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From Neglected to Noticed:

A Contemporary Understanding
of Tricuspid Regurgitation
Pathophysiology

Describing the anatomy and physiology of the tricuspid valve apparatus, including the annulus,

leaflets, chordae tendineae, and papillary muscles among different types of tricuspid regurgitation.

By Yan Topilsky, MD, and Rebecca T. Hahn, MD, FACC

ith the increasing awareness of the adverse

impact of tricuspid regurgitation (TR)

on outcomes, the need to understand

the pathophysiology of this disease has
grown. The main components of the tricuspid valve
(TV) are the annulus, leaflets, chordae tendineae, and
papillary muscles, and its normal function depends on
the integrity and interplay of these components with
the right atrium (RA), right ventricle (RV), and other sur-
rounding structures. Understanding the anatomy and
physiology of these components is important for the
diagnosis and optimal planning of repair procedures. In
this article, we focus on the normal anatomy and physi-
ology of all components of the TV and the pathologic
derangements associated with the most common types
of TR. We show that functional TR is multifactorial,
resulting from pulmonary hypertension, atrial fibrillation
(AFib), and RV and RA remodeling.

NORMAL ANATOMY OF THE TV

The TV is the largest valve, with a normal orifice area
ranging from 7 to 9 cm? Because of its size, the mean
transtricuspid diastolic gradient is low (< 2 mm Hg).* The
TV has four components: annulus (with the attached RA
and RV), leaflets, papillary muscles (with the attached
RV), and chordae tendineae.** Each of these components
and their relationship to each other plays an essential
role in normal TV function.
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Figure 1. The RV anatomy from the long axis view. The red
arrows show the direction of dilation of atrial wall, annulus,
and leaflets in the setting of idiopathic (atrial remodeling)
secondary TR. The blue arrows show the direction of dila-
tion of lateral and septal RV walls, papillary muscles, and
leaflets in the setting of secondary TR related to pulmonary
hypertension (RV remodeling). In numerous etiologies for
secondary TR, these processes can be combined. LPA, left
pulmonary artery; MPA, main pulmonary artery; RPA, right
pulmonary artery.
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TV Annulus

The normal tricus-
pid annulus has two
segments, an arched
segment relating to
the free wall of the RA
and RV and a straight
segment related to the
septal leaflet and the
ventricular septum. It is
nonplanar, lowest in the
posteroseptal area, and
most superior in the
anteroseptal portion.®
Although the term
annulus suggests a dis-
tinctive, fibrous struc-
ture, pathologic studies
have shown that there
is almost no fibrous tis-
sue or collagen and that
the annulus is com-
posed mainly of the epi-
cardium, endocardium,
and adipose tissue in the atrioventricular (AV) groove.” The
annulus is dynamic and the annular area decreases by up to
30% during the cardiac cycle (largest at end systole and early
diastole). It also changes significantly with loading condi-
tions, even with the respiratory cycle® Important surround-
ing structures include the AV node and bundle of His, which
cross 3 to 5 mm posterior to the anteroseptal commissure,
and the right coronary artery that courses in the AV groove
near the annulus, with gradual shortening of the distance
toward the inferior segment down to < 3 mm.? With sec-
ondary TR, either due to RA or RV adverse remodeling,
the annulus, dilates toward the lateral and posterior free
wall and becomes more spherical and planar (Figure 1).1°
Dilation of the septal segment is limited because of its ana-
tomic relation with the fibrous skeleton of the heart."!

is different for each etiology.

TV Leaflets

Usually, the TV has three leaflets: septal, anterior,
and posterior."” The anterior leaflet is the largest cir-
cumferentially and longest in the radial direction. The
posterior leaflet may have multiple scallops and is the
smallest circumferentially. In 10% of patients, it is not
separated from the anterior leaflet. The septal leaflet is
the shortest in the radial direction and the least mobile.
A recent report has shown that in many cases, two,
four, or even more leaflets may be present as anatomic
variants in healthy patients.”® Important anatomic land-
marks for the leaflets include the commissure between
the septal and posterior leaflets that is usually located

TRICUSPID/MITRAL

103 by
WP

o
200m

Figure 2. Echo images of carcinoid with thickened septal and anterior leaflets (Carpentier type
Illa) (A); rheumatic TR with doming of septal and anterior leaflets (type llla) (B); Ebstein anomaly
with apical displacement of septal leaflet (mixed mechanism) (C); pacemaker-induced TR with
impinging of posterior leaflet (mixed mechanism) (D); flail TR (type Il) (E); endocarditis with large
mass on anterior leaflet (mixed mechanism) (F). Note that the mechansim of injury to the leaflets

near the entrance of the coronary sinus and the com-
missure between the septal and anterior leaflets that is
usually located near the noncoronary sinus of Valsalva.?
Coaptation of the tricuspid leaflets is usually slightly
below or at the annular level, with a coaptation length
ranging between 5 and 10 mm (Figure 1).? This reserve
allows for some dilation of the annulus to occur before
significant TR ensues. In numerous primary causes of
TR, either due to congenital or acquired disease pro-
cesses, primary injury to the leaflets is the cause of TR
(Figure 2).

Tricuspid Subvalvular Apparatus

The tricuspid subvalvular apparatus includes the papil-
lary muscles and chordae tendineae.' There are at least
two separate papillary muscles (anterior and posterior).
In approximately 80% of patients, there is a third septal
papillary muscle. The largest tricuspid papillary muscle
is the anterior muscle with chordae connected to the
anterior and posterior leaflets. The moderator band
extends from the base of the anterior papillary muscle to
the right side of the ventricular septum. The posterior
papillary muscle provides chordal support to the pos-
terior and septal leaflets. If present, the septal papillary
muscle provides chordal support to the anterior and
septal leaflets. If it is absent, chordae to these leaflets may
arise directly from the septum.’ Examples of primary injury
to the subvalvular apparatus causing primary TR include
torn chordae in flail TR, shortening of the entire subvalvular
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apparatus causing systolic and
diastolic tethering of the leaflets
in rheumatic TR, or elongation
and thickening of chordae in
TV prolapse (Figure 2). Because
chordae tendineae are made

of collagen, their length is fixed,
thus, even a small shift of the
septal or lateral RV segments
may pull the supported tricus-
pid leaflets. This explains the
systolic (but not diastolic) teth-
ering of leaflets that occurs with
dilation of the RV or displace-
ment of the papillary muscles
in numerous types of secondary
TR (Figures 1and 3).

RA and RV

The RA is located posterior
and superior to the RV and
consists of a venous compo-
nent, appendage, and main
body. The superior vena cava
(SVQ) drains into the RA on
its superior wall, and its ori-
fice is localized in the venous
component of the atrium.™
The mean diameter of the
SVC orifice is approximately
20 mm. The orifice of the SVC
is usually deprived of any ana-
tomic obstacles'; hence, it is
considered to be the preferred
access for catheterization of the RA in most procedures.
The orifice of the inferior vena cava is localized in the pos-
teroinferior region of the venous part of the RA. It is larger,
with a mean orifice diameter of approximately 24 mm."

Any process that dilates the RA, including longstand-
ing (persistent or chronic) AFib or RV failure, given the
less-developed fibrous skeleton, may result in TV annu-
lar dilatation, loss of TV leaflet coaptation reserve, and
secondary TR.'®

The highly distensible pulmonary vessels allow the RV to
gject the same stroke volume as the left ventricle (LV) while
using only 20% of LV stroke work. Just like the LV, the RV is
influenced by contractility, afterload, preload, and ventricu-
lar interdependence.”” With increasing RV afterload, typical
sequential morphologic changes may be seen, including
basal dilatation resulting in tricuspid annular dilation at first
(in the presence of lower pulmonary artery pressure) and
RV elongation combined with midventricular dilation later
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Figure 3. RA and RV remodeling and valvular determinants in patients with RV remodel-
ing of pulmonary hypertension (upper panel, A), or atrial remodeling (lower panel, A).
Note that with pulmonary hypertension, RV dilates mostly in the middle area, resulting in
spherical appearance of the RV. The midventricular dilatation pulls the papillary muscles
away from the valve, resulting in tethering. Pathologic specimen shows the marked

RV hypertrophy and flattening of septum, resulting in midventricular dilatation (B). In
patients with idiopathic TR, the RA dilates, resulting in enlargement of the basal RV and
annular dilatation (C). In these patients, TR occurs because of loss of valvular coverage
reserve, and RV assumes a conical appearance without notable valvular tethering. In this
pathologic specimen, there is no RV hypertrophy or midventricular dilatation.

in the course of disease (in the setting of more elevated pul-
monary pressure).'®

TV PHYSIOLOGY
Normal TV Physiology

Recent reports have suggested that the TV is sensitive
both to increase in volume load and afterload. With
inspiration, breathing-induced changes in intrathoracic
pressure increase RV end-diastolic and end-systolic
volume by approximately 20 and 15 mL, respectively.™
A recent report has shown that these small changes in
RV volume result in rapid remodeling of the RV, which
becomes wider without elongation.® These changes
lead to the enlarged systolic annulus and decreased
valve coverage of the annulus. Furthermore, RV enlarge-
ment and widening may displace RV walls and attached
tricuspid papillary muscle centrifugally away from
the TV, causing increased tethering that exacerbates
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TABLE 1. ETIOLOGY AND MECHANISM OF DIFFERENT TYPES OF TR

Etiology Mechanism | Annular | Leaflet Leaflet Subvalvular | RA RV Carpentier | Percutaneous
Dilation Tethering | Disease Disease Enlargement | Remodeling | Type Treatment
Primary TR
Congenital | Tricuspid Often Sometimes | Always Often Often Often I/1i/1a Unlikely
leaflet or
sub-appara-
tus disease
Organic Tricuspid Often Sometimes | Always Often Often Often I/1/1a Sometimes
leaflet or possible
sub-appara-
tus disease
Lead/ Mechanical | Sometimes | Sometimes | Sometimes | Sometimes | Often Often I//1la Sometimes
trauma interference/ possible
RV remodel-
ing
Secondary TR
Precapillary | RV dysfunc- | Often Always Never Never Often Always llb Unlikely
PHT tion/remod-
eling
HFrEF/ Multifactorial | Often Often Never Never Often Often I/l Possible
HFpEFF
Left Primary Often Often Sometimes | Never Often Often I/1lb Possible
valvular valve dis-
ease/post-
capillary PH/
AFib
RV dilata- | RV dysfunc- | Often Often Never Never Often Often I/llib Possible
tion/dys- | tion/remod-
function eling
Atrial Biatrial dis- | Always Sometimes | Never Never Always Often | Possible
remodeling | ease
Abbreviations: AFib, atrial fibrillation; HFrEF, heart failure with reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; PHT,
pulmonary hypertension; RA, right atrium; RV, right ventricle; TR, tricuspid regurgitation.

leaflet noncoaptation even further. Another recent
report has assessed the effect of RV afterload on TR.

In serial echocardiograms, an increase in RV afterload
was associated with TR progression due to RV enlarge-
ment, mainly at the midventricular level, and increased
annular diameter. A decrease in RV afterload had the
opposite effect on RV remodeling, TV morphology, and
RV remodeling. These preload- and afterload-induced
changes provide unique insights into the extreme plas-
ticity of the right-side ventriculovalvular complex. Such
plasticity may explain the load and afterload sensitivity
of TR, which may rapidly and intermittently regress

with medical treatment by diuretics or pulmonary
vasodilators, respectively.?’

Pathophysiology of TR

TR can be divided into primary and secondary causes
(Table 1; Figures 2-4). Primary TR is rare and in recent
prospective population studies occurs in < 10% of
patients.?’ Primary TR can be caused by congenital or
acquired disease processes that affect the leaflets, chordal
structures, or both (Table 1; Figure 2). Common causes
for primary TR include rheumatic disease, endocarditis,
carcinoid, radiation, drug-induced TR, flail leaflets, or
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congenital diseases
(Figure 2).22 However,
recent studies suggest
the most common
primary causes for TR
are related to pace-
maker or defibrillator
leads.”” These leads can
perforate or adhere
to leaflets, entangle
the chordal apparatus,
or impinge leaflets.3
Recently, a three-
dimensional echo
study has shown that
the prevalence of leads
impinging on the leaf-
lets in patients with TR
(most commonly the
posterior or septal) is
close to 50%. Although
primary TR is rare, it
should be recognized
and distinguished from
secondary TR because
it is crucial for patient
selection for invasive
procedures.?*
Secondary TR is much more common and can be
categorized either by the etiology (disease process)
or mechanism (morphologic abnormality of the tri-
cuspid apparatus) (Table 1). Classification by etiology
includes those related to RV dilatation or dysfunction
(ie, ventricular functional TR) and those related to RA
and TA dilatation and dysfunction (ie, atrial functional
TR, also known as idiopathic or isolated functional

TR).? Etiologies associated with ventricular function TR

include the following: left-side heart diseases (systolic,
diastolic heart failure, aortic or mitral disease) usually
associated with postcapillary pulmonary hypertension,

TR due to precapillary pulmonary hypertension (chron-

ic lung disease, pulmonary thromboembolism, primary
pulmonary hypertension), TR due to primary RV dila-
tion, and/or dysfunction (large left to right shunt,
primary RV dysplasia, RV ischemia/infarction). Atrial
functional TR is associated with long-standing AFib
and/or heart failure with preserved ejection fraction
and may be more common in females." The etiologies

of primary and secondary TR are summarized in Table 1

and Figure 4.
The common TV morphologic abnormalities associ-
ated with secondary TR due to ventricular functional

Congenital Organic Lead or
TR Trauma

Secondary
TR

RV
Dilatation Atrial
Dysfunction remodeling

Pre-capillary Post-capillary
PHT PHT

Atrial functional

Figure 4. The etiology of TR divided to primary (purple circles) and secondary (blue circles)
causes. In the lower boxes, the major mechanism of TR is stressed. AICD, automated implantable
cardioverter defibrillator; AR, aortic regurgitation; ARVD, arrhythmogenic right ventricular dys-
plasia; AS, aortic stenosis; COPD, chronic obstructive pulmonary disease; HFrEF, heart failure with
reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; ILD, interstitial
lung disease; L, left; MR, mitral regurgitation; MS, mitral stenosis; PHT, pulmonary hypertension;
R, right; RV M, right ventricle myocardial infarction; RVOTO, right ventricular outflow obstruction;
TGA, L-transposition of the great arteries.

TR include (1) RV dilatation resulting in a more spheri-
cal ventricle, with or without dysfunction; (2) tethering
of the tricuspid leaflets in the setting of papillary mus-
cles displacement (Carpentier class 1lIb); and (3) mild
dilation of the TA, with or without RA dilatation. TV
morphologic abnormalities associated with atrial func-
tional TR include (1) severe dilatation and dysfunc-
tion of the RA and TA; (2) minimal tethering of the
tricuspid leaflets with otherwise normal leaflet motion
(Carpentier class 1); and (3) dilatation of the RV base
with preservation of the conical RV shape (Figures 1
and 3). Recent echocardiographic studies suggested
that the prevalence of atrial functional TR with or with-
out AFib is between 9% and 16%.2"

However, as the disease progresses, morphologic
characteristics of both ventricular and atrial functional
disease may be seen resulting in a mixed presentation.
For example, TR associated with left-sided heart disease
results in elevated left atrial filling pressure, pulmonary
venous hypertension, and postcapillary pulmonary
arterial hypertension. This usually results in both dila-
tion and lengthening of the RV and dilation of the RA/
tricuspid annulus and a combination of tethering and
annular dilatation, respectively. Primary RV dysfunction
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(ischemic or other cardiomyopathic processes) usually
results in a combined mechanism including both RA
and RV remodeling as well (Table 1; Figures 1 and 4)."

Because the severity of TR fluctuates significantly with
loading conditions, the morphology of the TV is crucial
for assessing both the TR severity and outcomes with
surgical or percutaneous repair. Specifically, annular
diameter and tenting areas or volumes correlate with TR
severity. Furthermore, increased tenting height, area, or
volume are all associated with poorer results after surgi-
cal or percutaneous repair.28%°

SUMMARY

We have described the anatomy and physiology of the
different parts of the TV apparatus, including the annu-
lus, leaflets, chordae tendineae, and papillary muscles
in normal subjects and with different types of TR. We
showed that TR is affected by a complex dynamic change
of the annulus, leaflets, chords, papillary muscles, and
atrial and ventricular interaction. It is associated with
a different mechanism depending on the type of TR.
In patients with type | TR, it is linked mostly to conical
deformation of the RV, RA dilatation, and extreme annu-
lar dilatation without tethering. In patients with type llIb
TR, the major contributors are spherical deformation
of the RV, papillary displacement, and leaflet tethering.
These new insights should lead to refined concepts for
TR pathophysiology and repair techniques. ®
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