be explained in part by the large proportion of non-
elective surgeries in the STS cohort (31% and 29%), whereas only 5.8% of surgeries
in this meta-analysis were non-elective [160]. Also, the STS database includes all
etiologies. Late outcomes are presented in Table 16.6. Tricuspid valve surgery for
functional disease is associated with high late mortality, with a vast majority being
cardiac.
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Pacemaker implantation is a common complication after tricuspid valve surgery
for functional tricuspid regurgitation, as evidenced by the pooled estimate of early
pacemaker implantation risk in the systematic review of 3.6% (95% CI [2.5-5.3%])
and a late pacemaker implantation hazard rate of 0.7%/year (95% CI [0.3—1.3%]).

Reintervention rate is low, only 0.3%/year. The reintervention rate alone sug-
gests that surgery for functional tricuspid disease is associated with exceptional
durability. However, taking hemodynamic dysfunction into account besides reinter-
vention, paints a different picture. Overall hazard of valve dysfunction, defined as
recurrent tricuspid regurgitation graded as moderate or severe or the necessity for an
reintervention is 2.2%/year, which indicates a suboptimal result after tricuspid valve
surgery for functional disease.

Little is known about outcomes related to replacement of the tricuspid valve for
functional TR, but Huang et al. described patients who received a tricuspid valve
replacement for functional TR and reported a valve thrombosis rate of 0.2%/year
and structural valve deterioration (SVD) and non-structural valve deterioration
(NSVD) each occurred at a rate of 0.2%/year [19].

In summary, surgery for functional tricuspid regurgitation is associated with
acceptable early mortality and late outcomes are characterized by a considerable
occurence of valve dysfunction, with a low rate of subsequent reintervention.

Rheumatic Tricuspid Valve Disease

The prevalence of rheumatic heart disease has declined rapidly in industrialized and
developed countries [161]. However, in third world countries the prevalence of
rheumatic heart disease and subsequently the prevalence of rheumatic tricuspid
valve disease remains high [162]. The systematic search of the literature resulted in
seven publications [27, 31, 49, 99, 104, 144, 146], most of which originate from
developing countries.

Patient Presentation and Intraoperative Details

Patient characteristics are presented in Table 16.4. In the included studies 77% is
female. This is remarkable because no distinct gender difference in the incidence of
rheumatic valve disease has been described in prior epidemiologic studies [162,
163]. Patients present in 84.6% of cases with isolated regurgitation, 8.6% with iso-
lated stenosis and 6.8% with combined stenosis and regurgitation. Intraoperative
details are presented in Table 16.5. When the valve is replaced, bioprostheses are
used (60%) more frequently than mechanical prostheses (40%). Nearly all patients
undergo concomitant surgery. Both mitral valve surgery and aortic valve surgery are
performed frequently. Hence, most patients undergo triple valve surgery. The pul-
monary valve is not operated on in this group of patients.
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Table 16.7 Late outcomes Outcome LOR 95% CI
afFer surgery for r heumatic Late mortality 3.2%/year 2.4-4.1
tricuspid valve disease - -
Late cardiac mortality 2.5%lyear 2.0-3.4
Late valve-related mortality 0.9%/year 0.6-1.5
Reintervention 0.8%/year 0.6-1.2
Bleeding 1.2%/year 0.8-1.5
Replacement
SVD* 0.4%/year 0.2-0.6
NSVD? 0.2%/year 0.1-0.5
Valve thrombosis? 0.2%l/year 0.1-0.5

LOR linearized occurence rate, CI confidence interval.
2Outcomes only relate to valve replacement

Outcomes

Pooled early mortality of rheumatic tricuspid valve disease is 7.4% (95% CI [5.5—
10.1%]). Late outcomes are presented in Table 16.7. Late mortality is excessive,
with most patients dying from cardiac causes. Almost a third of cardiac deaths are
valve-related.

Of the patients that undergo valve replacement, 40% received a mechanical pros-
thesis, which requires lifelong anticoagulation. Additionally, a proportion of patients
in which the tricuspid valve is repaired, may have undergone concomitant mechani-
cal mitral and/or aortic valve replacement, which may explain the high rate of
bleeding in these patients.

In summary, surgery for rheumatic tricuspid valve disease is associated with high
early and late mortality and late complications is characterized by bleeding.

Congenital Tricuspid Valve Disease

Congenital defects of the tricuspid valve are rare when compared to other congeni-
tal heart disease [164]. Generally, three entities of congenital tricuspid valve dis-
ease are recognized: Ebstein’s anomaly, tricuspid valve dysplasia, hypoplasia or
cleft and double orifice tricuspid valve [154]. The latter two are extremely rare and
only a few cases have been reported to date [165, 166]. Ebstein’s anomaly is more
prevalent with an incidence of 1 in 20,000 live births in the general population
[167]. The systematic search of the literature resulted in 23 publications [12, 20,
21, 24,29, 32, 41, 46, 50, 51, 83, 87, 101, 102, 110, 116, 118, 130, 133, 136, 137,
143, 168].
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Patient Presentation and Intraoperative Details

Patient characteristics are presented in Table 16.4. Of all patients, 99.4% of patients
is diagnosed with Ebstein’s anomaly. Patients are generally younger at the time of
surgery than those with other etiologies of tricuspid valve disease. Approximately
half of the patients is female, which is in line with the general belief that Ebstein’s
anomaly has no predilection for either gender. 99.9% of patients present with iso-
lated regurgitation and 0.1% of patients present with isolated stenosis. No patients
present with combined stenosis and regurgitation. The intraoperative characteristics
are presented in Table 16.5. The tricuspid valve is repaired in 7 out of 10 patients
and replaced in 3 out of 10 patients. Of replacements in 85% a bioprosthesis is used
and in 15% a mechanical prosthesis is used. Atrial and ventricular septal defect
closure and other concomitant procedures are frequently performed in patients with
Ebstein’s anomaly, with a mean of 2.2 procedures per patient.

Outcome

Pooled early mortality of congenital tricuspid disease is 4.0% (95% CI[2.6-6.2%]).
Late mortality is low and deaths are mostly cardiac, a substantial proportion of
which are valve-related. Late outcomes are presented in Table 16.8.

Early reintervention (<30 days) is relatively frequent in these patients (2.8%),
mostly due to early failure of the repair.

Late morbidity is characterized by high rates of SVD after valve replacement,
which may be due in part to the frequent use of bioprostheses in this younger popu-
lation and it has been previously described that younger age is associated with
higher rates of SVD [169]. Furthermore, these younger patients with relatively
favorable long-term survival are more likely to outlive the implanted prosthesis.
Additionally, some repairs of tricuspid valve tend to fail over time. Subsequently,
reintervention is frequent in these patients.

Table 16.8 Late outcomes of Outcome LOR 95% CI

z(i)snegaizltal tricuspid valve Late mortality 0.8%/year 0.5-1.4
Late cardiac mortality 0.6%/year 0.4-1.1
Late valve-related mortality 0.4%/year 0.2-0.7
Reintervention 1.4%/year 0.9-2.2
Replacement
SVD* 1.0%/year 0.4-3.0
NSVD? 0.2%/year 0.0-1.1
Valve thrombosis® 0.4%/year 0.1-1.9

LOR linearized occurence rate, CI confidence interval.
“Outcomes only relate to valve replacement.
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In summary, congenital tricuspid valve disease is associated with low late mor-
tality, however some patients will eventually face a reoperation.

Carcinoid Disease of the Tricuspid Valve

Carcinoid heart disease may develop in patients with carcinoid syndrome, which is
caused by the secretion of a range of vasoactive peptides by hepatic metastases of
gastrointestinal carcinoid tumors. Symptoms of carcinoid heart syndrome are diar-
rhoea, flushing and bronchoconstriction [170].

Bhattachryya and colleagues reported on a series of 22 patients with carcinoid
heart disease operated between 2006 and 2010. All tricuspid valves are replaced. In
this series, 4 of 22 (18%) patients died within 30 days postoperative and actuarial
2-year survival is 44% =+ 11.7%. During the follow up, one patient developed SVD
(LOR 0.5 %l/year) of the tricuspid valve but no patient required reintervention.
NYHA class improvement with more than one grade is seen in 67% [111].

Another paper presented 195 patients operated between 1985 and 2012. All tri-
cuspid valves are replaced. In this series overall 30-day mortality risk is 10%. After
2000 the 30-day mortality risk declines to 6% (8 deaths of 124 patients). Actuarial
10-year survival is 24%. During follow up, nine reinterventions on the tricuspid
valve took place (during the initial intervention eight received a bioprosthesis and
one received a mechanical prosthesis). NHYA class improvement is noted in 75%
of patients that were in NYHA class III or IV preoperatively [132].

In conclusion, if patients undergo surgery for carcinoid tricuspid valve disease, a
valve replacement is generally inevitable and long term prognosis is poor. However,
with rapidly improving cancer treatment this may change in the near future.

Iatrogenic Damage of the Tricuspid Valve

The tricuspid valve may be damaged radiation or leads from a pacemaker or
cardioverter-defibrillator (ICD). Lin et al. reported on 41 patients with tricuspid
valves damaged by pacemaker or ICD leads. In only 5 of 41 (12%) malfunction of
the tricuspid valve is diagnosed pre-operatively by echocardiography. The tricuspid
valve is replaced in 22 patients. One patient died in the early postoperative period
(2.4%). During follow-up (mean 8.2 years) five patients died. Functional status
according to the NYHA classification improved in all surviving patients [171].

Endocarditis of the Tricuspid Valve

The incidence of community acquired endocarditis ranges from 1.7 to 6.2 cases per
100,000 person years [172] and approximately 5—10% of overall endocarditis is right
sided [173]. Endocarditis vegetations on the tricuspid valve often dislodge and cause
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pulmonary embolism. Therefore, in tricuspid valve endocarditis the presenting symp-
toms are more frequently pulmonary in nature rather than those of congestive heart
failure. The majority of patients with right sided endocarditis are intravenous drug
users, in whom Staphylococcus aureus is the most prevalent pathogen [174]. Among
articles in our systematic literature review reporting on mixed etiology cohorts, endo-
carditis is diagnosed in 7.0% of patients. However, throughout literature only a few
studies report on outcomes after tricuspid valve surgery for endocarditis specifically.

The STS database contains 910 tricuspid valve operations for tricuspid valve
endocarditis between 2002 and 2009 (median age: 40 years, 50.6% male). Active
infective endocarditis (IE) is present in 68.5% of patients. The tricuspid valve is
replaced in 54% and repaired in 39% and a valvectomy is performed in 7%. Early
mortality is 7.3% with no significant differences between the various surgical tech-
niques employed [175].

Baraki et al. published a series of 33 patients (mean age 49 + 21, 68% male)
operated on for tricuspid valve IE. Fourteen patients were intravenous drug abusers
(of which ten were infected with Staphylococcus aureus). Three patients (9%) died
within the first 30 days postoperative. During the mean follow-up of 6.0 + 4.1 years
seven patients died (LOR 3.1%/year) of which three died of cardiac causes (LOR
1.1%l/year). Actuarial freedom from reoperation at 10 years is 88%.

Take Home Message

This chapter provides a contemporary overview of tricuspid valve surgery in the
form of a systematic review and meta-analysis.

Reviewing the outcomes after tricuspid valve surgery it becomes clear that early
mortality after tricuspid valve replacement is still poor. Nevertheless, some progress
has been made over the years. Bioprosthetic and mechanical tricuspid valve replace-
ment are associated with comparable reintervention rates. Moreover, mechanical
prostheses require anticoagulation, which imparts a risk of anticoagulation-related
events. Thus, outcomes for bioprostheses appear to be more favorable.

Outcomes after tricuspid valve repair, which is performed predominantly for
functional tricuspid regurgitation, are more favorable than after tricuspid valve
replacment, which is usually performed for primary tricuspid valve disease in
patients in poorer preoperative clinical condition. These differences in indication
preclude direct comparison between repair and replacement.

For functional tricuspid disease the valve is almost exclusively repaired and early
and late outcomes are acceptable.

In patients diagnosed with rheumatic tricuspid valve disease, the mitral and aor-
tic valve are often affected simultaneously, often resulting in triple valve surgery.
Rheumatic valve disease is associated with high late mortality, of which the major-
ity is cardiac.

Almost all patients suffering from congenital tricuspid disease are diagnosed
with Ebstein’s anomaly. A valve replacement is performed in 3 out of 10 patients.
Congenital tricuspid disease is associated with relatively low late mortality, but a
substantial reintervention rate.
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Future surgical developments have the potential to change tricuspid valve sur-
gery drastically. Percutaneous interventions may provide a promising solution in
reducing operative mortality in patients in need of a tricuspid valve intervention.
These techniques may prove particularly beneficial in patients requiring reinterven-
tion, since operative mortality is substantially higher in these patients [141].

Tissue engineering is another promising development, with the prospect of a
durable living heart valve with growth potential, which may be especially useful
in young patients with congenital tricuspid valve disease since reinterventions are
frequent in these patients, partly due to the patients outgrowing their initial valve
prosthesis.

Review Questions

74. What is early mortality for tricuspid valve replacement
(a) Comparable to aortic valve replacement
(b) Comparable to mitral valve replacement
(c) Less than 5%
(d) More than 10%

75. In tricuspid valve replacement, what are the advantages and drawbacks of a
bioprosthesis compared with a mechanical valve?
(a) Less thrombosis, less bleeding and more reinterventions
(b) More thrombosis, less bleeding, more reinterventions
(c) Less thrombosis, less bleeding, comparable reintervention rates

76. What is the most widely employed technique for the surgical treatment of car-
cinoid tricuspid valve disease (in current literature)?
(a) Tricuspid valvotomy
(b) Tricuspid valvoplasty
(¢) Tricuspid replacement
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Chapter 17
Tricuspid Valve Disease: Surgical Techniques

Michele De Bonis, Benedetto Del Forno, Teodora Nisi,
Elisabetta Lapenna, and Ottavio Alfieri

Abstract Tricuspid valve disease remains an intricate and debated field in terms of
pathophysiology, surgical indications and treatment options. In this chapter, surgi-
cal techniques, both for repair and replacement of the tricuspid valve will be
described in details. Functional (secondary) and organic (primary) tricuspid regur-
gitation will be addressed and a challenging scenario, like late tricuspid regurgita-
tion following previous mitral valve surgery, will be emphasized.

Keywords Surgery ¢ Tricuspid valve repair * Annuloplasty  De Vega procedure
* Kay procedure * Ring annuloplasty ¢ Clover technique ® Tricuspid valve surgery in
redo cases ® Tricuspid valve replacement

Preparation for Cardio-Pulmonary Bypass

Access

Longitudinal median sternotomy represents the most common used approach for
acquired valve disease needing surgery. It offers an optimal exposure of the surgical
field both to establish the cardiopulmonary bypass (CPB) and to explore and operate
on aortic, mitral and tricuspid valve.

Actually it is possible to achieve an optimal opening of the sternum through a
limited skin incision in order to offer to the patient a less traumatic and more cosmetic
wound.

M. De Bonis (P<)) » B. Del Forno ¢ T. Nisi ¢ E. Lapenna ¢ O. Alfieri
Department of Cardiac Surgery, IRCCS San Raffaele Scientific Institute,
Vita Salute University, Milan, Italy

e-mail: debonis.michele @hsr.it

© Springer International Publishing AG 2018 329
O.1. Soliman, F.J. ten Cate (eds.), Practical Manual of Tricuspid Valve Diseases,
DOI 10.1007/978-3-319-58229-0_17


mailto:debonis.michele@hsr.it

330 M. De Bonis et al.

In tricuspid valve surgery a right anterolateral thoracotomy can also be used,
especially in redo operation to limit as much as possible adhesions dissection and
the risk of right ventricle injury during repeat sternotomy.

Cannulation

The usual setting to institute the cardiopulmonary bypass for tricuspid valve surgery
includes cannulation of ascending aorta and both vena cavae.

Bicaval cannulation followed by snaring of both vena cavae is mandatory to
obtain a bloodless surgical field. Tricuspid valve surgery can be performed both
under cardioplegic arrest and on beating heart.

Venous drainage can also be obtained with peripheral percutaneous cannulation
of superior vena cava and inferior vena cava through right internal jugular vein and
right femoral vein respectively. Recently, introduction of specific two-stage femo-
ral vein cannula, associated to opportune administration of vacuum-assisted drain-
age, represents an interesting tool in case of redo surgery or minimal invasive
access.

When part of a left-sided valve surgery, tricuspid valve procedures can be per-
formed during aortic clamping or at conclusion of the other procedure once the left
heart has been de-aired and the cross clamp removed.

Exposure

The tricuspid valve is usually approached through an horizontal or vertical right
atriotomy (Fig. 17.1).

In the first case, the incision is carried out starting close to the atrial appendage
and directing it to the inferior vena cava. When a trans-atrial approach is planned to
perform mitral valve surgery, the right atriotomy must be more extended to allow its
exposure [1]. In this cases the incision is parallel and posterior to the atrioventricular
groove, one centimeter far away from it, to avoid injury to the right coronary artery
or to the sinus node.

The second approach consists in performing a vertical right atriotomy starting
from the appendage and directing the incision straight towards the interatrial
groove.

Some surgeons adopt a semicircular atriotomy proximally to the inferior vena
cava. This kind of approach seems to provide direct visualization of the tricuspid
valve and reduce the risk of damaging the conduction system (Fig. 17.1).

The accuracy of all those incisions is mandatory to perform a safe and seal clo-
sure of the atrium at the end of the procedure.

Once the atriotomy is completed, exposure can be obtained with the help of a
standard retractor or using silk stay sutures passed through the pectinate muscles.
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Fig. 17.1 Surgical incisions to access the right atrium and expose the tricuspid valve

Surgical Anatomy and Analysis

The tricuspid valve is composed of three leaflets, anterior, posterior and septal, and
three interposed commissures.

The leaflets are implanted on the tricuspid annulus, a relatively indistinct fibrous
structure localized about 2 mm external and deep from the hinge of each cusp. This
structure has several significant relationships so understanding its exact position is
fundamental to safely perform any annuloplasty technique.

In the first instance, it is crucial to identify the triangle of Koch that is defined by
the tendon of Todaro, the septal leaflet of the tricuspid valve and the orifice of the
coronary sinus. The atrioventricular node and the conduction system are localized
at the apex of the triangle (Fig. 17.2). Staying away from this area is essential to
avoid rhythm disturbances.

Secondly, during annuloplasty the strict relationship of the antero-septal com-
missure and the first part of the anterior leaflet with the aortic root must be consid-
ered. In this segment, inadvertent stitches may damage the aortic valve.

Finally, right coronary artery (RCA) runs very close to the tricuspid annulus in the
area between the anteroposterior commissure and the posterior leaflet especially in the
presence of anatomic variations of RCA distribution or whenever relationship between
the RCA and the tricuspid annulus is altered due to right ventricle remodeling or
severe tricuspid annulus dilatation. Both during suture annuloplasty and ring annulo-
plasty, careless stitches may distort or occlude the RCA in the segment from the acute
margin to the crux. During the operation, once the right atrium is opened, a carefully
inspection must be performed to peculiarly visualize jet lesions on the atrial wall.
They indicate which is the prolapsing leaflet, which is usually the one opposite to the
lesion.

The tricuspid valve is inspected to detect leaflet lesions. Every cusp is analyzed
using a nerve hook to expose the subvalvular apparatus.
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Fig. 17.2 Localization of the atrioventricular node and the conduction system and their relation-
ship with the tricuspid valve annulus

Tricuspid Valve Repair for Functional Disease

Functional (or secondary) tricuspid regurgitation refers to a disease occurring as
result of left-sided heart pathology (LHP) or pulmonary hypertension in the absence
of organic lesions of the tricuspid valve.

However, this definition may be somewhat misleading since functional tricuspid
regurgitation is more than a functional entity, as it entails intrinsic anatomical
abnormalities of the tricuspid apparatus, such as annular dilation and deformation.

The surgical treatment of secondary tricuspid regurgitation is still under debate
both in terms of timing and surgical techniques.

Severe secondary tricuspid regurgitation should be corrected at the same time as
left-heart surgery is performed. Less than severe functional tricuspid regurgitation
should be surgically corrected in cases of concomitant LHP requiring surgery in the
presence of tricuspid annular dilation (>40 mm or >21 mm/m? between the septal
and the anterior leaflet in diastole [2]). Indeed, in those circumstances, the diameter
of the tricuspid annulus rather than the grade of regurgitation (which is highly sub-
jective and variable) should be the criterion to indicate the need for concomitant
tricuspid valve repair. The principles of therapy for secondary tricuspid regurgita-
tion include elimination of increased after-load to the right ventricle (by correction
of LHP and optimization of left ventricular function) and correction of tricuspid
annulus dilation and dysfunction, usually by tricuspid valve annuloplasty.
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If severe tricuspid valve tethering is present, the use of adjunctive surgical tech-
niques to tricuspid annuloplasty (such as enlargement of the anterior leaflet) or tri-
cuspid valve replacement should be considered. Tricuspid annular dilatation has
always been the primary target of the surgical treatment of secondary tricuspid
regurgitation and has usually been corrected by two main surgical methods: suture
annuloplasty and ring annuloplasty [3].

Suture Annuloplasty
Kay Procedure

The repair described by Kay et al. in 1965 represents the oldest one to treat second-
ary tricuspid regurgitation. The main principle of this technique is to exclude the
posterior leaflet to obtain a competent bicuspid valve. In the original description a
1-0 silk suture is passed in the annulus beginning at the anteroposterior commissure,
then at the center of the posterior leaflet, and then through the annulus at the postero-
septal commissure. The suture is pulled taut and the size of the orifice is checked. At
this point additional sutures are placed and then tighted when the desired size is
reached. Usually three or four sutures are required to decrease the size of the annulus
[4] (Fig. 17.3a).

Several modifications to the first bicuspidalization technique have been proposed
over the years such as the use of figure-of-eight sutures, pledget mattress sutures,
2-0 or 3-0 polyester sutures instead of silk suture, and few others.

Fig. 17.3 (a) Original Kay procedure. (b) Original De Vega procedure
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De Vega Procedure

The De Vega annuloplasty is definitely the most popular and widely used suture
technique to correct annular dilatation.

Described in 1972, the aim of this technique is to shorten the area of the tricuspid
annulus corresponding to the anterior and posterior leaflets.

Two pledgeted parallel running stitches, usually 2-0 Ti-cron or 4-0 polypropyl-
ene, are used for this procedure. The suture is started on the annulus at the level of
postero-septal commissure and directed around the perimeter of the orifice in a
counterclockwise direction reaching the antero-septal commisure. Every 5-6 mm a
single bite is placed into the fibrous annulus through the endocardium.

The second extremity of the suture is placed 1-2 mm outside the previous one
making the same route. Once reached the antero-septal commissure the suture is
tied, possibly using an annular sizer into the valve to properly obtain the desired size
(Fig. 17.3b) [5].

Pitfall of this technique is the possibility that stitches placed in a fragile tricuspid
annulus cut the endocardium. For this reason a number of modifications have been
proposed. One of the most interesting was developed by Antunes and Girdwood in
1983 that suggested to use a pledget between every bite on the annular tissue [6].

Ring Annuloplasty

In 1971, Carpentier proposed a new revolutionary concept in the conservative valve
surgery introducing the idea of annular remodeling using a prosthetic ring [7].

With rigid or semi-rigid prosthetic tricuspid ring annuloplasty, the annulus is
permanently fixed in a systolic position and the physiologic shape of the valve is
restored [8]. Flexible rings may be used as well. Although they do decrease the size
of the annulus, they are unable to restore its normal morphology.

Imaging studies of the tricuspid annulus, by means of echocardiographic and
magnetic resonance, showed its three-dimensional geometry. The area close to the
aortic valve and the right ventricular outflow tract, at the level of the antero-septal
commissure, is the most prominent part of the annulus whereas the deepest part is a
the level of the postero-septal commissure adjacent to the coronary sinus ostium [9].
Giving this finding, specific rigid rings with a three-dimensional (3-D) shape have
been proposed to re-establish as much as possible the annulus geometry.

Classically, measurement of the distance from the antero-septal to postero-septal
commissures, or surface of the anterior leaflet, are used for ring sizing.

Once the right size of the ring is chosen, it is implanted using eight to ten 2-0
Ti-cron stitches. The tricuspid annulus is not as distinct as the mitral annulus, there-
fore each leaflet must be grasped and pulled away from its attachment for a properly
exposure.
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Fig. 17.4 Tricuspid ring
annuloplasty

Usually, suturing starts posteriorly to the midpoint of the septal leaflet, very close
to its hinge to prevent injury to the conduction system. Proceeding counterclockwise,
the second stitch is placed like the first one, very close to the leaflet and towards the
postero-septal commisure. The sutures corresponding to the posterior leaflet, and to
the portion of the anterior leaflet away from the aortic segment, have to be placed
2 mm far from the junction between the atrium and the valve. Giving the closeness
of the aortic root, the other stitches for the anterior leaflet must be passed through
its hinge paying particular attention not to accidentally place a suture into the leaflet
itself or to damage the aortic wall. The last stitch must be placed superiorly to the
antero-septal commisure, to stay away from the conduction system.

At this point the sutures are passed through the ring using the same spacing for
those originating from the septal portion of the annulus, then reducing the space for
all the others. The ring is parachuted and fixed, reducing the dimension of the annu-
lus, restoring its geometry and obtaining adequate surface of leaflets coaptation
(Fig. 17.4).

Enlargement of the Anterior Leaflet

When severe tethering of one or more leaflets is present, an isolated annuloplasty is
not enough to correct the insufficiency and adjunctive procedures are necessary.
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In 2008 Dreyfus et al. have proposed the technique described as enlargement
of the anterior leaflet to deal with this situation. The anterior leaflet is detached
from the annulus and an oval shaped piece of autologous pericardium is
prepared. The diameter of the patch is measured on the distance between the
antero-septal and the anteroposterior commisures, whereas the height on the
greatest distance between the detached leaflet and the annulus. The patch is then
sutured with a polypropylene 5-0 suture to the annulus and to the leaflet to fill
the gap. The procedure is concluded implanting a semi-rigid tricuspid
annuloplasty ring [10].

“Clover Technique”

Another adjunctive procedure which can be associated to the annuloplasty in case
of severe functional tricuspid regurgitation due to important tethering, is repre-
sented by the so-called “clover technique”.

This procedure was conceived and then proposed by Alfieri et al. in 2003 [11]:
initially introduced for the treatment of post-traumatic tricuspid regurgitation,
afterward it has proven to be effective even in complex cases both of primary or
secondary tricuspid regurgitation [12] (Fig. 17.5).

The technique consists of stitching together the middle point of the free edges of
the tricuspid leaflets, producing a clover-shaped valve. In all cases a 5.0 polipropyl-
ene suture without pledgets is used. Then a semi-rigid tricuspid ring is implanted to
correct the dilated and deformed annulus and to stabilize the repair.

Fig. 17.5 The “Clover
Technique”




17 Tricuspid Valve Disease: Surgical Techniques 337
Results

Neither suture nor ring annuloplasty consistently eliminate functional tricuspid
regurgitation. After tricuspid annuloplasty, the recurrence rate of significant tricus-
pid insufficiency at 1 month after surgery ranges from 8 to 15% [13, 14].

This rate of failure has been attributed to a number of factors, including severity of
preoperative tricuspid regurgitation, pulmonary hypertension, presence of pacemak-
ers, left ventricular dysfunction, increased left ventricular remodeling, severe tethering
of the tricuspid leaflets and the use of suture rather than ring annuloplasty [13-16].

The type of annulopasty procedure remains one of the most investigated aspect
in functional tricuspid regurgitation repair. In several published studies, both ran-
domized and observational, the ring annuloplasty has showed a more durable repair
compared to suture annulopasty, particularly in patients with severe tricuspid annu-
lar dilation or pulmonary hypertension [13—16].

Besides being more durable, ring repairs also provide better long-term and event-
free survival up to 15 years after surgery, compared to suture annuloplasty [17].
This is not surprising considering that moderate and severe tricuspid regurgitation is
an important predictor of late mortality, independent of ventricular function and
pulmonary artery pressure [18].

When a significant leaflet tethering is associated to the dilatation of the tricuspid
annulus, annuloplasty alone is unlikely to be durable [19] so an additional proce-
dure, such as patch augmentation of the anterior leaflet or “clover technique”, may
be used to achieve a more durable repair [10, 12]. Although preliminary results with
these approaches are encouraging, more data and longer follow-up are necessary to
prove their effectiveness in the long-term and define their role as an alternative to
tricuspid valve replacement in selected patients.

Tricuspid Valve Repair for Primary Disease

Primary tricuspid valve insufficiency represents an organic disease with involve-
ment of the tricuspid valve apparatus that results affected by one or more lesions.

In Western countries, the most common etiologies of primary tricuspid regurgita-
tion are degenerative valve disease or bacterial endocarditis, whereas rheumatic dis-
ease is the most prevalent form in developing countries.

The leaflets may be affected by excess of tissue, thickening, perforation and tear. The
chordae tendinae and the papillary muscles may be elongated or damaged. On the other
hand chordal or commisures thickening and fusion are typical of rheumatic disease.

The aim of tricuspid valve repair is to restore a normal leaflet mobility ensuring
an adequate surface of coaptation. Several techniques, already well-adopted in the
context of mitral valve repair, are used to repair these organic defects, and usually a
prosthetic ring implantation completes the procedure.
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Intervention on the Leaflets

In case of limited chordal rupture or elongation, a small triangular resection of the
leaflet can be performed. This technique may be applied when the prolapsing seg-
ment is less than one tenth of the leaflet surface area.

Once resected the planned portion, the margins are approximated using a 5-0 poly-
propylene running suture or interrupted stitches depending on surgeon preferences.

If the prolapsing segment is extensive, usually due to bacterial endocarditis, the
resection must be extensive itself and sometimes an annular plication and/or a
patching of the resected area must be adopted (Fig. 17.6).

Intervention on the Chordae

When the prolapse of the leaflet is caused by an extensive chordal rupture, a small
resection is not adequate and a procedure correcting the subvalvular apparatus
should be performed.

Like in mitral valve repair surgery, this kind of defect may be fixed adopting both
chordal transposition and artificial chordae implantation.

Fig. 17.6 (a) Triangular resection to correct the flail of the leaflet due to chordal rupture. (b)
Extensive resection of the leaflet due to bacterial endocarditis. (¢) The gap is closed using an
autologous pericardium patch
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In the first case, a small segment of adjacent non prolapsing leaflet is resected
and then implanted on the prolapsing one using 5-0 polypropylene running suture.

If artificial chordae are preferred, accurate measurement of native chordae of a
non prolapsing leaflet is performed and used to choice the proper length. After that,
artificial chordae are first implanted on the corresponding papillary muscle, then on
the free margin of the prolapsing leaflet.

Intervention on the Papillary Muscles

Papillary muscles or extensive chordal elongation may be corrected adopting a slid-
ing papillary muscle plasty technique. The elongated papillary muscle, or the papil-
lary muscle underlying the elongated chordae, is lowered to the proper level and
fixed to the adjacent one using 5-0 polypropylene interrupted stitches.

Intervention on the Commissures

Fusion of the three commissures is the specific feature of the rheumatic disease. In
these cases fusion of the underlying chordae is often associated.

The surgical technique consists of performing commissurotomy and dividing
fused chordae using an 11 blade under direct visualization; in some cases, with the
purpose to improve leaflets motion, cutting of secondary chordae is associated.

Tricuspid Valve Replacement

When the tricuspid valve is dramatically compromised to the point that an adequate
reconstructive procedure can not be performed, the decision for tricuspid valve
replacement should be taken.

This condition frequently occurs for advanced rheumatic disease, for heavily
damaged valves due to endocarditis, for carcinoid syndrome, radiation induced dis-
order and severe forms of Ebstein’s anomaly.

In functional tricuspid regurgitation valve repair is the first choice. Sometimes,
severe tethering does not permit a good immediate results so a tricuspid valve
replacement should be considered.

Tricuspid valve replacement (TVR) can be done both under cardioplegic heart
arrest or on beating heart. The choice of the strategy is influenced by the surgeon’s
preference, accessibility of the tricuspid valve, and overall length of aortic cross-
clamping. A combined procedure can also be done, i.e. placement of the principal
and most difficult stitches during cross clamp and then finishing the valve implanta-
tion on beating heart after aortic declamping.
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Choice of the Prosthetic Valve

The choice of implanting a biological or a mechanical prosthesis in tricuspid posi-
tion should follow the same algorithm used for other cardiac valves. Patients age,
contraindication to anticoagulation therapy, female sex, social and working issue
must be considered with the purpose to make the right choice.

Some surgeons prefer to implant a mechanical prosthesis in order to avoid the
problem of bio-prosthesis structural valve deterioration [20]. However mechanical
valves in low-pressure right-heart circulation are more predisposed to valve throm-
bosis. Moreover, lower level of prostacyclin, a powerful inhibitor of platelet aggre-
gation produced in the lung, is present in the right-sided chamber and it could
represent an adjunctive risk factor for mechanical valve thrombosis [21].

Furthermore, introduction of pacemaker leads through the prosthesis into the
right ventricle is not possible with mechanical valves.

Given that, biological prostheses would seem to be an ideal solution for tricuspid
valve replacement since they do not require anticoagulation therapy and are expected
to have a slower degeneration than in mitral position.

Reoperations rate after bio-prosthetic tricuspid valve replacement seems to be
lower compared to bio-prosthetic mitral valve replacements. This might be explained
by the fact that right heart chambers produce lower pressure and thus generate lower
stress on the bio-prostheses. Moreover, patients undergoing TVR usually have a
limited life expectancy so the long-term durability of a bio-prosthesis in this posi-
tion is enough for their natural history [22].

On the other hand, some series have been consistent in demonstrating that there
is no survival benefit of biological over mechanical prostheses and also the reopera-
tion rate is similar [23, 24]. In addition a recent meta-analysis showed no statisti-
cally significant difference between mechanical and biological valves in terms of
survival, reoperation, or prosthetic valve failure, even if mechanical tricuspid valve
prostheses had a higher risk of thrombosis [25]. Regarding that, bileaflet valve
thrombosis is rarely fatal and often is successfully treated increasing anticoagula-
tion therapy or using thrombolysis [26].

Some other factors should be considered in choosing the optimal prosthesis. First of
all, small size patients could take advantage from implanting low profile bileaflet valve
to achieve better hemodynamics performance. Secondly, many patients undergoing tri-
cuspid valve replacement are already receiving anticoagulant treatment, making the need
for anticoagulation an unreliable criterion for the choice of the tricuspid prosthesis [27].

On these basis, it is not possible to state that there is a “gold standard” for pros-
thetic selection in tricuspid valve replacement and its choice should be strictly tai-
lored on the patient.

Surgical Technique

Tricuspid valve replacement is usually performed using pledgeted everting mattress
sutures.
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In case of non-infective lesions, the tricuspid valve leaflets are left in place and
incorporated in suturing the prosthesis to the annulus, in order to preserve the sub-
valvular structures and to avoid injury to the conduction system. If prolapsing leaf-
lets may obstruct the right ventricular outflow tract, they can be fenestrated along
their radial axis.

In case the leaflets are severely damaged, the valve must be resected. The resec-
tion is started by incising the anterior and posterior leaflets, leaving a 2-3 mm fringe
of tissue on the annulus, and dividing the chordal attachments deep in the right
ventricle. Usually the septal leaflet is left in situ.

Everting 2-0 or 3-0 pledgeted Ti-cron sutures are placed along the circumference
of the annulus from the atrial to the ventricular side of the valve, starting at the ante-
rior leaflet and proceeding clockwise. Careful suture placement in the septal leaflet
area is mandatory to avoid conduction system injury.

Alternatively, when a quicker procedure is needed, pledgets sutures are used
only at the level of the septal leaflet, while two continuous 2-0 Ti-cron sutures are
used for the remaining circumference of the valve.

Standard valve sizers are used to choose the proper size of the valve to implant.
Size selection is based not only on the diameter of the atrioventricular ring but also
on the diameter of the ventricular cavity. However, serious injury to the interven-
tricular septum may occur if a too large prosthesis is placed into the right
ventricle.

The bio-prosthetic valve must be properly oriented to avoid obstruction of the
right ventricle outflow tract by its stent posts. From the surgeons view, the posts
should stay at the 12, 4 and 8 o’clock positions. The sutures are then passed through
the sewing ring of the prosthesis and once it is slipped down, the sutures are secured
starting from the septal leaflet (Fig. 17.7).

The atriotomy is closed in the usual manner.

Fig. 17.7 Tricuspid valve
replacement with
bio-prosthesis using
everting 2-0 or 3-0
pledgeted Ti-cron sutures
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Results

Tricuspid valve replacement is commonly burdened by sub-optimal immediate and
long-term outcomes. Late referral represents the main issue in the management of
this kind of patients, severely conditioning the operative results. Moreover, TVR is
frequently performed as a reoperative case, that represents itself an adjunctive
intrinsic risk for postoperative morbidity and mortality [23, 28].

In some series, the operative mortality reaches 18%, highlighting the complexity
of these patients. Female gender, NYHA class, serum bilirubin level, preoperative
loop diuretic dose, preoperative haemoglobin level and reoperative surgeries are
associated with increased operative mortality [28, 29].

In the setting of redo cases, an optimal tool is represented by performing the
replacement without clamping the aorta. This approach can be done with acceptable
acute mortality, especially if performed in the absence of ascites, significant right
ventricular dysfunction and pulmonary hypertension [30].

Regarding the outcomes on long-term, they are acceptable considering the clini-
cal conditions of these patients. Age at intervention, redo surgery and pulmonary
hypertension seem to impact on survival at follow-up [29, 30].

Special Condition

Tricuspid Valve Endocarditis

Isolated tricuspid valve endocarditis is uncommon and usually strictly correlated
with intravenous drug use, intra-cardiac catheters or cardiac anomalies.

In a report of patients addicted to intravenous drugs, 83% of them were affected
by tricuspid valve endocarditis [31].

Causative organisms are represented in 50-75% of cases by Staphylococcus
aureus, whereas Candida species, Bartonella, Salmonella and Listeria are more fre-
quent in patients who are infected with the human immunodeficiency virus [32].

The organisms form masses or erode and destroy large portions of the valve leaf-
lets and chordae.

In case of intravenous drug addiction, surgery should be preferably performed
after controlling the drug dependence, given the high recurrence rate of infective
endocarditis due to continued drug abuse.

Surgical options include debridement of the infected area, excision of the vegeta-
tions followed by valve repair, or excision of the tricuspid valve followed by pros-
thetic valve replacement [33].

Vegetations are usually localized on the atrial surface of the leaflets which can
frequently be destroyed.

The leaflet affected, its necrotic area and a margin of healthy tissue are removed.
If the resection involves the posterior leaflet, a Kay technique is performed to
exclude the posterior annulus, using 2-0 Ti-cron horizontal mattress sutures with or
without autologous pericardial pledgets.
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When septal or anterior leaflet are involved, a trapezoidal resection of the affected
portion is performed and the margins are re-approximated with interrupted 6-0 or
7-0 polypropylene sutures. A limited annuloplasty with horizontal mattress sutures
of 2-0 Ti-cron completes the procedure.

In particularly destroying disease, tricuspid valve replacement should be consid-
ered even if the risk of early prosthetic valve endocarditis is high. During valve
replacement some additional procedures, such as soaking the prosthesis in antibiotic
solution or swabbing the annulus with antiseptic or antibiotics may be helpful.

Ebstein’s Anomaly

Ebstein’s anomaly of the tricuspid valve is a rare congenital malformation that
accounts for about 1% of all congenital heart defects and about 50% of the affected
do not survive to adulthood [34].

There are three distinctive features of this condition: first of all, the origin of the
septal or posterior leaflets or both is displaced downward into the right ventricle.
The leaflets usually appear deformed and the commissure between the anterior and
posterior cusps may be absent.

Secondly, the right ventricle is atrialized in the portion between the true tricuspid
annulus (demarcated by the right coronary artery) and the insertion of the displaced
leaflet.

Finally, the right ventricle is usually small with an impairment of the systolic
function (Fig. 17.8).

Surgical techniques used in adults with Ebstein’s anomaly are the same used in
children. Various procedures can be adopted, according to the grade of the disease.

Fig. 17.8 Ebstein’s
anomaly
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Tricuspid valve repair is the preferred operation. If the repair is not feasible, tri-
cuspid valve replacement must be done.

When the right atrium is dilated, the redundant wall can be resected as well.

The keystone in repairing this condition is to establish valve competence convert-
ing the native tricuspid valve into a monoleaflet valve using the anterior cusp. To
assess if a repair is feasible, saline is injected into the right ventricle. If an adequate
zone of apposition between the free edge of the anterior leaflet and the septum (or the
septal leaflet when present) is observed, a repair technique can be performed.

Several repair techniques can be considered.

— Danielson’s technique: this operation consists in plicating the atrialized portion
of the right ventricle plus a right atrial reduction and a posterior tricuspid annu-
loplasty performed with interrupted pledged stitches. The reconstruction of the
valve is based on the use of the anterior leaflet to create a mono leaflet competent
valve [35].

— Dearani’s technique: this approach is characterized by displacing each papillary
muscle towards the ventricular septum and fixing them at the appropriate level
with horizontal pledget mattress sutures. The posterior leaflet is plicated and
posterior annuloplasty is performed to narrow the diameter of the tricuspid annu-
lus taking the coronary sinus as posterior mark of its extension. Moreover, to
further narrow the tricuspid annulus, an anterior purse-string annuloplasty is per-
formed [36].

— Carpentier’s technique: the major portion of the anterior leaflet plus the adjacent
posterior leaflet are temporary detached from the annulus forming a single piece
and then everted to expose the subvalvular apparatus. At this point, to achieve
leaflets mobilization, the interchordal space is fenestrated and any fibrous band,
connecting the leaflets to the ventricular wall, is resected. A longitudinal plica-
tion of the atrialized portion of the right ventricle is performed placing inter-
rupted 3-0 pledget-reinforced sutures. A 4-0 polypropylene running sutures is
used both to reinforce this portion (paying attention to avoid coronary branches),
and to plicate the right atrium behind the coronary sinus. The detached tricuspid
leaflets are rotated clockwise to cover the circumference of the orifice and are
then reattached to the annulus with continuous 5-0 polypropylene running suture.
The last step of the procedure consists in implanting a Carpentier annuloplasy
ring [37].

— The “cone” procedure: this technique proposed by da Silva represents a modifi-
cation of the Carpentier procedure. The main differences consist in the absence
of plication of the atrialized right ventricle and in the use of a limited posterior
suture annuloplasty [38].

During the last three decades, important contributions in the development of
repair techniques were driven from the experience of Danielson and Dearani,
Carpentier and da Silva.

A recent report of the Mayo Clinic experience including both techniques of
Danielson and Dearani, applied on 539 patients, showed satisfactory long-term
results with a survival rate at 5, 10, 15, and 20 years of 94%, 90%, 86%, and 76%,
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respectively whereas freedom from late reoperation was 86%, 74%, 62%, and 46%
[39]. Carpentier et al. reported the results of his technique on 191 patients: actuarial
survival was 82% at 20 years, tricuspid valve insufficiency at the discharge was 1 or
2+ in 80% of the cases and reoperation during follow-up occurred in 8% (16
patients). These results confirm that this conservative technique ensures acceptable
long-term outcome [40]. Finally, the reported results of the da Silva technique
showed low operative mortality and morbidity, significant reduction of tricuspid
insufficiency, and low incidence of reoperation at follow-up [38].

Sometimes the severity of the disease prevents the repair, and the valve has to be
replaced. This occurs in about 20-30% of the cases [41].

Tricuspid valve replacement can be done only in presence of adequate right ven-
tricle systolic function and geometry, otherwise a partial cavo-pulmunary connec-
tion is mandatory.

In order to perform a tricuspid valve replacement, the valve is excised, leaving
the basal portion of the anterior leaflet. The sutures are placed through the usual
location of the tricuspid ring, but since the atrialized ventricle have to be plicated,
the sutures are passed first through the attachment of the displaced septal and poste-
rior leaflets, then through the true anatomic tricuspid ring, and at least trough the
prosthesis. Usual attention in preventing damage to the penetrating bundle must be
payed.

Carcinoid Disease

The carcinoid syndrome occurs in patients with malignant gastrointestinal carcinoid
tumors and hepatic metastasis secreting a range of vasoactive peptides and hor-
mones (i.e. 5-hydroxytryptamine—serotonin). These products of the metastatic
tumor cells are able to reach the systemic circulation eleciting several effects such
as flushing, diarrhea, broncho-constriction as well as the development of carcinoid
heart disease [42].

Heart involvement is due to deposition of fibrotic plaques on endocardial surface
of the valves and ventricles mediated by hight serotonin levels [43]. The right cham-
bers and right valves are mainly involved. Usually the tricuspid valve, and less fre-
quently the pulmonary valve, are severely affected with a combination of stenosis
and regurgitation. In addition, a dysfunction of the right ventricle can be observed.

Since the prognosis of medical therapy alone is very poor in these patients [44],
the only solution is represented by valve replacement surgery.

Tricuspid valve replacement is performed as previously described. In these
patients the choice of the type of the prosthesis must take into account several vari-
ables like the potential need of abdominal surgery, the anomalous liver profile and
the associated coagulopathy which are supposed to make the choice of bio-prosthetic
valve more acceptable. On the other hand, in some cases of hight tumoral activity,
which might produce premature bio-prosthesis degeneration, a mechanical valve
could be preferred with acceptable event-free survival [45].
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Traumatic Lesion

Severe tricuspid regurgitation is an unusual event that can occur following blunt
chest trauma.

In this setting tricuspid insufficiency is due to rupture of papillary muscle or
chordae, usually producing a flail of the anterior leaflet.

The real prevalence of this lesion is probably underestimated.

Tricuspid valve repair can be performed with a combination of the techniques
previously described including the so called “clover technique”, which has also
been proposed to treat these complex cases [10].

Pacemaker Lead-Induced Tricuspid Regurgitation

Pacemaker or defibrillator lead may distort and eventually become adherent to a
tricuspid leaflet causing valvular insufficiency.

In these cases a resection of the involved portion of the leaflet and a subsequent
reconstruction is performed. The lead is removed and substituted by an epicardial
one.

Rarely, the leaflets are severely injured and a valve replacement is mandatory. In
this case, the pacemaker lead can be positioned between the sewing ring of the valve
and the patient’s annulus.

Late Tricuspid Regurgitation Following Previous Left-Sided
Valve Surgery

A particularly challenging problem is represented by the development of significant
tricuspid regurgitation late after left-sided valve surgery. This condition may occur from
progression of seemingly insignificant tricuspid regurgitation (untreated at the time of
the first surgery) or from failure of a previously performed tricuspid annuloplasty.

In this subgroup with long-standing tricuspid insufficiency, surgical indication
can be more challenging due to the presence of variable degrees of right ventricular
dysfunction and pulmonary vascular disease.

The dilatation of the tricuspid annulus is usually associated with important teth-
ering of the tricuspid leaflets, secondary to advanced remodeling of the right
ventricle.

According to Fukuda et al., severe tricuspid valve tethering is the major predictor
of residual tricuspid regurgitation after tricuspid annuloplasty [46]. Enlargement of
the anterior tricuspid leaflet has been successfully adopted in those cases. However
this approach requires cardioplegic arrest. Alternatively beating heart tricuspid
valve replacement represents a valuable option.
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Indeed, these patients can benefit from avoiding aortic clamping to preserve the
dysfunctional right ventricle. Surgical dissection should be minimized to reduce
post-operative bleeding considering that those patients usually have some degrees
of coagulopathy. Finally the cardio-pulmonary bypass time should be as short as
possible.

Case Report

As paradigmatic example we briefly describe the case of a 66 year-old female who
underwent mitral valve replacement with mechanical prosthesis in 1995 and had a
first echocardiographic diagnosis of severe tricuspid valve regurgitation in 2005.
Since then she had regular clinical and echocardiographic follow-ups documenting
progressive increase in right atrial and right ventricle dimensions and required pro-
gressive increment of furosemide dosage.

Ten years later, in 2015, she was referred for surgery. At the presentation she was
in NYHA functional class IIB, suffering for fatigue and upper abdominal pain.
Peripheral edema and hepatomegaly were present. The hematologic samples high-
lighted chronic kidney disease as well as an initial impairment of liver function.

The echo performed showed severe tricuspid regurgitation (vena contracta 11
mm) due to annular dilatation (46 mm) and severe tethering and fibrosis of the leaf-
lets (tenting area 2.9 cmgq; coaptation distance 1.37 mm) Fig. 17.9. The right ven-
tricle was dilated (end-diastolic diameter 57 mm) and a dysfunction was present
(TAPSE 13 mm; tricuspid annulus systolic velocity (S-TDI) 8 cm/s) (Figs. 17.9 and
17.10). The systolic pulmonary pressure was 50 mmHg. The right atrium was
severely enlarged (550 mL) (Fig. 17.10).

Giving this situation an echo-dobutamine test was performed to asses the right
ventricle contractile reserve. Using a dobutamine dose up to 15 pg/kg/min an
increase in right ventricle function was observed (TAPSE 19 mm; S-TDI 11 cm/s).

Fig. 17.9 Echocardiographic
image showing severe
tricuspid regurgitation
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Fig. 17.10 Echocardio-
graphic image showing
severe enlargement of the
right atrium

Fig. 17.11 Groin vessels cannulation to establish cardio-pulmonary bypass

A surgical beating heart tricuspid bio-prosthesis implantation with preservation
of native tricuspid valve apparatus was considered the best option.

In order to minimize tissue dissection and postoperative bleeding, peripheral
arterial and vein cannulation for cardiopulmonary bypass with vacuum assisted
drainage was used (Fig. 17.11). After median re-sternotomy, the inferior and supe-
rior venae cavae were not isolated and left unsnared. Only the right atrium was
identified and opened through the pericardium (Fig. 17.12). The aorta was not
cross-clamped and the heart was left beating in order to preserve the right ventricu-
lar function.
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Fig. 17.12 Intraoperative
image showing dissection
of the adhesions limited to
the right atrium which is
opened through the
pericardium

Fig. 17.13 Standard
technique to implant a
bio-prosthesis in tricuspid
position

The tricuspid valve was not excised. The bio-prosthesis was implanted using
pledget sutures only at the level of the septal leaflet, and two continuous 2-0 Ti-cron
sutures were used for the remaining circumference of the orifice with the purpose of
reducing cardiopulmonary bypass time (Fig. 17.13).

By adopting this technique, the post-operative course was uneventful and the
patient was discharged on sixth post-operative day.

This approach, in our experience, is associated with reasonable hospital mortal-
ity and satisfactory late survival despite the seriousness of the pre-operative condi-
tion of these kind of patients [29].
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Chapter 18

Transcatheter Interventions for Tricuspid
Regurgitation: Rationale, Overview

of Current Technologies, and Future
Perspectives
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Abstract Tricuspid regurgitation (most commonly functional) is a challenging
therapeutic target in many patient subgroups such as patients with prior left-side
valve surgery, congenital heart disease, cardiac transplantation, or heart failure with
intractable systemic venous congestion. In these conditions, and others, tricuspid
regurgitation is associated with decreased quality of life and survival, but its surgi-
cal management is also associated with a considerable risk, especially if considered
late in the disease course. Many transcatheter approaches have been extended from
the mitral valve (e.g. some annuloplasty and clipping repair systems) or specifically
designed to adapt to the tricuspid valve and include, in addition to repair, orthotopic
and heterotopic tricuspid valve implantation options. Most of these transcatheter
technologies are still in early clinical feasibility stage, but the candidate patient
population is enormous and has limited surgical and pharmacological options.
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Rationale for Transcatheter Interventions for Tricuspid
Regurgitation

Irrespective of the presence of left-side heart disease and/or pulmonary hyperten-
sion, tricuspid regurgitation (TR) per se adversely impacts on survival [1, 2]. In
spite of this association with mortality, only small proportion of TR patients under-
goes tricuspid valve (TV) surgery [3]. Patients with moderate-severe TR, especially
those with a history of prior left-side valve surgery [4-8], are often at high-risk and
in an advanced disease state when referred for TV surgery. Accordingly, tricuspid
surgery carries an operative mortality risk of up to 25% [4-9] and is therefore fre-
quently denied. The gap between the number of patients with predominant high-
grade TR and the actual number undergoing TV surgery resulted in a large population
of patients that may benefit from a lower risk alternative to surgery [10].

Some subgroups of TR patients represent ideal candidates for less invasive
(transcatheter) techniques; due to a high-grade TR (requiring intervention) and a
high surgical risk (precluding safe surgical correction of TR). Such subgroups
include, but are not limited to the following conditions:

1. Moderate-severe TR is common in patients undergoing left-side valve surgery
and, when left untreated, independently portends worse symptoms and lower
survival [11, 12]. Overall, moderate-severe TR is seen in up to 67% of patients
following isolated mitral valve surgery [13—15] and portends worse prognosis
[12]. In patients undergoing aortic valve surgery, moderate-severe TR is seen in
15% of cases and persists after aortic valve surgery in 50% of instances [11].
Patients with residual moderate-severe TR after aortic valve surgery have more
than 5-fold increased risk of cardiac mortality at 10 years compared to patients
with mild or less TR [11]. Patients with severe TR and prior left-side valve sur-
gery are frequently deemed at high or prohibitive operative risk at the time when
isolated TV surgery is indicated.

2. Patients with prior surgical TV repair (isolated or combined with left-side valve
surgery) show a high rate of recurrence of moderate-severe TR (17-24% at
5 years [16, 17]). This residual high-grade TR was shown to portend a poor event-
free survival [5]. Those patients are usually denied isolated redo TV surgery until
heart failure (HF) becomes intractable and surgical risk is unacceptably high.

3. Moderate-severe TR after cardiac surgery for adult complex congenital heart
disease (CHD) is associated with an increased risk of death, transplant, or reop-
eration (hazard ratio = 6.12 [1.84-20.3]) [18]. In the setting of surgery for CHD,
concomitant TV annuloplasty is still associated with a considerable rate of resid-
ual high-grade TR [19, 20]. Fifty percent of patients who received a surgical TV
prosthesis in the setting of CHD surgery require re-replacement within 14 years
because of valve-related complications [21]. In the largest series of transcatheter
valve-in-valve implantation in the tricuspid position [22], 56% of patients had a
CHD as the primary pathology. Accordingly, whether or not TR is addressed
during surgery for complex CHD, residual/recurring TR remains significant.
Transcatheter TV intervention is an appealing option for these patients espe-
cially those with a history of > one sternotomy and, hence, a high surgical risk.
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Combination with other transcatheter interventions (e.g. transcatheter pulmo-
nary valve implantation to treat right ventricular outflow tract conduit dysfunc-
tion) was shown to be feasible in selected cases [23].

4. Patients with functional TR in the setting of progressive right ventricular (RV)
dysfunction and HF not responding to optimal medical therapy [24]. Those
patients, who might benefit from unloading of their RV, are typically at a late
stage in their clinical course and have an extremely high surgical risk.

5. Elderly patients with long-standing atrial fibrillation (AF) commonly develop
high grade “idiopathic” TR [25, 26], which is characterized by excessive dilation
and impaired contractility of the tricuspid annulus [25]. Different from TR sec-
ondary to left-side heart disease, TR in these patients is associated with a lower
pulmonary artery pressure and a better biventricular function [25], making a
significant clinical improvement likely if TR is averted.

6. Pacemaker/defibrillator lead-induced TV damage [27] is associated with a
high burden of morbidity, especially when high-grade TR develops on top of
advanced HF. This damage has been reported in up to 25% of pacemaker/defi-
brillator recipients [28] and is associated with worse prognosis [29]. Laser lead
extraction and leadless pacemaker implantation to free the TV from tethering,
followed by TV transcatheter repair have been reported as a successful bail out
approach to manage those patients [30].

7. Post-heart transplantation moderate-severe TR is common at discharge
(>25% in many series [31-34]) regardless of the operative technique used and
portends an increased risk of mortality and HF [32, 33, 35]. The incidence of
moderate-severe TR dramatically increases (more than doubles in some series
[31]) within four years post-transplantation, largely owing to endomyocardial
biopsy-related TV damage [31, 34].

8. Similar to patients with a history of prior mitral valve surgery, high-risk patients
with severe mitral regurgitation (MR) undergoing MitraClip percutaneous
repair show a high prevalence of left-untreated TR [36-38]. Increasing TR
severity was shown to be associated with failure of functional improvement,
higher rates of HF re-hospitalizations, and increased mortality [36—40]. Those
patients may benefit from a same-session double-valve transcatheter solution
[41]. Ad-hoc transcatheter TV repair is another option in patients with prior
MitraClip and residual symptomatic high-grade TR. It has also been reported
that TR improves in some patients after MitraClip and remains unchanged or
deteriorates in others, and that patients who sustain an improvement of TR have
a better prognosis [37, 38]. Some baseline and procedural predictors of TR
improvement have been identified [37, 38] and can guide the choice between a
concomitant vs. staged ad-hoc transcatheter mitral and tricuspid repair.

9. Similar to patients with a history of prior aortic valve surgery, the outcome of
patients who undergo transcatheter aortic valve implantation (TAVI) due to
prohibitive/high surgical risk is influenced by concomitant TR. Moderate-severe
TR is seen at baseline before TAVI in 13-29% and persists after the procedure in
50-67% of instances [42—45]. Residual moderate-severe TR after TAVI is asso-
ciated with increased mid- and long-term mortality [42, 43] especially in patients
without high grade MR [44] or severe left ventricular systolic dysfunction [45].



356 M. Abdelghani et al.

Transapical TAVI followed, one week later, by transcatheter TV edge-to-edge
repair was recently reported with success in a high-risk patient who had severe
aortic stenosis and severe TR, but only mild MR [46].

Anatomical Challenges to Transcatheter Tricuspid Valve
Interventions

In the majority of patients with high-grade TR, the mechanism of valve incompetence
is annular dilation and leaflet tethering (in the setting of RV dilation). The annulus
usually dilates towards the RV free wall (away from the septal leaflet) [47, 48].
Annular dilation is associated with progressive deterioration of the normal saddle-
elliptical geometry of the tricuspid valve annulus (TA), which eventually assumes a
planar orientation [47] and a circular contour [48]. The volume overload imposed on
the RV by progressive TR results in progressive RV enlargement and further annular
dilatation and leaflet tethering, which in turn accentuates TR. In the setting of high-
grade TR, transcatheter tricuspid valve interventions (TTVIs) are confronted with a
set of anatomical/geometrical heralds related to the peculiar anatomy of the TV and
to the continuum of geometric adverse remodeling of the TV apparatus and the right
heart chambers (Table 18.1 and Fig. 18.1).

Table 18.1 The anatomical and pathophysiological constraints of transcatheter tricuspid valve
interventions

» Flexibility of the TA and the surrounding myocardium (calcification is rare) counteracts
fixation and long-term stability of transcatheter tricuspid valve replacement devices and
increases the risk of dehiscence of annuloplasty devices.

* The TA is significantly larger than all other valves with an average area of 21 cm? in patients
with RV dilation.

* The valve is adjacent to important structures including the ostium of the coronary sinus, the
AVN and His bundle, the vena cavae, and the right coronary artery (Fig. 1). In surgical repair,
direct visualization of the valve apparatus facilitates avoidance of AVN injury (by appropriate
positioning of e.g. Kay bicuspidization sutures, De Vega suture annuloplasty and open
annuloplasty bands). Such direct visualization is lacking in transcatheter interventions which
require a multimodality imaging guidance to minimize the risk of injury of adjacent structures.

* The loss of anatomical landmarks under pathologic conditions (right atrial and ventricular
dilation) complicates catheter navigation and interferes with proper positioning of repair/
replacement devices.

* The angulation between the annular plane and the superior and inferior venae cavae
complicates the transvenous access.

e The RV is thin-walled and the risk of device entanglement in the subvalvular region is high
due to the presence of complex subvalvular chordal attachments and RV trabeculations and
muscle bands. These factors preclude transapical access.

* Pacemaker/defibrillator leads might interfere with device delivery, deployment, and/or
function.

* The low pressure and slow flow in the right heart chambers might provoke device
thrombosis.

AVN atrio-ventricular node, RV right ventricle, TA tricuspid annulus
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Fig. 18.1 Important structures adjacent to the tricuspid valve apparatus (as seen in a surgical view
through a standard right atriotomy). Reproduced with permission from Shinn et al. [68]. A anterior,
Ao aorta, AVN atrioventricular node, CS coronary sinus, F'O foramen ovale, /VC inferior vena cava,
MS membranous septum, P posterior, RAA right atrial appendage, RV right ventricle, S septal, SVC
superior vena cava. Figure 2. Approaches for transcatheter tricuspid valve interventions

Approaches for Transcatheter Tricuspid Valve Interventions

Although relatively recently introduced, many approaches are now available for
TTVI and are under preclinical/clinical evaluation. Table 18.2 and Figure 18.2 sum-
marize these approaches.

Orthotopic Valve Implantation
Native Tricuspid Valve Replacement
Dedicated Transcatheter TV Bioprosthesis

Boudjemline et al. developed a transcatheter bioprosthetic valve dedicated for fixa-
tion to the native TA [49]. The self-expandable double-disc nitinol stent consisted of
two flat disks (spontaneous diameter = 40 mm) and a tubular portion (spontaneous
diameter = 18 mm), with an overall length of 15 mm when deployed. The whole
device is braided from a single nitinol wire (i.e. all parts are connected in one unit).
Animal implantations were performed through the right jugular vein and deploy-
ment is similar to devices for closure of atrial septal defects (RV disk deployment
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Table 18.2 Approaches for of transcatheter tricuspid valve interventions

TV implantation:
1) Orthotopic:

a) In native TV (dedicated and non-dedicated devices)

b) In surgical bioprosthesis or in surgical annuloplasty ring
2) Heterotopic (vena caval):

a) Dedicated self-expanding caval valves

b) Off-label balloon-expandable transcatheter heart valves

TV repair:
1) Annular reduction/remodeling devices:
a) The Mitralign device
b) The TriCinch system
¢) The Millipede annular ring
d) The transatrial intrapericardial tricuspid annuloplasty (TRAIPTA) device
e) The Cardiac Implants annuloplasty device
2) Coaptation devices:

a) Regurgitant orifice occupation (the FORMA Repair System and the TV Occluder
device)

b) Edge-to-edge repair (the MitraClip device)

Heterotopic Caval
Valve Implantation

Coaptation Device

Annuloplasty Devices

Heterotopic Caval
Valve Implantation

Trialign TriCinch Cardioband FORMA Triclip Millipede

& n
=8 < N

Fig. 18.2 Examples of transcatheter repair and, heterotopic, valve implantation approaches to
treat tricuspid regurgitation. In the lower panel, different examples of transcatheter repair devices
are displayed. Reproduced with permission from Rodés-Cabau et al. [24] and Latib et al. ] Am Coll
Cardiol. 2017;11;69:1807-1810.
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and traction against the TA, followed by deployment of the leaflet-containing tubu-
lar part, and finally the atrial disk). In eight ewes (maximum TA diameter: average,
30 mm; range, 27-35 mm), deployment was attempted and failed in one (entrapped
in the subvalvular apparatus leading to underexpansion) while one prosthesis
showed a significant paravalvular leakage [49]. The device was not clinically used.
The GATE™ tricuspid atrioventricular valved stent (NaviGate Cardiac Structures
Inc., CA) is another dedicated transcatheter TV bioprosthesis (available in sizes:
30/40, 33/44 and 36/48 mm) which was successfully implanted in an animal model
through a beating-heart minimally-invasive surgical and transjugular percutaneous
implantation [50]. The first in man implant took place in November 2016 [51].

Non-Dedicated Transcatheter Heart Valve Implantation in the Tricuspid
Position

Very few clinical attempts were made to implant a transcatheter heart valve (THV) in
the native TA. Kefer et al. reported balloon-expandable aortic THV implantation to
replace a native TV in the absence of prosthetic material and radiographic landmarks
[52]. Implantation was performed under general anesthesia and extracorporeal mem-
brane oxygenation, through a femoral vein access. Balloon sizing was used to decide
the THV size and the TA was pre-stented with two covered stents. Implantation of a
26-mm Sapien valve (Edwards Lifesciences, Irvine, CA) was followed by another
26-mm Sapien (valve-in-valve) implantation due to paravalvular leakage of the first.
The clinical and echocardiographic outcomes were favorable up to 5 months.

Transcatheter Valve in Malfunctioning Surgical Bioprosthetic Valve

There are many reports on successful implantation of the self-expanding Melody
valve (Medtronic Inc., Minneapolis, Minnesota) and the balloon-expandable
Sapien, Sapien XT, and Sapien 3 valves (Edwards Lifesciences, Irvine, CA) in
malfunctioning stented [53-55] and stent-less [23] bioprosthetic tricuspid valves.
Given the small sizes available for the Melody valve (<22 mm), it has been utilized
mainly in children or young adults with CHD. The first implants were done mainly
via a transatrial or transjugular access. More recently, the transfemoral access under
local anesthesia and fluoroscopic guidance or general anesthesia and transesopha-
geal echocardiography (TEE) guidance was shown to be feasible and safe. Unless
the patient has a previously implanted permanent pacemaker, rapid pacing (which
is usually needed for valve deployment) is performed by positioning the temporary
lead in the left ventricle or in the coronary sinus. Predilatation of the bioprosthesis
is not recommended to avoid the risk of leaflet rupture and embolization [56].
Deciding the size of the transcatheter valve to be implanted within the degenerated
bioprosthesis, or within the dysfunctioning annuloplasty ring, should be guided by
the nominal internal degenerated device area, by multi-modality imaging planning
(combining computed tomography and echocardiography), and by balloon-sizing.
Due to lower closing pressures, oversizing of the prosthesis is considered to be less
crucial in the tricuspid position (as compared to aortic and mitral positions) [56].
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A large recently published multicenter series included 152 patients who under-
went implantation of a THV within a malfunctioning surgical bioprosthetic valve
[22]. Melody valve was used in 94 and Edwards valves in 58 (Sapien in 12, Sapien
XT in 41, and Sapien 3 in 5). Procedural success was achieved in 98% of attempts,
and freedom from residual TV dysfunction (significant stenosis and/or regurgita-
tion) was achieved in 97%. Five patients (3%) died and one patient underwent TV
reintervention (due to valve thrombosis) within 30 days of implantation. During
follow up (median: 13.3 months), 17 additional deaths (11%) and 10 TV re-
interventions (7%; 2 due to TR, 2 due to TV stenosis, 2 due to combined TR and
stenosis, 2 due to multiorgan failure, 1 due to endocarditis, and 1due to cardiac
transplant graft failure) took place. Four patients (all with a Melody valve) were
diagnosed with endocarditis and four patients (3 Melody, 1 Sapien) were diagnosed
with sterile thrombus or immobility or thickening of the valve.

Transcatheter Valve in Tricuspid Repair Ring

Although fewer cases have been reported than valve-in-valve implantations, trans-
catheter implantation of tricuspid valve-in-ring was shown to be feasible and safe.
There have been reports of implantation of Sapien XT and Melody [57] THVs in
Carpentier-Edwards classic and rigid [58] annuloplasty rings through transfemoral
[58-60] and transatrial (off-pump through a minithoracotomy) [61] approaches.
Some relevant technical considerations are worth mentioning. The ring should be
used as a fluoroscopic landmark and paravalvular leak (due to the non-circular land-
ing zone created by the ring, especially the incomplete rings) should always be
anticipated and effectively managed [57].

Heterotopic (Vena Caval) Valve Implantation

Implantation of percutaneous valves into the caval veins targets amelioration of the
systemic venous congestion without correcting TR itself. Therefore, the risk of pro-
gressive RV and right atrial (RA) deterioration, RV failure, and AF persists.
Although intracardiac manipulations are not needed and the valve is implanted in a
vascular tube rather than in a complex valvular apparatus, fixation of a rigid percu-
taneous valve within a highly compliant thin-walled vascular tube is challenging.
Other challenges include, the large variable diameters of inferior and superior vena
cavae (IVC and SVC) in the presence of chronic severe TR and the proximity to the
RA and to hepatic veins. Demonstration of pulsatile blood flow and systolic flow
reversal in the caval veins are prerequisites for the proper function of the caval
valves. Because of existing pacemaker/implantable cardioverter-defibrillator leads
in many cases and the lack of evidence of clinically-relevant SVC congestion in
most cases, 90% of implants are done in the IVC only. Two currently available tech-
nologies involve vena caval valve implantation:
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Self-Expanding (Dedicated) Valve

The TricValve (P&F Products & Features Vertriebs GmbH, Vienna, Austria, in
cooperation with Braile Biomedica, S3o José do Rio Preto, Brazil) consists of two
separate tri-leaflet pericardial tissue valves which are mounted on a self-expanding
nitinol stent [62]. The size ranges from 28 to 43 mm (IVC valve) or 38 mm (SVC
valve). The upper segment of the IVC valve protrudes into the RA while the lower
segment is located above the diaphragm to avoid occlusion of the hepatic veins. The
SVC valve stent has a funnel-shaped design to fit to the superior cavo-atrial junc-
tion. Both IVC and SVC valves are delivered transfemorally through a dedicated
flexible catheter. So far, clinical implantations are limited to compassionate use in a
few patients [63, 64]. In a patient who was followed up for 12 months after implan-
tation, the functional status was significantly improved and the clinical signs of
right-side HF were completely resolved, while echocardiography revealed excellent
valve function, unchanged position, and no paravalvular leakage [64].

Balloon-Expandable Transcatheter Heart Valves

Off-label clinical use of Edwards Sapien, Sapien XT or Sapien 3 valves implanted
into the cavo-atrial junction has been reported [65, 66]. The large diameter of the
caval veins in the presence of severe chronic TR, the lack of calcification, and the
confluence of hepatic veins preclude direct implantation and require pre-stenting of
the landing zone. In cases with markedly dilated caval veins, minimally-invasive
surgical banding can help reduce the lumen diameter by wrapping the vein with a
longitudinally opened Gore-Tex prosthesis simultaneously with balloon inflation
within the vein to control lumen reduction [65]. In a small case series, valve function
remained excellent with no transvalvular or paravalvular regurgitation up to 30 days
after implantation. All patients experienced an improvement of their dyspnea and of
the clinical signs of systemic venous congestion, as well as improvement of RV
function, RV and RA volumes, and the diameters of the hepatic veins [66].

Transcatheter Tricuspid Valve Repair
Annular Reduction/Remodeling Devices

Understanding the mechanism of incompetence in functional TR (basically, annular
dilation and remodeling) and the favorable outcome of annuloplasty compared to
other surgical repair techniques of TR [68], jointly led to a significant interest in
developing transcatheter annuloplasty techniques developing transcatheter annulo-
plasty techniques to traet TR. These techniques generally reproduce the established
surgical annuloplasty approaches, e.g. Kay bicuspidization (Mitralign) and ring
annuloplasty (Millipede). The ideal annuloplasty device to treat high-grade
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functional TR should restore the normal three dimensional elliptical shape of the TA
to reduce leaflet stress and tethering. It should tackle the selective propensity of the
anterior-posterior- commissure sector of the annulus to remodel (along the RV free
wall) and also be ‘open’ at its septal- leaflet sector to spare the atrio-ventricular
conduction system [67]. Ideally, it should also be flexible maintaining annular
dynamicity and preventing ring dehiscence [67].

The Mitralign/Trialign Device

The Mitralign device (Mitralign, Tewksbury, Massachusetts) is a percutaneous
annuloplasty system that reproduces the Kay bicuspidization surgical procedure
[69], which converts an incompetent tricuspid into a competent bicuspid valve by
plicating the posterior leaflet. Mitralign system comprises an articulating wire deliv-
ery catheter, a pledget catheter (preloaded with 4 x 8 mm polyester pledgets), and a
stainless steel plication lock. Transjugular access with two sheaths is obtained, and
the steerable catheter is advanced across the TV into the RV and is articulated under
the annulus to position its tip beneath either the anteroposterior or the septoposterior
commissure. An insulated radiofrequency wire is advanced to burn through the
annulus (2-5 mm from the hinge point of the leaflet) into the RA and is then exter-
nalized and replaced by the pledget delivery catheter. Two pledgets (2.4-2.8 cm
apart) are usually released and are cinched onto the annulus and finally are brought
together using the plication lock (Fig. 18.3). Right coronary artery wiring is per-
formed at the start of the procedure and angiography is performed at its end [70]. In
a number of published clinical implantations, the procedure resulted in a significant
reduction in annular circumference (24%) [71] and area (57%) [72] and effective
regurgitant orifice area (53%) [72]. Although immediate complete elimination of
TR was reported in some cases [71], acute recurrence due to pledget dehiscence has
also been observed in some cases [71]. The importance of the risk of pledget dehis-
cence and TR recurrence was further confirmed by the early results of the
Percutaneous Tricuspid Valve Annuloplasty System [PTVAS] for Symptomatic
Chronic Functional Tricuspid Regurgitation (SCOUT) study, where three patients out
of 15 (20%) had a single-pledget annular detachment within 30 days after repair [70].
The study included 13 females and two males, with an average age of 74 years who
had moderate-severe functional TR (average vena contracta diameter, 13 mm).
Patients with severe pulmonary hypertension or severe right or left ventricular systolic
dysfunction were excluded. Two thirds of patients had prior mitral valve intervention
and two thirds had AF. Immediate procedural success was achieved in all 15 cases,
with no procedural death or major complication with the exception of one case of
right coronary artery compromise (treated with a stent placement). At 30 days, three
patients had an echocardiographic evidence of single pledget detachment and showed
no improvement of TR severity, but required no reintervention. In the remaining 12
patients, tricuspid annulus area (12.3 £3.1 cm? vs. 11.3 £2.7 cm?, p = 0.019) and TR
vena contracta diameter (13 =4 vs. 10 = 3 mm, p = 0.022) were modestly reduced
while the quality of life was significantly improved at 1 month after repair.

Although technically challenging with risk of dehiscence especially with inade-
quate size or unfavorable tissue quality of the posterior annular shelf, this device has a
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Fig. 18.3 Summary of the procedural steps of the Trialign transcatheter annuloplasty technique:
Through a deflectable guide catheter, a wire delivery catheter followed by an insulated radiofre-
quency wire (a) and pledgeted sutures (c) are advanced through the tricuspid annulus. The 2
sutures are plicated and locked (e) and then cut leaving a bicuspidized valve (g). b, d, f, and h are
3D transesophageal echocardiographic images corresponding to the a, ¢, e, and g cartoons.
Reproduced with permission from Hahn et al. [70]. Ant anterior, Post posterior, RA right atrium,

RV right ventricle, Sept septum
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small footprint and largely preserves the underlying anatomy and the procedure can be
customized/repeated to address different severities of annular dilatation. Moreover, a
controlled ‘partial’ correction of TR is possible, thus avoiding the acute hemodynamic
burden on the RV of a sudden complete correction of a severe long-standing TR.

The TriCinch System

The TriCinch system (4Tech Cardio, Galway, Ireland) consists of a Dacron band
connecting a corkscrew anchor attached anterior to the TV annulus (typically
between the anteroposterior commissure and the mid-point of the anterior leaflet) to
a self-expanding subhepatic IVC stent. By pulling the anchor towards the IVC, by
means of the Dacron band, the TA antero-posterior and antero-septal dimensions
are remodeled, and the tension is maintained by fixation of the stent in the IVC. The
stent is 60 mm long and is available in a range of diameters (from 27 to 43 mm) to
allow for adequate oversizing in the IVC [73]. The device is retrievable and the
procedure is relatively easy to perform. Right coronary artery wiring and ad-hoc
angiography are usually needed to exclude coronary injury. Hemopericardium, fail-
ure of implantation, and anchoring system detachment lead to failure of the proce-
dure in up to 50% of attempts [56].

This approach of TA remodeling, changes the geometry rather than reduces the size
of the annulus, leading to an unpredictable extent of TR reduction. In one case report,
TA septolateral diameter decreased from 41 mm to 38 mm, and TR severity improved
from 4+ to 3+ [73]. In another case report, severe TR was reduced to mild, with a 50%
reduction of the effective regurgitant orifice area [41]. In a third case [74], severe TR
was reduced to mild, and the procedure was performed under sedative anesthesia and
intracardiac and transthoracic (but not transesophageal) echocardiographic guidance.

The Transatrial Intrapericardial Tricuspid Annuloplasty (TRAIPTA) Device

TRAIPTA is an external (epicardial) nitinol annuloplasty loop which is wrapped around
the atrioventricular groove. The pericardial space is reached via a puncture in the RA
appendage, which is closed with a percutaneous occluder device at the end of the pro-
cedure. The loop is passed around the cardiac apex and then retracted until it encircles
the atrioventricular groove, and is eventually tightened using a wire within it [75]. The
TRAIPTA device has not been used in humans. Animal studies were performed under
general anesthesia and mechanical ventilation and the suture was tightened under guid-
ance by real-time magnetic resonance imaging and intracardiac echocardiography [75].
Postimplantation magnetic resonance imaging demonstrated a 49% reduction of
the septolateral TA diameter, a 31% reduction in the anteroposterior diameter, and a
59% reduction of TA area. The effect on the mitral valve annulus was modest (15%
diameter reduction), and a non-hemodynamically significant pericardial effusion
that resolved spontaneously was seen after all swine implantations [75].
Reproducing these results in humans is, however, doubtful. The spatial orienta-
tion of the tricuspid and mitral annuli relative to the atrioventricular groove is dif-
ferent in humans than in swine and is variable from patient to patient. In most human
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cases, at least one epicardial coronary artery crosses the projected course of the
TRAIPTA implant [75]. The high RA pressure in patients with long standing TR
may increase the risk of tamponade, and pericardial adhesions from previous car-
diac surgery may preclude safe epicardial access in many patients [10].

Surgical-Like Annuloplasty Rings

This is a group of transcatheter annuloplasty rings that aim at reproducing the surgi-
cal ring annuloplasty approach. In addition to the proven superiority of ring annulo-
plasty over other approaches of surgical TV repair [17], this approach has the
potential of combination with a coaptation repair procedure (in the same session or
ad-hoc) and allows for and facilitates subsequent valve-in-ring implantation; by act-
ing as a landmark and by securing transcatheter valve fixation. Flexible and adjust-
able complete (Millipede™ [76] and Cardiac Implants™ [77]) and incomplete
(CardioBand™ [78]) annular rings are at different stages of clinical testing.

The Cardiac Implants annuloplasty device is implanted on the atrial surface of
the tricuspid annulus and is awaited to heal for 6-8 weeks by tissue reaction. After
that, the device can be cinched to reduce the TA diameter or be used as a platform
for valve-in-ring implantation [77].

Coaptation Devices

In addition to annular dilatation, leaflet tethering and malcoaptation are the second
most important mechanisms of functional TR. Two basic concepts make the plat-
form for the coaptation devices, occupation of the regurgitant orifice and leaflet
edge-to-edge clipping.

The FORMA Repair System and the TV Occluder Device

The transcatheter Forma Repair System (Edwards Lifesciences, Irvine, California) is
designed to reduce TR by occupying the regurgitant orifice and providing a surface
for native leaflets coaptation. It is composed of a rail, which is anchored at the apex of
the RV, and a spacer, which serves as the coaptation element. The spacer consists of a
foam-filled polymer balloon and is currently available in two sizes (12 and 15 mm),
with a length of 42 mm. The spacer expands passively within the vascular system to
its final size by air through eight vents in its shaft. Access is via the left subclavian or
axillary vein, which should be sizable to accommodate a large introducer. Following
achievement of a satisfactory degree of TR reduction, the device is locked within the
subclavian region, and extra rail length is placed into a subcutaneous pocket. The
entire device is fully retrievable during all stages of the procedure. Seven compassion-
ate clinical implants have been published, all the seven had residual moderate TR at
30 days post-repair [79]. It should be noted however that the echocardiographic
assessment of residual TR after spacer implantation between the leaflets is challeng-
ing, given the resulting distortion of the regurgitant orifice and the vena contracta.
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The TV Occluder Device (Cleveland Clinic Foundation, Cleveland, Ohio) is utiliz-
ing the same concept on which the Forma system is based; occupation (and conse-
quently reduction) of the regurgitant orifice area and facilitating leaflet coaptation [80].
Similar to the Forma device, the TV Occluder system has a proximal end that is left in
a subcutaneous pocket (similar to a pacemaker). This allows for an extended potential
for control of the degree of the regurgitant orifice occlusion. The distal end of the system
consists of a screw that is parked in the RV apex. The occluder itself is made of a nitinol
mesh skeleton and an internal membrane of polyester fabric. Small-scale animal studies
(through a transjugular approach) show a reasonable degree of TR reduction [81].

The MitraClip Device

Surgical edge-to-edge tricuspid valve plasty was shown to be an effective adjuvant
procedure for patients who have severe residual TR after traditional ring repair [82].
The transcatheter MitraClip system (Abbott Vascular, Santa Clara, CA, USA) has
been established as an effective treatment of mitral regurgitation in high risk patients
[83]. The device is a 4-mm-wide cobalt-chromium, polyester-covered clip that can be
opened and closed by control mechanisms on the clip delivery system. Multiple reports
of TV transcatheter clipping using the MitraClip system are published [84—88].

In an ex vivo model of functional TR in a porcine heart connected to a pulsatile
pump, the effectiveness of the edge-to-edge technique using the MitraClip device was
tested [89]. Transvenous valve clipping led to an increase in the RV stroke volume
without a significant increase in the transvalvular gradient. Procedural success was
strongly influenced by the position where the clips were applied (medial vs. commis-
sural) and the pair of leaflets being grasped. Clips that involved the septal leaflet in
the medial position were the most effective in restoring the physiological hemody-
namics (cardiac output, mean pulmonary pressure, and mean diastolic valve pressure
gradient), while those that did not involve the septal leaflet (i.e. grasping the anterior
and posterior leaflets) did not reduce TR [89] (Fig. 18.4).

In clinical human cases [84-88], femoral and jugular venous approaches have
been used, and clips were deployed at the anteroposterior, anteroseptal, and/or pos-
teroseptal lines of coaptation. Although the technique is simpler than most other
TTVIs, two challenges of TV clipping should be considered. First, the acute angle
between the IVC and the TA plane makes coaxial positioning difficult. This can be
overcome by using the transjugular approach, which is, however, unsuitable for the
large sheath in some patients. Secondly, regurgitation can develop at any point along
the line of coaptation between the three leaflets of the TV valve. Clipping all three
leaflets might be required and increases the risk of inducing valve stenosis.
Moreover, more than three leaflets can be identified in many patients.

Open Issues and Future Perspective

While TTVIs are generally promising, there remain several important issues to be
addressed:
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Annular dilatation and leaflet mal-coaptation
in functional tricuspid regurgitation

Free Ventricular Wall

Ineffective clipping

Fig. 18.4 Evaluation of the effectiveness of transcatheter edge-to-edge treatment of functional
tricuspid regurgitation in an ex vivo model: (Left) In functional tricuspid regurgitation, the tricus-
pid valve annulus expands more towards the right ventricular free wall (i.e. the anterior (A) and
posterior (P) leaflets are pulled (arrows) away from the septal (S) leaflet. (Right upper) In an ex
vivo porcine model of tricuspid regurgitation, the clip is applied to the S and A leaflets (in a medial
position) restoring the coaptation lines between all the 3 leaflet-pairs, with consequent restoration
of valve competence. (Right lower) The clip is applied to the A and P leaflets (in a medial position)
leaving the gap between A-P and S leaflets unaltered and the regurgitation persistent. (Reproduced
and modified from Vismara et al. [89])

Safety Issues

The risk of device thrombosis: Devices in the TV position may be at a significant risk
of thrombosis due to the lower intracardiac pressures in the right side of the heart [10].
However, as per practice guidelines, long term anticoagulation is not recommended in
patients with surgical bioprosthetic valves, even those present in the right side of the
heart. In the published series of three patients treated with the caval valve implant
(Sapien XT) [66], routine anticoagulation was employed and no cases of thrombosis
were observed. In the tricuspid valve-in-valve implantation series by McElhinney et al.
(n=152), the proportion of the overall cohort treated with anticoagulation is not reported;
however four patients (2.6%) developed severe valve obstruction due to valve thrombo-
sis, 2 while on aspirin, 1 on warfarin, and 1 on both aspirin and warfarin [22]. In patients
treated with non-valve replacing TV repair devices such as the Forma, Mitralign, and
TriCinch devices, the need for anticoagulation is even less clear. However, all but one
patient received anticoagulation in the Forma early feasibility study [79], possibly due to
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the high prevalence of AF requiring anticoagulation. Notably, in the feasibility study of
the Mitralign device (SCOUT), two thirds of the patients had AF [70]. Although these
observations cannot lead to any conclusions, they obviate the need for longitudinal stud-
ies that focus on this question. It is important to note that, unlike left-side valve devices
where thrombosis typically presents with sudden systemic embolism, right-side valve
device thrombosis tends to present with obstructive manifestations. Therefore, a rise in
transvalvular velocity and gradient on serial Doppler surveillance should serve as a sur-
rogate marker of device thrombosis. Although echo-Doppler can suspect/detect throm-
bus formation on a bioprosthetic valve or a coaptation device, this can be more
challenging in annuloplasty devices. Whether computed tomographic (CT) scanning
can fill the gaps in this surveillance process is not yet investigated.

The risk of endocarditis: The risk of repair device-related infective endocardi-
tis is likely as low as the risk of infective endocarditis in patients with pacemakers
[90] in whom infective endocarditis prophylaxis is not recommended [10]. However,
the risk in the case of valve replacement (e.g. valve-in-valve) might be considerable,
especially when bovine jugular vein is the precursor of the bioprosthetic valve leaf-
lets (e.g. the Melody valve) [22].

Preprocedural Planning and Procedural Guidance

The role of imaging in pre-procedural planning and procedural guidance:
Computed tomography can give a comprehensive assessment of many relevant struc-
tures in the setting of TTVI [56]: (a) The TA geometry and size and the localization of
the three commissures. (b) The tissue characteristics in the right atrioventricular junc-
tion (based on the measurements of the tissue density) allowing differentiation of calci-
fication, epicardial fat, myocardium, and fibrous tissue. (c) The adjacent structures to
the TV, including the caval and hepatic veins, the coronary arteries, and the coronary
sinus. It is also possible to assess the angle between the caval veins and the TA plane,
and the distance between the right coronary artery and the TA. (d) In the setting of caval
vein implantation, detailed measurements of IVC and SVC dimensions can be accu-
rately performed. (e) In the setting of valve-in-ring implantation, geometric evaluation
of TV surgical annuloplasty rings including size, deformation, and position is possible.

Because of the complexity of the TV anatomy and the need to improve commu-
nication and guidance during intervention, it is crucial that both the interventionist
and the echocardiographer define before the procedure a limited number of imaging
views with conventional orientation and anatomical landmarks [56]. It is also cru-
cial to set a common nomenclature in order to standardize procedural echocardio-
graphic guidance and facilitate communication between the echocardiographer and
the interventionist who should both speak the same language [91].

Although 3D transesophageal echocardiography imaging of the TV yields a
lower quality images than that of the mitral valve, an “en face” view of the TV from
the RA perspective provides an adequate identification of TV leaflets and precise
localization of the commissures. This accurate identification of leaflets and com-
missures is of paramount importance to almost all repair techniques (e.g. Mitralign,
TriCinch, and MitraClip) [56]. Intra-cardiac echocardiographic imaging from the
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RA provides excellent visualization of the IVC-right atrial junction, tricuspid annu-
lus and relative position of the right coronary artery to the insertion of the TV leaf-
let, and is superior to transesophageal echocardiography in visualizing the TA in the
case of shadowing from prosthetic materials [56].

Echocardiographic assessment of TR severity following device implantation:
Due to the high dependency of TR on loading conditions, periprocedural hemodynamic
fluctuations might lead to over/under-estimation of TR. Therefore, although trans-
esophageal echocardiography at the end of the procedure may be superior in image
quality, transthoracic echocardiography after the procedure when the patient is awake
and the hemodynamics are more stable is probably more dependable in determining the
degree of TR reduction. Echocardiographic assessment is also likely to be confounded
by TV coaptation devices which may result in a highly eccentric residual TR jet, or
fractionation of the jet around the device (e.g. with the MitraClip and Forma devices).
New echocardiographic criteria, possibly validated against invasive hemodynamic
studies or magnetic resonance imaging, will be needed to accurately assess the degree
of residual TR, especially when considering the fact that the goal of many of these
techniques is to reduce rather than eliminate TR [10]. Moreover, some techniques (e.g.
TriCinch, Cardiac Implants, and MitraClip) provide a completely controlled reduction
of TR that needs for guidance an accurate on-line assessment of TR severity.

What Efficacy Endpoints are Suitable for TTVIs Studies?

In general, approval of a new device therapy requires proven long-term efficacy and safety.

Severe TR is characterized by right heart failure syndrome. The latter is charac-
terized by systemic venous congestion and is closely linked to hepatic and renal
failure. The hallmark of right heart failure is the reduced quality of life, frequent
hospitalization and ultimately hepato-renal syndrome. Although TR is usually
reduced by TTVIs from severe to moderate rather than completely corrected, most
patients gain a measurable clinical improvement [70, 73, 79, 85, 92]. These clinical
gains (e.g. less edema and improved functional status) are probably more important
to those patients with long-standing severe TR in the setting of advanced HF where
the quality of life and reduced hospitalizations and number of pills are more perti-
nent to the patients’ interest, than a mere survival gain. Therefore, improved symp-
toms and quality of life, reduced HF hospitalizations, and hepatic and renal functions
are considered key clinical components of the efficacy endpoints.

Isolating the clinical impact of TR in the setting of pulmonary hypertension, AF, and
left heart pathology is challenging [3]. This is a source of confusion at the time of deci-
sion making as whether to intervene to treat severe TR in the setting of multiple and/or
advanced cardiopathies. Moreover, the clinical response to a TTVI is again difficult to
be judged in the presence of those conditions. This might promote considering surrogate
mechanistic endpoints in addition to the clinical endpoints when assessing the efficacy
of these interventions. Therefore, imaging evidence of valvular remodeling, such as
annular diameter/area reduction and/or leaflet coaptation improvement, and TR severity
reduction represent important efficacy measures. Table 18.3 summarizes the ongoing/
planned trials of TTVIs which apply different combinations of these endpoints.
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Chapter 19

Catheter-Based Therapy for Tricuspid
Valve Disease: Practical Considerations
for Interventionalists

Shingo Kuwata, Alberto Pozzoli, Francesco Maisano,
and Maurizio Taramasso

Abstract Tricuspid valve (TV) disease is mainly represented by functional tricus-
pid regurgitation (TR), which is a predictor of poor quality of life and increased
mortality. Transcatheter therapies are attractive alternatives for the increasingly
older and high-risk patient population with native TR or with failing surgical tricus-
pid valve replacement or annuloplasty (valve in valve and valve in ring procedures).
At the present stage, different open issues are still under discussion, including clini-
cal and anatomical patients selection, imaging guidance, technical aspects and how
to report the outcomes of these new therapies.

Keywords Tricuspid regurgitation ¢ Tricuspid valve e Transcatheter tricuspid
regurgitation

Introduction

Tricuspid valve (TV) disease is mainly represented by tricuspid regurgitation (TR),
which is a predictor of poor quality of life and increased mortality [1]. Among them,
functional (or secondary) TR is the most frequent tricuspid valve disease [2]. Similar
to other valve pathologies, TV disease includes stenosis and regurgitation. Stenosis
is more seldom than regurgitation and can result from congenital or acquired
factors.
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The impact of TV disease on long-term morbidity and mortality has made a dis-
cussion about assessment and treatment recommendations for the not only in
combination with left-sided heart surgery but also singular TV surgery. With
advanced surgical and transcatheter therapies, singular TV management comes in
hand with decreased risk of adverse events, positive impact on overall heart function
and better long term outcomes [3, 4]. Both American and European guidelines rec-
ommend the same threshold of TV treatment for a dilated tricuspid annulus of
>40 mm or >21 mm/m?, regardless of the severity of the TR [5, 6]. Transcatheter
therapies are attractive alternatives for the increasingly older and high-risk patient
population with native TR or with failing surgical tricuspid valve replacement or
annuloplasty (valve in valve and valve in ring procedures).

Transcatheter therapies are so far in a really initial phase of clinical evaluation and
are mainly used to address native functional TR, while no experiences are available
in the context of organic TR. At the present stage, different open issues are under
discussion, (including clinical and anatomical patients selection, imaging guidance,
technical aspects and how to report the outcomes of these new therapies).

Patients’ Selection: Which Patient Could Benefit the Most
from Interventional Tricuspid Therapies?

The presence of significant TR has a negative prognostic impact on survival and is
independently associated with a 1.5-2-fold increased risk of cardiovascular events.
Similarly, the late development of FTR after left-sided valve surgery is also associ-
ated with reduced survival. The consequence of these observations is that there is a
large number of patients that could potentially benefit from a less invasive transcath-
eter tricuspid valve therapy. However, it is at the moment quite challenging to pre-
dict which patient could really benefit from a prognostic and symptomatic standpoint
from an intervention. In fact, in patients with advanced heart failure, the presence
severe TR is likely to be a marker of disease severity, rather than an incremental risk
factor that could be treated and revert the natural history. In order to aim to any clini-
cal benefit, ideally tricuspid intervention should be performed before the onset of
severe right ventricular dysfunction and distortion, with consequent advanced leaf-
let tethering and huge annular dilatation with complete lack of valve coaptation. In
this regard, proper timing of the treatment would play a fundamental role, and sev-
eral clinical data will be needed in order to clarify this aspect.

Anatomical Considerations

A deep knowledge of the complex surgical anatomy of the TV is a mandatory pre-
requisite to understand the challenges, which are encountered in developing percu-
taneous tricuspid therapy.
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Table 19.1 The anatomical challenges regarding trascatheter tricuspid valve therapy

Large tricuspid annulus dimensions with a non-planar and elliptical shape

Absence of calcifications

RV morphology (trabeculae, muscle bands, thin apical wall)

Proximity/contiguity of other structures (coronary sinus, atrioventricular node and His bundle,
vena cava, right coronary artery)

Angulation of the annulus in relation to the superior vena cava and inferior vena cava

The normal TV apparatus is composed of three leaflets (septal, posterior and
anterior), chordae tendineae, and two or three well developed papillary muscles.
The posterior and anterior leaflets could be considered scallops of a single mural
leaflet, similar to the posterior leaflet of the mitral valve. As a consequence, vari-
able distribution of the scallops is possible and more than three leaflets can be
identified in many patients, depending on the pattern of the subdivision of the mural
leaflet. Papillary muscle anatomy is also variable, with a septal and an anterior
papillary muscle. The septal leaflet has direct chordal attachments to the septum
without the presence of a developed papillary muscle in most occasions. Several
structures of major surgical importance surround the TV, such as the right coronary
artery (which is very often in close contiguity with the parietal portion of the tricus-
pid annulus), the atrioventricular node, the bundle of His and the coronary sinus.
The non-planar and non-circular structure of the tricuspid annulus must be taken
into account when considering tricuspid repair technologies. The normal shape of
the tricuspid annulus is semi-lunar and it is larger compared to the mitral one. In
physiologic conditions, the tricuspid annulus has a non-planar three-dimensional
saddle-shape configuration. Such a characteristic is lost in case of functional TR,
since the annulus became larger and flat. In presence of functional TR, as a conse-
quence of RV enlargement and dysfunction, the tricuspid annulus becomes more
circular as it dilates in its anterior-posterior aspect. The consequence of severe
functional TR is further RV dilatation with progressive papillary muscles displace-
ment and consequent leaflets tethering. Table 19.1 summarizes the major anatomi-
cal challenges to be overcome in the development of transcatheter tricuspid valve
therapies.

The Importance of Imaging: Patients’ Eligibility
and Intraprocedural Guidance

With the advent and availability of transcatheter TV therapies, computed tomogra-
phy (CT) has become a mandatory in defining patients’ anatomy and eligibility.
Since it offers a comprehensive assessment of the real three-dimensional (3D)
anatomy, CT allows the operator to assess the TV anatomy as well as the adjacent
structures including the proximity of the right coronary artery to the tricuspid
annulus, the coronary sinus, the hepatic veins and vena cava (Fig. 19.1a). For some
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Fig. 19.1 Imaging of the tricuspid valve. (a) Angio-computed tomography of tricuspid valve and
right heart structures characterization for pre-procedural planning. 7V tricuspid valve, APC antero
posterior commissure, ASC antero septal commissure, RCA right coronary artery, AV aortic valve,
RA right atrium, RV right ventricle, SVC superior vena cava, IVC inferior vena cava, RVOT right
ventricular outflow tract, Pa pulmonary artery. (b) Identification of TV leaflets and localization of
the each commissures with tree dimensional transesophageal echocardiography; SP septoposte-
rior, AS anteroseptal, and AP anteroposterior, commissures

devices it is crucial also the assessment of the shape and dimension of the RV,
including the distant between the RV apex and the annular plane (this is the case for
the valve spacer). Moreover, angio-CT allow the operator to have a qualitative
assessment of the tissue quality, which is particular important for annulopasty
devices which rely on anchor fixation, in order to identifhy the optimal target zone
for the implant. Another features of CT scan is that it allows for each patient an easy
and reliable prediction of the fluoroscopic working plane during the procedure,
which are usually 2, one en-face view (normally LAO) and one view parallel to the
annulus (normally RAO).

Transesophageal 2D and 3D echocardiography (TEE) is also the essential imag-
ing technique in the assessment of patients with TR (Fig. 19.1b), in order to assess
the mechanism and location of regurgitation, to quantify the annular dimensions
and to assess the RV function and valve tethering.

Although preliminary experience showed the feasibility of TV interventions,
intraprocedural guidance remain a major issue, since in many patients the echocar-
diographic window for the TV may be suboptimal and the procedural steps have not
yet been standardized. Both two-dimensional (2D) and 3D TEE as well as intracar-
diac echocardiography (ICE) also play an essential role during transcatheter TV
interventions. In some patients, transthoracic echocardiography (TTE) may help to
define TV morphology and right ventricular anatomy to identify the target zone of
the device implantation. This is particular helpful in MitraClip procedures, in which
a proper assessment of the leaflets insertion is mandatory to achieve procedural suc-
cess [8]. Procedural guidance with 3D-TEE represents a fundamental tool to orient
the navigation in the right atrium. However, in many patients the quality of
intra-procedural guidance can often be suboptimal, mainly depending on patient
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variability and individual echo window. Moreover, the three-leaflet configuration of
the TV precludes the visualization of all the leaflets in the same view in conven-
tional 2D echo. This aspect contributes to increase technical complexity of TV
interventions. A detailed intra-procedural imaging is of particular importance not
only to guide the operator to the segment of the valve which represent the target
leaflet or commisure, but is crucial to define the orientation of the anatomy and to
assess leaflet insertion. The use of the EchoNavigator®-system (Philips Healthcare,
Best, the Netherlands) may help to overcome the intrinsic limits of imaging guid-
ance in TV interventions, since multimodality fusion imaging may define the target
zone increases tremendously the chance of procedural success [7]. Additionally, it
is of crucial importance to define a common nomenclature in order to standardize
procedural 3D TEE guidance. It should be shared between the one who is perform-
ing the procedure and the one who is guiding. With this in mind, a communication
between the heart team (e.g. echo-cardiologist, interventionalist and surgeon) is
fundamental; therefore, all the operators involved in the procedure should speak
“the same language”. This is even more important at this stage, and this can avoid
some misunderstand “the eyesight” in each staff. We recently propose a “Rosetta
Stone” nomenclature for 3D TEE navigation during transcatheter TV interventions
as practical considerations for the heart team [13]. The identification of the location
of the aortic valve (AV) is fundamental to understand the orientation of the leaflets:
the leaflet opposite to the AV is the posterior leaflet. Anterior and septal leaflets are
easily identified counterclockwise (Fig. 19.2).

Fig. 19.2 Navigation in the right atrium with 3D TEE during transcatheter tricuspid intervention
(AV aortic valve, A anterior, S Septal, P Posterior, CS, coronary sinus). The three stars indicate the
valve commissure; the yellow spot indicate an intravalvulare pacemaker lead; the red arrow indi-
cated the inferior vena cava
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Specific Considerations for Transcatheter Tricuspid Valve
in Valve and Valve in Ring

In patients with previous tricuspid surgery, transcatheter valve-in-valve or valve-in-
ring procedures can be performed using a transfemoral or transjugular approach
even in patients with pre-existing transvalvular pacemaker leads [9-11]. Different
prostheses have been used to perform tricuspid valve in valve and valve in ring
(mainly Sapien XT, Sapien 3 and Melody).

The transfemoral approach may be technically challenging in most cases, due to
an unfavorable narrow angle between the inferior vena cava (IVC) and the TV,
which may preclude positioning of the prosthesis valve, especially in case of Sapien
XT and Sapien 3 valve, which have a pretty stiff delivery system. By snaring the
Commander catheter, flexion of the system can be increased by simple pulling on
the snare, thereby adapting the angle of the catheter to the patient’s anatomy
(Fig. 19.3) [9].

Regarding valve in ring, in the tricuspid position surgical rings usually are
incomplete ring and have a non-circular and non-planar shape. As a result,
compared to mitral position, tricuspid valve-in-ring presents some specific diffi-
culties. On the other hand, unlike the mitral position, the risk of right ventricle
(RV) outflow obstruction is absent, and residual paravalvular leak and risk of
embolization are less of an issue as a result of the low-pressure RV system. As a
support for prosthesis sizing, during the procedure, balloon sizing may be useful to
determine the annulus dimension more precisely [12]. Although the ring has the
advantage of providing the landmarks and necessary anchoring for a percutaneous
valve, it also has the drawback of creating a non-circular landing zone with the
inability to seal completely the open segment with the implanted valve. Therapeutic
advances with more conformable or repositionable valves with additional sealing
capacity are required to reduce regurgitation after transcatheter valve-in-ring
implantation.

Fig. 19.3 Transcatheter
tricuspid valve
replacement. “Snare-
guided” (asterisk) crossing
technique of the tricuspid
valve to optimise the angle
and obtain coaxiality with
tricuspid valve
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Fig. 19.4 Transcatheter therapies for severe tricuspid regurgitation. (a) Trialign device, (b)
Mellipede device, (¢) MitraClip device, (d) Cardioband device, (e) Tricinch device, (f) TRAIPTA
device, (g) Caval valve implantation, (h) FORMA device

Specific Considerations for Transcatheter Tricuspid Valve
Repair Devices

In patients with native TV disease, many percutaneous techniques mimic surgical
techniques is innovated. Novel transcatheter devices have begun to emerge for the
treatment of TR, and these transcatheter devices are currently under preliminary
clinical evaluation to treat functional TR. Risks and limitations of each devices have
to be taken in consideration in the patient selection process (Fig. 19.4).

Tricuspid Clipping

More than 60 cases of MitraClip implants in tricuspid position have been performed
worldwide [14], but procedural steps have not been standardized yet. The major
challenge of this technique is the imaging guidance, since in most of the patients a
proper visualization of the leaflet and therefore of the grasping and proper may be
problematic. Usually a combination of TEE and TTE may help to overcome the dif-
ficulty in visualization. Another open issue of MitraClip is the access: while the first
cases have been performed through a transjugular approach, now the preferred route
seems to be the femoral one, considering also that in many cases tricuspid clipping
is performed concomitantly to a MitraClip in mitral position. A modified delivery
system for tricuspid clipping is under development and multicenter feasibility trial
should start in Europe in the next months.

Tricuspid Annuloplasy Devices

A possible drawback of the tricuspid annuloplasty devices (Trialign procedure
(Mitralign Inc., Tewksbury, MA), TriCinch system (4Tech Cardio Ltd., Dublin,
Ireland), Millipede annular ring (Millipede, Santa Rosa, CA) or Cardioband
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(Edwards Lifesciences, Irvine, CA)), is that they are mostly technically challenging
and require advanced imaging guidance and operators’ skills.

Especially, it is mandatory to pay attention the risk of leaflet or right coronary
artery damage due to the positioning of the devices and to the annular plication. In
this regard, the use of ICE is particularly useful to guide precise implant in the annu-
lar tissue avoiding leaflet tears.

Caval Valve Implantation

Heterotopic TV implantation is an alternative approach to an orthotopic implanta-
tion. There are still some unsolved issues concerning the tolerability of this pallia-
tive technique, especially regarding the risk of deterioration of RV function by
increasing preload in patients with prior depressed RV function. These procedures
were performed in patients with sufficiently preserved RV function.

Pericardial Device

In common with all permanent implants, potential failure modes are implant migra-
tion and tissue erosion. The main limitation of pericardial approach that could
importantly limit the clinical adoption of the TRAIPTA system (Cardiovascular
Intervention Program at National heart, lung, and blood institute) is that in a large
majority of the cases functional TR is observed in patients with previous open-heart
operation, in whom the pericardium was opened. Therefore, navigation in the peri-
cardial space is challenging if not impossible due to the surgical adhesions.

Tricuspid Valve Spacer

The FORMA Repair System (Edwards Lifesciences, Irvine, CA) is achieved under
general anesthesia under fluoroscopic and 2D or 3D TEE guidance. However, the
presence of the spacer between the valve leaflets makes the accurate assessment of
the degree of TR after the procedure difficult.

How to Report the Outcome?

Another practical consideration that has to be done refers to how to report the out-
comes of these new tricuspid therapies, since no standardized definitions are pres-
ent. First of all, it would be recommendable to report precise quantitative
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measurements of TR reduction (like EROA and Regurgitant Volume). Secondarily,
it is not really clear which will be the best outcome to evaluate in these patients,
since most likely improvement in quality of life would be more appropriate than
improvement in survival. Anyway, similarly to what has been done for aortic and
mitral valves, there is an urgent need for a consensus regarding standardized end-
point and reporting outcomes in transcatheter tricuspid interventions.

Conclusions

Although only very preliminary data are available to date, TV interventions have
been rapidly evolving over the last few years. However, it is important to point out
that at the present stage of the development of these therapies, due to limited avail-
ability of clinical data, it appears not possible to provide sufficient clinical evidence
for efficacy or safety of these various strategies and techniques. All the heart team
should share “the same language” and “the same eyesight” in the procedure, since
the complexity and specifics of anatomical features of the TV apparatus and right
heart chambers have made TV intervention challenging. In the future, transcatheter
TV repair and replacement will probably become a standard option for patients with
high surgical risk. Specific algorithms with specific indications will be required to
guide the optimal treatment for each patient.
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Review Questions for Chapters 15, 18 and 19

Select the Single Best Sentence

7.

78.

79.

80.

Which of the following statements is false?

(a) Moderate-severe TR is seen in up to 67% of patients following isolated
mitral valve surgery

(b) Moderate-severe TR is seen in 15% of patients undergoing aortic valve
surgery

(c) Moderate-severe TR is seen in 40% of patients undergoing aortic valve
surgery

(d) Patients with residual moderate-severe TR after aortic valve surgery have
5-fold increased risk of cardiac mortality at 10 years compared to patients
with mild or less TR

Which of the following statements about cardiac surgery for adult congenital

heart disease (CHD) is correct?

(a) Residual moderate-severe TR is associated with 6-fold increased risk of
death, transplant, or reoperation

(b) Residual moderate-severe TR is associated with 2-fold increased risk of
death, transplant, or reoperation

(c) Residual moderate-severe TR is associated with 4-fold increased risk of
death, transplant, or reoperation

(d) Residual moderate-severe TR is associated with 1.5-fold increased risk of
death, transplant, or reoperation

Which of the following statements about idiopathic TR is false?

(a) Commonly seen in elderly patients with long-standing atrial fibrillation.

(b) characterized by excessive dilation and impaired contractility of the tricus-
pid annulus

(c) Idiopathic TR is associated with less pulmonary artery pressure and better
biventricular function than functional TR

(d) Clinical improvement is less likely in idiopathic TR than functional TR

Which of the following statements about management of post TAVR TR is
correct?

(a) Moderate-severe TR is seen in 10-12% after TAVR procedure

(b) Moderate-severe TR is seen in 20-24% after TAVR procedure

(c) Moderate-severe TR is seen in 24-30% after TAVR procedure

(d) Moderate-severe TR is seen in 50-67% after TAVR procedure
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81.

82.

83.

84.

85.
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Which of the following statements about catheter based therapy of TR is

correct?

(a) Caval vein valve implantation is established catheter based therapy for TR

(b) The TriCinch system is a form of edge-to-edge repair for TR

(c) The Mitralign device is a form of edge-to-edge repair for TR

(d) Orthotropic tricuspid valve implantation has been tried for patients with
failed TV prosthesis as well as in surgical annuloplasty rings

Which of the following statements about catheter based devices for treatment

of functional TR is correct?

(a) Risk of device thrombosis is higher due to relatively low pressure on the
right side of the heart

(b) The risk of endocarditis in the case of valve replacement (e.g. valve-in-
valve) might be higher than repair devices

(c) Pre-procedural computed tomography is required in almost all patients
before catheter based therapy of tricuspid valve.

(d) All of the above

Caval vein valve implantation is a potential method to treat severe TR with
backflow into caval veins. What is the main technical limitation of this
approach?

(a) The large and variable diameter of the caval veins

(b) The proximity of the right atrium

(c) The proximity of the hepatic veins

(d) All of the above

What determines clinical benefit from treating patients with TR?

(a) The onset of severe right ventricular dysfunction and distortion
(b) Advanced tricuspid leaflet tethering

(c) Massive annular dilatation with complete lack of valve coaptation
(d) All of the above

Regarding tricuspid valve-in-valve implantation, trans femoral approach is

more challenging than jugular approach most importantly due to:

(a) Diameter of femoral vessels

(b) The unfavourable narrow angle between the inferior vena cava (IVC) and
the TV may preclude positioning of the prosthesis valve

(c) Calcified prosthesis

(d) Direction of TR jet
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Answers
Question Correct answer/Answers Question Correct answer/Answers
1 A 44 D
2 D 45 D
3 B 46 D
4 D 47 D
5 D 48 B
6 D 49 B
7 C 50 A
8 C 51 B
9 C 52 B
10 B 53 B
11 A 54 A
12 B 55 B
13 C 56 B
14 B 57 B
15 D 58 A
16 D 59 C
17 B 60 B
18 D 61 D
19 B 62 C
20 C 63 C
21 C 64 D
22 B 65 B
23 A 66 D
24 A 67 D
25 C 68 C
26 A 69 C
27 A 70 D
28 D 71 D
29 C 72 C
30 D 73 C
31 A 74 D
32 C 75 C
33 A 76 C
34 C,D 77 C
35 E 78 A
36 E 79 D
37 B 80 D
38 E 81 D
39 A 82 D
40 E 83 D
41 B 84 D
42 B 85 B
43 D
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Annuloplasty devices, 192
Cardioband, 296, 297
Mitralign device, 362
superiority of ring annuloplasty, 365
TRAIPTA, 364
Trialign device, 291-295
TriCinch device, 295, 364
Anterior leaflet, 80, 118, 128, 140, 185,
336, 381
Anterosuperior leaflet (AS), 7, 8
Anti-arrhythmics, 36
Aortic valve (AV), 383
Arrhythmogenic right ventricular
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Atrial arrhythmias, 36
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Atrialis, 9
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Balloon valvotomy, 29
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Balloon-expandable transcatheter heart
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Bicaval valve implantation, 287, 288
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Bioprosthetic valves, 68
Biotronik pacemaker, 134

C
Carcinoid heart disease, 39, 316
Carcinoid tumours, 27, 164, 165
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Cardiac magnetic resonance (CMR) imaging, 184
ICD, 65
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right atrial size and function, 224
RV function and volume assessment, 228, 229
TA, 207, 213, 224
TR, 35
Cardiac murmurs, 40
Cardiac output (CO), calculation of, 259, 260,
266, 267
Cardiac thrombi, 169
Cardioband, 296, 297, 365, 385
Cardiopulmonary bypass (CPB)
access, 329
cannulation, 330
exposure, 330
surgical anatomy and analysis, 331
Cardiovascular magnetic resonance (CMR)
myocardial fibrosis, assessment of, 152,
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Ebstein’s anomaly, 158-161
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rheumatic heart disease, 161
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tumors, 166, 168
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Cardiovascular magnetic resonance (CMR) (cont.)

RV volumes and function, 150-152
secondary TR, 156, 158
tricuspid valve flow, assessment of,
147-149
TS, 170-172
TV anatomy, assessment of
advantages, 146
limitations, 146
sequence and image acquisition,
145-146
valve masses, visualization of, 145
Carpentier’s technique, 344
Carvallo’s maneuver, 63
Caval valve implantation (CAVI), 189, 195,
287, 288, 290
Chordae, 338
Clover technique, 336, 337, 346
Coaptation devices, 192
Collagen fibres, 10
Colour flow Doppler, 64, 96, 98
Commander catheter, 384
Computed tomography (CT)
contract injection, 181
right heart diseases, 183
acute pulmonary embolism, 183
arrhythmogenic right ventricular
dysplasia, 182
contrast material, 182
optimum protocol and modes, 182
RV, 222
scan modes, 180-181
surgical interventions, 190

transcatheter tricuspid valve therapy, 381

transcatheter TV therapy, 193
annuloplasty devices, 192
CAVI, 195
coaptation devices, 192

percutaneous tricuspid annuloplasty, 192

TV orifice, 195
TV and surrounding structures, 185

adjacent anatomical structures, 186—187

chordae tendinae, 185
RCA, 188
RV apex, 189
TR, 185
tricuspid annulus, 186
vena cava, 189-190
Cone procedure, 344
Congenital heart disease (CHD), 354, 359
Congenital lesions, 156
Congenital tricuspid disease, 309, 311, 312,
314-317
Congenital tricuspid stenosis, 15, 27
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Continuous wave Doppler, 102, 104, 105, 239,

242,245, 246

Coronary artery bypass graft (CABG), 134, 308

CPB. See Cardiopulmonary bypass (CPB)
CT. See Computed tomography (CT)

D

Danielson’s technique, 344

Dearani’s technique, 344

Delayed enhancement techniques, 230
Device thrombosis, risk of, 367
Digoxin, 36, 55, 277

Dilated cardiomyopathy, 50

Diuretics, 36

Doppler Tissue Imaging (DTI), 225, 226
De Vega annuloplasty, 191, 333, 334

E
Early gadolinium enhancement (EGE)
imaging, 169

Ebstein’s anomaly, 14, 35, 38, 158-161, 314,

315, 339, 343
Eccentricity index, 239
ECG. See Electrocardiogram (ECG)
Echocardiography, 241, 274
advantages, 127
apical four-chamber view, 224
aspects of, 128
cardiac endovascular pacemaker-lead
interference, 131, 133, 135, 139
eccentric jet, 139
functional TR
left sided heart disease,
135-137, 139
with structural component,
130, 132
morphology, 129
posterior leaflet, 139
postoperative, 139
right atrial size and function, 224
RV size, 228
septal leaflet, 139
systolic function, 225-228
TA, 224
tethering, 129
TR, 35
tricuspid annulus, 128
tricuspid regurgitation, 129
TTE, 138
EchoNavigator®-system, 383

Effective regurgitant orifice area (EROA), 284,

292,294
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Ejection fraction (EF), 225

Elastic fibres, 9, 10

Electrocardiogram (ECG), 35, 181, 274

Endocarditis, 317, 342, 368

Endovascular DDD pacemaker system, 132

Epicardial DDD pacemaker system, 134

Eplerenone, 277

EROA. See Effective regurgitant orifice area
(EROA)

European Society of Cardiology (ESC)
guidelines, 243, 245, 247

Extracellular matrix, 10

F
Flail tricuspid valve, 36, 38
FORMA repair system, 36, 38, 69, 189, 195,
289-291, 365, 386
4D CMR flow, 148, 150
Functional tricuspid regurgitation, 13
anterior leaflet, 335-336
clover technique, 336, 337
concomitant LHP requiring
surgery, 332
definition, 311
enlarged/dilated ventricle, 13
intraoperative details, 311
left sided heart disease, 135-139
outcome, 312
patient presentation, 311
ring annuloplasty, 334, 335, 337
with structural component, 130-132
suture annuloplasty, 337
De Vega procedure, 333, 334
Kay procedure, 333
TA
deformation, 211-215
geometry and function, 209-211
remodelling, 210
TR severity, assessment of, 107
transcatheter treatment modalities, 286,
287,291
annuloplasty devices (see Annuloplasty
devices)
bicaval valve implantation, 287-289
leaflet coaptation, 289-291
transcatheter TV therapy
annuloplasty devices, 192
CAVI, 195
coaptation devices, 192
percutaneous tricuspid annuloplasty, 192
TV orifice, 195
tricuspid annular dilatation, 333
Furosemide, 50, 276
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GATE™ tricuspid atrioventricular valved stent,
359
H

Hagen-Poisseuille’s equation, 262
Heart failure (HF), 369
Heart transplantation (HTx), 50, 51,
53, 54
clinical features, 55
epidermiology, 53
pathophysiology, 54
prognosis, 55
Heart valve disease, 13
Hepatic venous flow, 105, 106
Heterotopic caval transcatheter valve
implantation, 68
HTx. See Heart transplantation (HTx)

I
ITatrogenic lesions, 13
ICD. See Implantable cardioverter
defibrillators (ICD)
IE. See Infective endocarditis (IE)
Implantable cardioverter defibrillators
(ICD), 316
clinical presentation, 62—63
imaging, 64
management
lead extraction, 66
medical, 65
percutaneous transcatheter
techniques, 68
valvular surgery, 66
mechanisms, 60
pathophysiology, 60
prevention
lead location, 70
lead type, 69
Micra Transcatheter Pacing Study, 71
prolapsing technique, 70
subcutaneous cardioverter
defibrillators, 71
surveillance, 71
Infective endocarditis (IE), 27, 162—-164, 317
Inferior leaflet, 7, 8, 14
Inferior vena cava (IVC), 181, 190, 244, 263,
264, 288, 296, 360, 368
Inotropic therapy, 259
Intracardiac echocardiography (ICE),
382, 386
IVC. See Inferior vena cava (IVC)
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Jugular venous pressure (JVP), 274, 276

K
Kay surgical procedure, 291, 306, 333

L

Lanoxin. See Digoxin

Late gadolinium enhancement (LGE),
153-155, 162

Left ventricle (LV), 11, 16, 171, 183, 184, 222,
238, 274

Left ventricular assist device (LVAD), 39

Left ventricular ejection fraction (LVEF), 63

Left-sided heart pathology (LHP), 332

Left-sided valve surgery, 346

LGE. See Late gadolinium enhancement
(LGE)

LV. See Left ventricle (LV)

LVAD. See Left ventricular assist device
(LVAD)

M

Matrix metalloproteinases (MMP), 10

MDCT. See Multidetector computed
tomography (MDCT)

Mean pulmonary artery pressure (mPAP), 133

Millipede IRIS Implant, 296, 298, 300

Mineralocorticoid receptor antagonist
(MRA), 277

MitraClip implants, 69, 291, 366, 382, 385

Mitral regurgitation (MR), 355

Mitral valve repair, 305-306

Mitralign device, 68, 192, 293, 362, 368

Modified look-locker inversion recovery
(MOLLI) sequence, 160

Multi-detector computed tomography
(MDCT), 207, 213, 230

Multiplanar reconstruction (MPR) mode, 101

Multiplane iRotate mode, 80

Muscle of Lancisi, 11

Myocardial fibrosis, 152—155

Myxomas, 167

N

New York Heart Association (NYHA), 131,
135, 274, 289, 290, 294, 316, 347

Non-structural valve deterioration (NSVD),
310,313
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Ohm’s law, 236, 262
Orthotopic valve implantation, 357-360
native tricuspid valve replacement
dedicated transcatheter TV
bioprosthesis, 357-360
non-dedicated THV implantation, 359
surgical bioprosthetic valve, 359-360
tricuspid valve-in-ring, 360

P
PA. See Pulmonary artery (PA)
Papillary fibroelastomas, 167
Papillary muscles (PMs), 80
anterior, 4, 11
antero-superior leaflet, 11
CT, 185
medial, 4, 12
PHT, parasternal short axis
view, 237, 239
primary disease, 339
right ventricle, 11, 14
smaller, 11
PCWP. See Pulmonary capillary wedge
pressure (PCWP)
Percutaneous transcatheter techniques, 68
Percutaneous tricuspid annuloplasty, 192
Percutaneous Tricuspid Valve Annuloplasty
System (PTVAS), 362
Pericardial approach, 386
Permanent pacemakers (PPM)
clinical presentation
clinical symptoms, 62
physical examination, 63
risk factors, 63
imaging, 64
management
lead extraction, 66
medical, 65
percutaneous transcatheter
techniques, 68
valvular surgery, 66
mechanisms, 60—-62
pathophysiology, 60
prevention
lead location, 70
lead type, 69
Micra Transcatheter Pacing Study, 71
prolapsing technique, 70
subcutaneous cardioverter
defibrillators, 71
surveillance, 71



Index

Pharmacotherapy
ACE-R, 277
beta-blocker, 277
digoxin, 277
heart failure, 273
lifestyle advises, 276
loop diuretics, 276
MRA, 277
progressive fatigue, 274
RAAS, 277
TS, 29
Phase sensitive inversion recovery sequences
(PSIR), 153
Phase-contrast velocity mapping, 147
4D CMR flow, 148, 150
limitations, 148
magnitude image, 147, 148
moving objects, 147
phase velocity image, 147, 148
phase, definition, 147
post processing analysis, 148, 149
stationary objects, 147
TV regurgitation volume, 148
PHT. See Pulmonary hypertension (PHT)
PISA. See Proximal isovelocity surface area
(PISA) method
Pledget delivery catheter, 292
PMs. See Papillary muscles (PMs)
Posterior leaflet, 80, 118, 128, 139, 193, 381
PPM. See Permanent pacemakers (PPM)
Proximal isovelocity surface area (PISA)
method
apical 4-chamber view, 101
estimation, 103
quantification, 102
3DE, quantification on, 104
TR, grading severity of, 123
Pulmonary arterial hypertension (PAH), 281, 282
Pulmonary artery (PA)
dilatation, 248
parasternal long axis view, 239
pressure estimation
pulmonary valve regurgitation, 245
right ventricle outflow pulsed wave
Doppler velocity, 247
TR, 242
Pulmonary capillary wedge pressure (PCWP),
254,257,263, 264
Pulmonary embolism (PE), 230
Pulmonary hypertension (PHT), 34, 36, 39,
255,262, 263, 267
causes, 236
4-chamber view, 240
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high pulmonary artery pressures, 240
Ohm’s law, pulmonary circulation, 236
PA pressure estimation
pulmonary valve regurgitation, 245-247
right ventricle outflow pulsed wave
Doppler velocity, 247, 248
TR, 242-245
parasternal long axis view
LV, 238
PA, 238, 239
pulmonary valve, 238, 239
RV, 238, 239
parasternal short axis views
main pulmonary artery, 238, 239
papillary muscles, 237-239
pulmonary valve, 238, 239
pulmonary artery dilatation, 248
right ventricle dilatation, 240
right ventricular function, 236
tricuspid valve anotomy, 240
Pulsed wave Doppler, 247, 248

R
Radiation dose, 180, 187
Radionuclide techniques, 222, 230
RCA. See Right coronary artery (RCA)
Real-time three-dimensional techniques, 184
Regurgitant orifice area (ROA), 102, 103, 123
RHC. See Right heart catherization (RHC)
Rheumatic heart disease, 27, 161, 313, 317
Right atrial pressure, 243
Right coronary artery (RCA), 188, 193
Right heart catherization (RHC), 281
cardiac compartments, 254, 255
CO, calculation of, 259
complication, 254, 255
diastolic dysfunction, diagnosis of, 254
hemodynamic information, 259
intra-cardiac shunts, 260, 261
loop making, 258
normal pressure values, 259
PCWP, 254, 256, 257
RA, 255, 257
Swan-Ganz catheter, 254, 259, 264
vascular bed, resistance of, 262, 263
CO, 266, 267
Hagen-Poisseuille’s equation, 262
Ohm’s law, 262
pulmonary vascular resistance, 262, 267
shunt calculation, 264
systemic vascular resistance, 262
venous access, 254
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Right heart diseases, 181-183, 253
Right ventricle (RV)
anatomy, 222
banana-shaped configuration, 237
canal valve implantation, 386
function, 222
ICD, 62
imaging modalities
advantages, 231
CMR, 228-230
disadvantages, 231
echocardiography, 223-228
MDCT, 228-230
radionuclide techniques, 230
PHT
dilatation, 240
parasternal long axis view, 239
parasternal short axis views, 239
physiology, 222
PPM, 62
RHC, 262-263
Right ventricle index of myocardial
performance (RIMP), 225
Right ventricular apex, 189
Right ventricular ejection fraction
(RVEF), 62, 64
Right ventricular fractional area change
(RV FAC), 225, 226
Right ventricular outflow tract (RVOT), 62,
70, 90, 155, 165, 223, 227
Ring annuloplasty, 67, 334, 335, 337
Rosetta Stone nomenclature, 383
RV. See Right ventricle (RV)
RV FAC. See Right ventricular fractional area
change (RV FAC)
RVOT. See Right ventricular outflow tract
(RVOT)

S
Secondary tricuspid regurgitation. See
Functional tricuspid regurgitation
Self-expandable dedicated valve devices, 287
Septal leaflet, 7, 8, 14, 80, 144, 381
CT, 185
echocardiography, 139, 140
multiple tendinous cord attachments, 8
TOE, 118
tricuspid annulus, 128
Septomarginal trabeculation (SMT), 4, 12
SGE sequences. See Spoiled gradient echo
(SGE) sequences
Speckle-tracking echocardiography, 226

Index

Spironolactone, 277

Spoiled gradient echo (SGE)
sequences, 145, 147

Steady state free-precession (SSFP) imaging,
145, 147, 150, 159, 167, 171, 185,
229

Stenosis, 15, 309, 315, 360, 379

Stenotic aortic valve, 305

Step-and-shoot method, 180

Strain, definition of, 226227

Structural valve deterioration (SVD), 310,
313, 315,316

Subcutaneous cardioverter defibrillators, 71

Superior vena cava (SVC), 263, 264, 288, 360,
361, 368

Suture annuloplasty technique, 67, 337

SVC. See Superior vena cava (SVC)

SVD. See Structural valve deterioration (SVD)

Swan-Ganz catheter, 254, 259, 264

Sympathetic nervous system (SNS), 277

T
TA. See Tricuspid annulus (TA)
TAVR. See Transcatheter aortic valve
replacement (TAVR)
TEE. See Trans-esophageal echocardiography
(TEE)
Tei index, 225
Tendon of Todaro, 5, 331
3D color Doppler, 124
3D echocardiography, 139, 140, 206, 208, 211,
213,227,228
RY, 237
TOE, 121
Three-dimensional transthoracic
echocardiography (3D TTE), 70,
82, 88, 383
ICD, 64
PPM, 64
Ti-cron sutures, 341
Tissue engineering, 318
Tissue homeostasis, 61
Tissue inhibitor of matrix metalloproteinases
(TIMP), 10
TOE imaging. See Transesophageal
echocardiographic (TOE) imaging
TR. See Tricuspid regurgitation (TR)
Transatrial intrapericardial tricuspid
annuloplasty (TRAIPTA) device,
296, 298, 364
Transcatheter aortic valve implantation
(TAVL), 355
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Transcatheter aortic valve replacement
(TAVR), 68
Transcatheter tricuscpid valve annuloplasty, 68
Transcatheter tricuspid valve interventions
(TTVIs)
annuloplasty device
Mitralign device, 362-364
superiority of ring annuloplasty, 365
TRAIPTA, 364
TriCinch system, 364
coaptation devices
Forma Repair System, 365-366
MitraClip system, 366
efficacy, 368-373
heterotopic valve implantation
balloon-expandable transcatheter
heart valves, 361
IVC and SVC, 360
self-expanding nitinol stent, 361
orthotopic valve implantation, 357
pre-procedural planning, 368-369
procedural guidance, 368
safety issues, 367-368
Transcatheter tricuspid valve therapy
anatomical considerations, 380-381
annuloplasty devices, 192
canal valve implantation, 386
CAVI, 195
coaptation devices, 192
imaging guidance, 381-384
MitraClip implants, 385
outcomes, 386
patients selection, 380
percutaneous tricuspid annuloplasty,
192-194
pericardial approach, 386
tricuspid annuloplasty devices, 385
tricuspid valve spacer, 386
TV orifice, 195
valve-in-ring procedures, 384
Transcatheter valve-in-ring procedure,
381-384
Transesophageal echocardiographic (TOE)
imaging
anterior leaflet, 118
commissure, 118
mid-esophageal level, 118, 119
posterior leaflet, 118
septal leaflet, 118
3D echocardiography, 121
three-dimensional imaging, 119
TR, grading severity of, 121
transgastric level, 119
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Trans-esophageal echocardiography (TEE),
81, 130, 134, 136, 137, 139, 193,
284, 286, 382
Transfemoral approach, 384
Transthoracic echocardiography (TTE)
acquisitions, 82
advantages, 80
analysis, 85, 86
bi-plane mode, 89
display, 85-87
4-chamber view
iRotate mode, 90-92
modes, 81
simultaneous multiplane imaging, 89
3D-TTE, 82, 87-89
TR (see Tricuspid regurgitation (TR))
tricuspid valve assessment, 92
2D-TTE, 82-85
TV annulus, 108, 109
TV apparatus, 80-81
TV stenosis, 92, 93
Traumatic lesion, 346
Trialign device, 291, 293, 295
Triangle of Koch, 331
Tric valve device, 287, 288
TriCinch device, 68, 295, 364
Tricuspid annular plane systolic excursion
(TAPSE), 90, 225
Tricuspid annuloplasty repair techniques, 191
Tricuspid annulus (TA), 6, 144, 195, 241
annular dilation, 356
CT, 186
deformation, 214, 215
diameters, 215
dilation measurement, 13, 211-214
dimention measurement, 224
Doppler Tissue Imaging, 226
dynamics, 206
echocardiography, 128
geometry and function, in functional TR, 209
shape of, 206, 381
size, 206-209
Tricuspid atresia, 15, 16
complication, 41
investigations, 40
management, 40
presentation, 40
prognosis, 41
Tricuspid regurgitation (TR)
acquired lesions, 13
adhesions, 13
antero-superior leaflet, 14
approach considerations, 37
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Tricuspid regurgitation (TR) (cont.)

carcinoid heart disease, 39
cardiac catheterisation, 35
cardiac magnetic resonance, 35
chest X ray, 35
colour flow Doppler, 96, 98
congenital tricuspid malformations, 15
continuous-wave Doppler, jet on, 104, 105
CT, 185
defibrillators-induced TR, 38
diagnostic algorithm, 95
differential dignosis, 34
DTI, 226
Ebstein anomaly, 14, 38
ECG, 35
echocardiography, 35, 129
etiology, 95
flail TV, 38
grading severity, TOE, 121
hepatic venous flow, 105
HTx, 50-54
clinical features, 55
epidermiology, 53
management, 55-56
pathophysiology, 54-55
iatrogenic lesions, 13
ICD, 60
clinical symptoms, 62—-63
lead extraction, 65-66
lead location, 70-71
lead type, 69
mechanisms, 60
medical management, 65
Micra Transcatheter Pacing Study, 71
pathophysiology, 60
percutaneous transcatheter techniques,
68-69
physical examination, 63
prolapsing technique, 70
risk factors, 63
subcutaneous cardioverter
defibrillators, 71
surveillance, 71
valvular surgery, 66—68
jet area, 96, 100
jet VC, 100, 101
left-sided valve surgery, 346
long-trem monitoring, 36-37
LVAD, 39
mechanism of, 95, 280, 281
medical therapy, 36
mild, 94, 155
moderate, 94
moderate-to-severe, prevalence of, 30
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natural history, 35
outcome, 281-282
pacemakers, 38
pathophysiology, 30-31
PHT, PA pressure estimation, 242
physical examination, 31-34
physiologic, 30
PISA, 101-104
PPM, 60
clinical symptoms, 62
imaging, 64, 65
lead extraction, 66
lead location, 70
lead type, 69
mechanisms, 60
medical management, 65
Micra Transcatheter Pacing Study, 71
pathophysiology, 60
percutaneous transcatheter techniques, 68
physical examination, 63
prolapsing technique, 70
risk factors, 63
subcutaneous cardioverter
defibrillators, 71
surveillance, 71
valvular surgery, 66
pregnancy, 39
prevalence of, 280, 281
primary, 30, 31, 156
carcinoid tumours, 164-166
Ebstein’s anomaly, 158-161
1IE, 162, 163
rheumatic heart disease, 161
traumatic, 170
tumours, 166—169
prognosis, 35
RHC, 258
secondary, 30, 31, 39, 155-158
septal leaflet, 14
severity, 94
assessment of, 285
grading of, 96
signs of, 105-107
surgery, 282, 283
TAPSE, 225
transcatheter interventions, 283, 354-356
TTVI (see Transcatheter tricuspid valve
interventions (TTVIs))

Tricuspid repair, 354

annuloplasty, 307
functional tricuspid regurgitation
anterior leaflet, 336
clover technique, 336, 337
concomitant LHP requiring surgery, 332
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ring annuloplasty, 334, 337 morphology, 129
suture annuloplasty, 337 posterior leaflet, 139
suture annuoplasty, 333 postoperative, 139
tricuspid annular dilatation, 333 septal leaflet, 139
intra operative details, 307 tethering, 129
mortality, 306 3D, 139, 140
outcomes, 308 tricuspid annulus, 128
patient presentation, 307 tricuspid regurgitation, 129
preoperative characteristics and etiology, 307 TTE, 138
primary disease ICD, 60
chordae, 338-339 leaflets
commissures, 339 anterosuperior, 7, 8
leaflet, intervention on, 338 atrialis, 9
papillary muscle, 339 basal zone, 9
valvoplasty, 307 collagen fibres, 10
Tricuspid stenosis (TS) complete closure and apposition, 7
aetiology and pathogenesis composed of, 10
carcinoid tumors, 27 connective tissue fibres, 9, 10
congenital TS, 27 connective tissue integrity, 10
infective endocarditis, 27 external factors, 10
rheumatic heart disease, 27 extracellular matrix, 10
unusual causes, 28 fibrosa layer, 9
cardiac catheterization, 29 inferior, 7, 8
CMR, 156, 170, 171 interstitial fibroblasts, 9
common symptoms, 24 matrix enzymes, 10
consultation, 29 septal, 7, 8
CXR, 28 trifoliate configuration, 7
differential diagnosis, 28 ventricularis, 9
echocardiography, 28 papillary muscles
electrocardiogram, 28 anterior, 4, 11
frequency, 24 antero-superior leaflet, 11
less common symptoms, 25 medial, 4, 12
management, 29 right ventricle, 11, 14
natural history, 24 smaller, 11
physical examination, 25 PHT, 240-241
stages of, 26 physiological changes, 13
TTE, 92-94 PPM, 60
Tricuspid valve (TV) tendinous cords, 10, 11
anatomy, 144 TOE
commissures, 8 anterior leaflet, 118
components commissure, 118
medial and anterior papillary muscles, 4 mid-esophageal level, 118, 119
triangle of Koch, 5 posterior leaflet, 118
tricuspid and pulmonary valves, septal leaflet, 118
position of, 5 3D echocardiography, 121
tricuspid annulus, 6 three-dimensional imaging, 119
CT (see Computed tomography (CT)) TR, grading severity of, 121-124
echocardiography transgastric level, 119
advantages, 127 triangle of Koch, 4
aspects of, 128 tricuspid and pulmonary valves,
cardiac endovascular pacemaker-lead position of, 4
interference, 131-135, 139 tricuspid annulus, 6
eccentric jet, 139 tricuspid orifice, 6

functional TR, 130, 132, 135-137, 139 TTE images, 184
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Tricuspid valve annulus

3D-TTE over 2D-TTE, 88
TTE, 108, 109

Tricuspid valve (TV)

disease, 13, 23,92, 273, 274
carcinoid syndrome, 345
CPB, 329-332
Ebstein’s anomaly, 343-345
endocarditis, 342-343
JVP findings, 25
late tricuspid regurgitation, 346349
pharmacotherapy, 276-277
stenosis, 15, 16, 156, 170, 171, 379
straddling TV, 17
traumatic lesion, 346
tricuspid atresia, 40—41
TVR, 340-342

Tricuspid valve replacement

(TVR), 297-300, 342
bioprostheses vs. mechanical prosthesis,
309, 317
carcinoid syndrome, 345
Ebstein’s anomaly, 345
mortality, 306
outcomes, 310
preoperative characteristics and
etiology, 307
prosthetic value, 340
surgical technique, 340, 341

Tricuspid valve surgery

carcinoid heart disease, 316
congenital defects, 314-315
endocarditis, 316-317
functional tricuspid regurgitation
definition, 311
intraoperative details, 311
outcome, 312
patient presentation, 311
ICD, 316
percutaneous interventions, 318
rheumatic heart disease, 313, 314, 317
tissue engineering, 318
tricuspid repair, 317
annuloplasty, 307
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intra operative details, 307
mortality, 306
outcomes, 308
patient presentation, 307
preoperative characteristics and
etiology, 307
valvoplasty, 307
TV replacement
bioprostheses vs. mechanical
prosthesis, 309, 317
mortality, 306
outcomes, 310
preoperative characteristics and
etiology, 307
Tricuspid valvulotomy, 306
TricValve, 361
TrinCinch device, 193
TS. See Tricuspid stenosis (TS)
TTE. See Trans thoracic echocardiography
(TTE)
TTVIs. See Transcatheter tricuspid valve
interventions (TTVIs)
TV. See Tricuspid valve (TV)
TVR. See Tricuspid valve replacement (TVR)
2D echocardiography, 139, 207, 211, 212, 227
ICD, 64
PPM, 64
RY, 237
2-dimensional transthoracic echocardiography
(2D TTE), 62, 81-85, 87, 89, 129, 139
Two-stage femoral vein cannula, 330

A\

Valvar stenosis, 15-16

Valvular surgery, 66

Velocity timed integral (VTI), 93

Vena cava inferior (VCI), 50

Vena contracta area (VCA), 89, 100, 101, 124

Vena saphenous magna (VSM) graft, 134

Ventricular septal defect (VSD), 170, 171

Vertical right atriotomy, 330

VSD. See Ventricular septal defect (VSD)
VVI-pacemaker system, 133
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