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Right Ventricular Function in Cardiovascular
Disease, Part 1

Anatomy, Physiology, Aging, and Functional Assessment
of the Right Ventricle

Francois Haddad, MD; Sharon A. Hunt, MD; David N. Rosenthal, MD; Daniel J. Murphy, MD

In 1616, Sir William Harvey was the first to describe the
importance of right ventricular (RV) function in his sem-
inal treatise, De Motu Cordis: “Thus the right ventricle may
be said to be made for the sake of transmitting blood through
the lungs, not for nourishing them.”!> For many years that
followed, emphasis in cardiology was placed on left ventric-
ular (LV) physiology, overshadowing the study of the RV. In
the first half of the 20th century, the study of RV function was
limited to a small group of investigators who were intrigued
by the hypothesis that human circulation could function
adequately without RV contractile function.? Their studies,
however, were based on an open pericardial dog model,
which failed to take into account the complex nature of
ventricular interaction. In the early 1950s through the 1970s,
cardiac surgeons recognized the importance of right-sided
function as they evaluated procedures to palliate right-heart
hypoplasia. Since then, the importance of RV function has
been recognized in heart failure, RV myocardial infarction,
congenital heart disease and pulmonary hypertension. More
recently, advances in echocardiography and magnetic reso-
nance imaging have created new opportunities for the study
of RV anatomy and physiology.

The goal of the present review is to offer a clinical
perspective on RV structure and function. In the first part, we
discuss the anatomy, physiology, aging, and assessment of
the RV. In the second part, we discuss the pathophysiology,
clinical importance, and management of RV failure.

Anatomy of the RV

Macroscopic Anatomy of the RV

In the normal heart, the RV is the most anteriorly situated
cardiac chamber and lies immediately behind the sternum. In
the absence of transposition of great arteries, the RV is
delimited by the annulus of the tricuspid valve and by the
pulmonary valve. As suggested by Goor and Lillehi,* the RV
can be described in terms of 3 components: (1) the inlet,
which consists of the tricuspid valve, chordae tendineae, and
papillary muscles; (2) the trabeculated apical myocardium;

and (3) the infundibulum, or conus, which corresponds to the
smooth myocardial outflow region*> (Figure 1). In the study
of congenital heart disease, this division seems to be more
practical than the traditional division of the RV into sinus and
conus components.> Additionally, the RV can also be divided
into anterior, lateral, and inferior walls, as well as basal, mid,
and apical sections.®

Three prominent muscular bands are present in the RV: the
parietal band, the septomarginal band, and the moderator
band. The parietal band and the infundibular septum make up
the crista supraventricularis.” The septomarginal band ex-
tends inferiorly and becomes continuous with the moderator
band, which attaches to the anterior papillary muscle.” When
abnormally formed or hypertrophied, the septomarginal band
can divide the ventricle into 2 chambers (double-chambered
RV).> Another important characteristic of the RV is the pres-
ence of a ventriculoinfundibular fold that separates the
tricuspid and pulmonary valves. In contrast, in the LV, the
aortic and mitral valves are in fibrous continuity (Figure 1).

The shape of the RV is complex. In contrast to the ellipsoidal
shape of the LV, the RV appears triangular when viewed from
the side and crescent shaped when viewed in cross section.® The
shape of the RV is also influenced by the position of the
interventricular septum. Under normal loading and electrical
conditions, the septum is concave toward the LV in both systole
and diastole.® In the mature child and adult, the volume of the
RV is larger than the volume of the LV, whereas RV mass is
approximately one sixth that of the LV.8

Myofiber Architecture of the RV

The ventricles are not composed of a single muscle layer but
rather of multiple layers that form a 3-dimensional (3D)
network of fibers.> As described by Ho and Nihoyannopou-
los,> the RV wall is mainly composed of superficial and deep
muscle layers. The fibers of the superficial layer are arranged
more or less circumferentially in a direction that is parallel to
the atrioventricular (AV) groove (Figure 1).5>° These fibers
turn obliquely toward the cardiac apex on the sternocostal
aspect and continue into the superficial myofibers of the
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LV.5° The deep muscle fibers of the RV are longitudinally
aligned base to apex. In contrast to the RV, the LV contains
obliquely oriented myofibers superficially, longitudinally ori-
ented myofibers in the subendocardium, and predominantly
circular fibers in between. This arrangement contributes to
the more complex movement of the LV, which includes
torsion, translation, rotation, and thickening.>*

The continuity between the muscle fibers of the RV and
LV functionally binds the ventricles together and represents
the anatomic basis of_free ventricular wall traction caused by
LV contraction. This continuity also contributes, along with
the interventricular septum and pericardium, to ventricular
interdependence.’

Distinguishing Anatomic Features of the RV

Although the RV is usually located on the right side of the
heart and connects with the pulmonary circulation, the
anatomic RV is defined by its structure rather than by its
position or connections. The morphological features that best
differentiate anatomic RV, LV, or indeterminate ventricle
include the following: (1) the more apical hinge line of the
septal leaflet of the tricuspid valve relative to the anterior
leaflet of the mitral valve; (2) the presence of a moderator
band; (3) the presence of more than 3 papillary muscles; (4)
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Figure 1. A, The inlet, trabeculated apical
myocardium and infundibulum of the RV.
The tricuspid and pulmonary valves are
separated by the ventriculoinfundibular
fold (VIF). B, Short-axis plane of the RV
demonstrating its crescentic shape. C,
The 4-chamber anatomic plane of the
heart showing the moderator band (MB)
and the more apical insertion of the tri-
cuspid valve. D, Superficial muscle layer
of the RV (dissection by Damian Sanchez-
Quintana, University of Extremadura,
Spain). SMT indicates septomarginal tra-
beculation with its anterior (a) and poste-
rior (p) arm; A-S, anterosuperior leaflet of
the tricuspid valve; PT, pulmonary trunk;
Ao, aorta; RA, right atrium; and LA, left
atrium. Reproduced from Ho and Nihoy-
annopoulos5 with permission from the
publisher. Copyright © 2006, BMJ Pub-
lishing Group Ltd.

the trileaflet configuration of the tricuspid valve with septal
papillary attachments; and (5) the presence of coarse trabec-
ulations.>7 Prominent trabeculations in the systemic ventricle
can also be seen in congenitally corrected transposition of
great arteries (anatomic RV) or in noncompaction of the LV.

Physiology
The primary function of the RV is to receive systemic venous
return and to pump it into the pulmonary arteries. Under
normal circumstances, the RV is connected in series with the
LV and is, therefore, obligated to pump on average the same
effective stroke volume.

Mechanical Aspects of Ventricular Contraction
RV contraction is sequential, starting with the contraction of
the inlet and trabeculated myocardium and ending with the
contraction of the infundibulum (approximately 25 to 50 ms
apart).® Contraction of the infundibulum is of longer duration
than contraction of the inflow region.®

The RV contracts by 3 separate mechanisms: (1) inward
movement of the free wall, which produces a bellows effect;
(2) contraction of the longitudinal fibers, which shortens the
long axis and draws the tricuspid annulus toward the apex;
and (3) traction on the free wall at the points of attachment
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Figure 2. Simultaneously recorded ECG, RV analog signal of
pressure development (dP/dt), phasic pulmonary artery flow,
pulmonary artery pressure (PAP), and RV pressure (RVP) in the
human subject. PEP indicates preejection period; RVET, RV
ejection time; and HOI, hangout interval. Reproduced from
Dell’ltalia and Walsh,'2 copyright © 1988, with permission from
Elsevier.

secondary to LV contraction.® Shortening of the RV is greater
longitudinally than radially.!® In contrast to the LV, twisting
and rotational movements do not contribute significantly to
RV contraction. Moreover, because of the higher surface-to-
volume ratio of the RV, a smaller inward motion is required
to eject the same stroke volume.°

RV Hemodynamics

Under normal conditions, the RV is coupled with a low-
impedance, highly distensible pulmonary vascular system.
Compared with the systemic circulation, pulmonary circula-
tion has a much lower vascular resistance, greater pulmonary
artery distensibility, and a lower peripheral pulse wave
reflection coefficient.”

Under normal conditions, right-sided pressures are signif-
icantly lower than comparable left-sided pressures.!! RV
pressure tracings show an early peaking and a rapidly
declining pressure in contrast to the rounded contour of LV
pressure tracing (Figure 2).'2 RV isovolumic contraction time
is shorter because RV systolic pressure rapidly exceeds the
low pulmonary artery diastolic pressure. A careful study of
hemodynamic tracings and flow dynamics also reveals that
end-systolic flow may continue in the presence of a negative
ventricular-arterial pressure gradient (Figure 2).>!2 This in-
terval, which is referred to as the hangout interval, is most
likely explained by the momentum of blood in the outflow
tract.!?

Cardiodynamics
RV systolic function is a reflection of contractility, afterload,
and preload. RV performance is also influenced by heart
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Figure 3. Pressure-volume loops of the RV under different load-
ing conditions. The slope of maximum time-varying elastance
(Emax), maximum pressure-volume ratio (Max PV), and end-
ejection pressure/volume (EEPV) are displayed on the graph.
Reproduced from Dell’ltalia and Walsh,2° copyright © 1988, with
permission from the European Society of Cardiology.

rhythm, synchrony of ventricular contraction, RV force-
interval relationship, and ventricular interdependence.!3-16
Significant valvular regurgitation or shunt physiology should
always be considered because they can decrease effective
cardiac output.®

The complex relationship between RV contractility, pre-
load, and afterload can be better understood with the help of
pressure-volume loops. Pressure-volume loops depict instan-
taneous pressure-volume curves under different loading con-
ditions. For the LV, Suga et al'” showed that the end-systolic
pressure-volume relationship can be approximated by a linear
relationship. The slope of this relationship is referred to as
ventricular elastance. Because of its relative load indepen-
dence, many investigators consider ventricular elastance as
the most reliable index of contractility.!®

Interestingly, despite having markedly different ventricular
geometry and hemodynamics, many studies showed that the
RV also follows a time-varying elastance model (Figure
3).19.20 Because of the different shape of RV pressure-volume
curves, maximal RV elastance better reflects RV contractility
than does the end-systolic elastance commonly used in LV
pressure-volume interpretation.?® On the basis of the study by
Dell’Italia and Walsh,2° the normal maximal RV elastance is
1.30%£0.84 mm Hg/mL. Although maximal RV elastance is
the most reliable index of RV contractility, some studies
have outlined limitations in the RV time-elastance model,
such as nonlinearity, variability in slope values, and
afterload dependency.?!

RV afterload represents the load that the RV has to
overcome during ejection. Compared with the LV, the RV
demonstrates a heightened sensitivity to afterload change
(Figure 4).2223 Although in clinical practice, pulmonary
vascular resistance (PVR) is the most commonly used index
of afterload, PVR may not reflect the complex nature of
ventricular afterload. A more complete model would ideally
take into account the static and dynamic components of
pulmonary vascular impedance as well as potential valvular
or intracavitary resistive components.®
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Figure 4. The response of the RV and LV to experimental
increase in afterload. Reproduced from MacNee?? with permis-
sion from the publisher. Copyright © 1994, the American Tho-
racic Society.

RV preload represents the load present before contraction.
Within physiological limits, an increase in RV preload
improves myocardial contraction on the basis of the Frank-
Starling mechanism. Beyond the physiological range, exces-
sive RV volume loading can compress the LV and impair
global ventricular function through the mechanism of ven-
tricular interdependence.>> Compared with LV filling, RV
filling normally starts before and finishes after. RV isovolu-
mic relaxation time is shorter, and RV filling velocities (E
and A) and the E/A ratio are lower. The respiratory variations
in RV filling velocities are, however, more pronounced.®2*
Many factors influence RV filling, including intravascular
volume status, ventricular relaxation, ventricular chamber
compliance, heart rate, passive and active atrial characteris-
tics, LV filling, and pericardial constraint.?> The filling period
is also an important determinant of ventricular preload and
function. As demonstrated by Dell’Italia,'? the RV follows a
force-interval relationship in which stroke volume increases
above baseline after longer filling periods, as seen in postex-
trasystolic beats. On the basis of the sarcomere length-
pressure curve relationship, RV compliance is believed to be
greater than LV compliance.?®27 Also, in general, the peri-
cardium imposes greater constraint on the thinner, more
compliant, low-pressure RV.?

Heart Rhythm and Dyssynchrony

Maintenance of sinus thythm and AV synchrony is especially
important in the presence of RV dysfunction. For example,
atrial fibrillation or complete AV block are poorly tolerated in
acute RV myocardial infarction, acute pulmonary emboli, or
chronic RV failure.!

RV dyssynchrony refers to the concept of suboptimal
coordination of RV mechanical function. RV dyssynchrony
could potentially lead to reduced cardiac output or increased
filling pressures. The effects of “resynchronization therapy”
in patients with RV failure and congenital heart disease have
been assessed recently in a multicenter international study
(n=103).28 Dubin and colleagues?® demonstrated that resyn-
chronization therapy was associated with improvement in RV
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ejection fraction (RVEF) in patients with congenital heart
disease with either systemic or pulmonic RV.

Ventricular Interdependence

Ventricular interdependence refers to the concept that the
size, shape, and compliance of 1 ventricle may affect the size,
shape, and pressure-volume relationship of the other ventricle
through direct mechanical interactions.'® Although always
present, ventricular interdependence is most apparent with
changes in loading conditions such as those seen with
respiration or sudden postural changes.'® Ventricular interde-
pendence plays an essential part in the pathophysiology of
RV dysfunction.

Systolic ventricular interdependence is mediated mainly
through the interventricular septum. The pericardium may not
be as important for systolic ventricular interdependence as it
is for diastolic ventricular interdependence.!'s-'¢ Experimental
animal studies showed that approximately 20% to 40% of RV
systolic pressure and volume outflow results from LV _con-
traction.'® Moreover, in the presence of scarring of the RV or
replacement with a noncontractile patch, the septum is able to
maintain circulatory stability as long as the RV is not
dilated.?®

The evidence for diastolic ventricular interdependence is
well established and based on many experimental and clinical
studies.'®3° In acute RV pressure- or volume-overload states,
dilatation of the RV shifts the interventricular septum toward
the left, alters LV geometry, and increases pericardial con-
straint. As a consequence, the LV diastolic pressure-volume
curve shifts upward (decreased distensibility), which poten-
tially leads to a decreased LV preload, an increased LV
end-diastolic pressure (usually a mild increase), or low
cardiac output states. Acute RV dilatation has also been
shown to lead to a decrease in LV elastance.®'¢ Conversely,
LV volume or pressure overload has also been shown to shift
upward the RV diastolic pressure-volume relationship and to
redistribute RV filling into late diastole.303!

Perfusion of the RV
The blood supply of the RV varies according to the domi-
nance of the coronary system. In a right-dominant system,
which is found in =80% of the population, the right coronary
artery supplies most of the RV.%32 The lateral wall of the RV
is supplied by the marginal branches of the RV, whereas the
posterior wall and the inferoseptal region are supplied by the
posterior descending artery. The anterior wall of the RV and
the anteroseptal region are supplied by branches of the left
anterior descending artery. The infundibulum derives its
supply from the conal artery, which has a separate ostial
origin in 30% of cases. The separate ostium explains the
preservation of infundibular contraction in the presence of
proximal right coronary occlusion.®-32

In the absence of severe RV hypertrophy or pressure
overload, proximal right coronary artery flow occurs during
both systole and diastole.>®> However, beyond the RV mar-
ginal branches, diastolic coronary blood flow predominates.”
The relative resistance of the RV to irreversible ischemic
injury may be explained by (1) its lower oxygen consump-
tion, (2) its more extensive collateral system, especially from
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Table 1. Comparison of Normal RV and LV Structure and Function

Characteristics RV LV

Structure Inflow region, trabeculated myocardium, Inflow region and myocardium,
infundibulum no infundibulum

Shape From the side: triangular® Elliptic®

End-diastolic volume, mL/m?
Mass, g/m?

Thickness of ventricular wall, mm
Ventricular pressures, mm Hg
RVEF, %

Ventricular elastance (Emax), mm Hg/mL
Compliance at end diastole, mm Hg ™"
Filling profiles

PVR vs SVR, dyne-s-cm™°
Stroke work index, g/m? per beat
Exercise reserve

Resistance to ischemia
Adaptation to disease state

cross section: crescentic
7513 (49-101)°

26+5 (17-34)%

2 to 556
25/4 [(15-30)/(1-7)]"

617 (47-76)

>40-45*
1.30+0.84%
Higher compliance than LVt

Starts earlier and finishes later |
lower filling velocities®

70 (20-130)"
82 (1/6 of LV stroke work)®
1 RVEF =5%"°
Greater resistance to ischemia®

Better adaptation to volume overload
states®

6612 (44-89)°

8712 (64-109)
7 o 11°
130/8 [(90-140)/(5-12)]"
67+5 (57-78)8
>50*
5.48+1.23"®

5.0+0.52x102%"

Starts later and finishes® earlier,
higher filling velocities

1100 (700-1600)""
50+20"
1 LVEF =5%%
More susceptible to ischemia®

Better adaptation to pressure
overload states®

PVR indicates pulmonary vascular resistance; SVR, systemic vascular resistance; and 1, increase.
*Lower range of normal RV function used in clinical practice; lower value of normal described with radionuclide angiography.
tMainly based on sarcomere length—pressure curve relationship, limited data on end-diastolic passive compliance in humans.

the moderator band artery, a branch of the first septal
perforator that originates from the left anterior descending
coronary artery, and (3) its ability to increase oxygen
extraction.?*

Regulation of RV Function

The mechanisms that can acutely regulate RV as well as LV
function include heart rate, the Frank-Starling mechanism and
the autonomic nervous system. The autonomic nervous sys-
tem has a differential effect on the inflow and outflow region
of the RV. In fact, weak vagal stimulation, which causes
bradycardia, prolongs the normal sequence of activation,
whereas sympathetic stimulation may abolish the usual delay
or even reverse the sequence of contraction in these 2 regions
of the RV.? The inflow and outflow regions may also differ in
their response to sympathetic activation or inotropic stimula-
tion; animal and human studies have suggested that the
inotropic response of the infundibulum may be greater than
that of the inflow tract.3>3¢ As will be discussed in the second
part of this series, numerous studies also describe the role of
the renin-angiotensin-aldosterone system, natriuretic pep-
tides, the endothelin system, tumor necrosis factor, and
inflammation in patients with RV dysfunction. Table 1
summarizes important anatomic and physiological character-
iStiCS Of the RV .5.6.8.9,11,18,20,26,27,37

Embryology and Aging
A basic understanding of embryology is helpful in the study
of cardiovascular and congenital heart disease. The RV and
RV outflow tract are derived from the anterior heart field,
whereas the LV and the atrial chambers are derived from the

primary heart field.?® Transcription factors such as HANDI
and HAND?2 appear to play an important role in chamber-
specific heart formation.3® The sinus part of the RV is derived
from the ventricular portion of the primitive cardiac tube,
whereas the infundibulum is derived from the conus cordis. In
the anatomic LV, subaortic conal absorption occurs, which
explains the absence of an infundibular component as well as
mitral-aortic continuity.” Under normal conditions, the dex-
troventricular loop positions the anatomic RV to the right and
the anatomic LV to the left. The complex spiral development
of the outflow tracts explains the characteristic “crisscross”
relationship between right and left outflow tracts, with the RV
outflow tract being located anteriorly and to the left of the LV
outflow tract.®”

The RV undergoes significant changes with aging, espe-
cially after birth and during infancy. In the fetus, cardiovas-
cular physiology is characterized by a high-resistance pulmo-
nary circulation; a low-resistance systemic circulation; a
large, nonrestrictive ductus arteriosus; right-to-left flow
across the foramen ovale; equal pulmonary arterial and aortic
pressure; and hypoxemia.**-4> RV and LV free-wall thick-
ness and force development are equal throughout fetal life,
and the interventricular septum is midline and flat throughout
the cardiac cycle.*°-4> After birth and in infancy, RV hyper-
trophy regresses, and the heart remodels to the typical
postnatal heart with a crescent-shaped RV and an elliptic LV.
With aging, several changes occur in the RV and the
pulmonary vascular system. The pulmonary artery pressure
and vascular resistance mildly increase with normal aging,
most probably secondary to an increase in arterial stiffness of
the pulmonary vasculature.*3#+ RVEF remains relatively well
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Figure 5. Segmental anatomy of the RV as shown in representative echocardiographic views. The colors indicate the different subdivi-
sions of the interventricular septum. RVOT indicates RV outflow tract; AO, aorta; LA, left atrium; and RA, right atrium. Adapted from
Weyman® with permission from the publisher. Copyright © 1994, Lippincott Williams & Wilkins.

preserved with aging, as does LV ejection fraction. RV
diastolic function changes with time. Doppler indices, reflec-
tive of flow pattern, demonstrate a reduced early RV diastolic
filling, increased late filling, and reduced myocardial diastol-
ic velocities.*> These changes are analogous to changes in LV
diastolic filling profiles. Changes in RV systolic reserve with
exercise have not been well studied but most likely parallel
the small decline seen in LV systolic reserve.*°

Assessment of the RV

Overview of RV Assessment

Evaluation of RV structure and function in patients with
cardiopulmonary disorders is an essential component of
clinical management. Although there have been significant
improvements in cardiac imaging, many factors contribute to
the challenges of RV assessment. These include (1) the
complex geometry of the RV; (2) the limited definition of RV
endocardial surface caused by the heavily trabeculated myo-
cardium; (3) the retrosternal position of the RV, which can
limit echocardiographic imaging windows; and (4) the
marked load dependence of indices of RV function.®

The RV can be studied with many imaging and functional
modalities. In clinical practice, echocardiography is the main-
stay of evaluation of RV structure and function. Compared
with other modalities, it offers the advantages of versatility
and availability. Also, Doppler-derived indices of RV func-
tion, such as the myocardial performance index and tricuspid
annular isovolumic acceleration (IVA), are emerging as
promising parameters of RV function. Figure 5 summarizes
the segmental anatomy of the RV in different echocardio-
graphic views.® Cardiac magnetic resonance imaging (MRI)
is increasingly used as a standard tool in the evaluation of RV
structure and function. MRI is the most accurate method for
assessing RV volume. With careful attention to detail, dia-
stolic and systolic volumes can be determined and used to
calculate ejection fraction. In addition, MRI flow studies are
used to estimate forward flow through semilunar valves and
AV valves, which allows accurate calculation of regurgitant
fractions, cardiac output, and shunt fraction. In the future,
MRI could also have a potential role in assessing the
physiological characteristics of pulmonary arterial flow.
Radionuclide-based techniques provide reliable and geomet-
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rically independent assessments of RVEF. Radionuclide-
based time activity curves are also useful in the quantification
of shunts. Cardiac catheterization provides direct hemody-
namic data and allows accurate assessment of pulmonary
vascular resistance. Pulmonary angiography and coronary
angiography can further delineate important anatomic and
functional characteristics. Compared with CT angiography,
pulmonary angiography may be limited in its assessment of
proximal lamination but has a relative benefit in assessing
distal obstruction. Analysis of RV function by pressure-
volume loops is useful because it quantifies various determi-
nants of RV function such as RV elastance, dP/dt, ventricular
compliance, stroke work, and preload recruitable stroke work.
Currently, the conductance catheter is the most frequently
used method to construct pressure-volume loops. This cath-
eter contains a high-fidelity pressure sensor and up to 12
electrodes to measure RV electrical conductance, from which
instantaneous RV chamber volume is determined.*” Com-
pared with LV conductance studies, RV conductance studies
are technically more challenging because of the difficulty in
obtaining reliable ventricular volumes.

Assessment of RV Structure
A change in RV shape and volume can be the first sign of RV
dysfunction, pressure or volume overload, or arrhythmogenic
RV dysplasia. A comprehensive assessment of RV structure
should include the study of (1) RV volume, (2) RV shape and
internal architecture, (3) RV hypertrophy and mass, (4) tissue
characterization, and (5) assessment for potential masses
(Table 2).6:8.48-50

To be accurate, volume assessment should always take into
account the complex shape of the RV. Furthermore, the
infundibulum should be included in the volume measurement
because it can account for as much as 25% to 30% of RV
volume.>' The simplest and most routinely used method for
assessing RV volume includes linear dimensions and areas
obtained from single tomographic echocardiographic planes.
The best correlations between single-plane measurements and
RV volumes have been obtained with the maximal short-axis
dimension and the planimetered RV area (in the 4-chamber
view).¢ Significant overlap has been noted, however, between
normal and volume-overloaded conditions, especially for
mild to moderate enlargement.® In an effort to be more
accurate, different approaches have been sought to directly
measure RV volume. These include the area-length method
and Simpson’s rule approach. In 2-dimensional echocardiog-
raphy, numerous studies showed that the area-length method
that uses an ellipsoid or pyramidal model correlates better
with RV volume than Simpson’s rule.® The main difficulty
seen with the application of Simpson’s rule to 2-dimensional
echocardiographic images is obtaining 2 appropriate orthog-
onal views with a common long axis. Three-dimensional
echocardiography is a promising technique that could lead to
more accurate assessment of RV volume. However, visual-
ization of the anterior wall and inclusion of the infundibulum
in a simple model remain difficult, which explains the
variable correlations with MRI and cast models.®>'->2 MRI is
considered the most reliable method for measuring RV
volumes. By acquiring parallel and contiguous tomographic

Table 2. Structural Characteristics of the RV

Feature Criteria (Reference) Interpretation
Dilatation Volume >101 mL/m?® Volume overload
RV_max SAX >43 mm® Pressure overload

RVEDA/LVEDA >2/36 Intrinsic myocardial disease

D-sh LV Eccentricity index >149* RV pressure or volume
overload
Diastolic D-shape LV
suggests volume overload
tolic D-shape LV it
pressure overload
Hypertrophy Mass >35 g/m?® Pressure-overloaded RV
RV inferior wall >5 mm®  Hypertrophic cardiomyopathy,
infiltrative disease; exclude
double-chambered RV
Aneurysm Localized RV dilatation® ARVD; RVMI; localized
absence of pericardium
TV septal Septal insertion >1 cm or Consider Ebstein’s anomaly
insertion 8 mm/m2c0
Delayed Area of delayed contrast Suggests myocardial fibrosis
enhancement uptake and washout in MRI
Fatty High-intensity signal on MRI Consider ARVD
infiltration

RV max SAX indicates RV maximal short-axis diameter; RVEDA/LVEDA, ratio
of RV to LV end-diastolic area; ARVD, arrhythmogenic RV dysplasia; RVMI, RV
myocardial infarction; and TV, tricuspid valve.

*The eccentricity index measures the degree of septal displacement and is
defined as the ratio of the minor axis diameter of the LV parallel to the septum
to that perpendicular to it.

images with high temporal resolution, MRI obviates the need
for geometric assumptions. Volume is then calculated by
summing the volume of each slice with Simpson’s rule.

Assessment of RV Function
The load dependence of many of the indices of RV function
and the difficulty in constructing and analyzing RV pressure-
volume loops render the study of RV function particularly
challenging. In this section, we will review noninvasive and
invasive indices of contractility, preload, and afterload in the
context of clinical practice.

Selected Indices of RV Contractility

An ideal index of contractility should be independent of
afterload and preload, sensitive to change in inotropy, inde-
pendent of heart size and mass, easy and safe to apply, and
proven to be useful in the clinical setting.>® In clinical
practice, RVEF is the most commonly used index of RV
contractility. Although widely accepted, RVEF is highly
dependent on loading conditions and may not adequately
reflect contractility. Because the RV chamber is larger than
the LV chamber, RVEF is, under normal conditions, lower
than LV ejection fraction. The normal range of RVEF varies
between 40% and 76% depending on the methodology used.
MRI is the most accurate method for measuring RVEF.
According to Lorenz and colleagues,® the normal value of
RVEF is 61%7%, ranging from 47% to 76%. RV images can
be acquired in the short-axis or axial direction. Alfakih and
colleagues>* demonstrated that the axial orientation resulted
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Figure 6. The RV myocardial performance index (MPI). E indi-
cates the rapid filling velocity; A, atrial filling velocity; IVCT, iso-
volumic contraction time; IVRT, isovolumic relaxation time; and
ET, ejection time.

in a better intraobserver and interobserver reproducibility
than the short-axis orientation. The lower limit of
radionuclide-derived normal RVEF ranges from 40% to
45%.5> Radionuclide angiography can be completed with
either first-pass or equilibrium techniques. Both techniques
have the advantage of being independent of geometric as-
sumption and have been validated extensively. The first-pass
technique has the disadvantage of having a lower count
density, whereas the equilibrium technique has difficulty
separating the right atrium from the RV.5> Echocardiography
is less accurate than the 2 previously mentioned methods.
Two-dimensional assessment of RVEF with Simpson’s rule
and the area-length method showed moderate correlation with
radionuclide- or MRI-derived RVEF (correlations ranging
from 0.65 to 0.80).° In the clinical setting, 3D echocardiog-
raphy has also shown variable correlations with RVEF.
Difficulties that still need to be overcome include delineation
of the anterior wall and identification of the infundibular
plane. RV fractional area change represents the ratio of
systolic area change to diastolic RV area. It is measured in the
4-chamber view and can be incorporated systematically into
the basic echocardiographic study. In end-stage pulmonary
disease, a good correlation has been reported between RV
fractional area change and RVEF.>°

Tricuspid annular plane systolic excursion is another useful
quantitative measurement of RV systolic performance. This
method reflects the longitudinal systolic excursion of the
lateral tricuspid valve annulus toward the apex. It is usually
measured with M-mode imaging in the 4-chamber view.>’
Studies showed moderate correlation between tricuspid an-
nular plane systolic excursion and RVEF measured by radio-
nuclide angiography.>®

RV myocardial performance index, which is the ratio of
isovolumic time intervals to ventricular ejection time, has

Right Ventricular Function, Part I 1443

e e

Figure 7. Tissue Doppler echocardiography spectral curve at
the level of the tricuspid annulus. The isovolumic myocardial
acceleration is calculated as the difference between baseline
and peak velocity (stars) during isovolumic contraction divided
by their time interval. Reproduced from Vogel et al®4 with per-
mission from the publisher. Copyright © 2004, the American
College of Cardiology Foundation.

been described as a nongeometric index of global ventricular
function (Figure 6).° RV myocardial performance index
appears to be relatively independent of preload, afterload, and
heart rate and has been useful in assessing patients with
congenital heart disease and pulmonary hypertension.®0-¢2
The normal value of this index is 0.28+0.04, and it usually
increases in the presence of RV systolic or diastolic dysfunc-
tion. Recently, Yoshifuku and colleagues®? described pseudo-
normalized values in acute and severe RV myocardial infarc-
tion, which can probably be explained by a decrease in
isovolumic contraction time associated with an acute increase
in RV diastolic pressure.

Tissue Doppler imaging, which measures myocardial ve-
locities, also allows quantitative assessment of RV systolic
function. Systolic tissue Doppler signal of the tricuspid
annulus (St) has been studied as an index of RV function in
patients with heart failure. Peak systolic values <11.5 cm/s
identified the presence of ventricular systolic dysfunction
(RVEF <50%) with a sensitivity and specificity of 90% and
85%, respectively.®?

IVA represents a new tissue Doppler—derived parameter of
systolic performance. It is calculated by dividing the maximal
isovolumic myocardial velocity by the time to peak velocity:
IVA=maximum velocity/time to peak (Figure 7).%* Vogel
and colleagues studied the value of myocardial IVA in a
closed-chest animal model during modulation of preload,
afterload, contractility, and heart rate. Their study showed
that IVA reflects RV myocardial contractile function and is
less affected by preload and afterload within a physiological
range than either the maximum first derivative of RV pres-
sure development (dP/dt max) or ventricular elastance.* Two
clinical studies confirmed its value in congenital heart dis-
ease, ie, after repair of tetralogy of Fallot and in transposition
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Table 3. Selected Indices of RV Contractility

Functional Parameters Normal Value

Load Dependence*

Clinical Utility

RVEF, % 61+7% (47%—76%)°
>40%-45%
RVFAC, % >32%"*
TAPSE, mm >15%
Sm annular, cm/s >128
Strain Basal: 19-+6%
Mid: 27+6
Apical: 32+6
Strain rate, s~ Basal: 1.50+0.41%
Mid: 1.72+0.27
Apical: 2.04+0.41
RVMPI 0.28+0.04%°
dP/dt max, mm Hg/s 100-250°
VA, m/s? 1.4+0.5%
Maximal RV elastance, mm Hg/mL 1.300.84%

+ + + Clinical validation, wide acceptance
Prognostic value in cardiopulmonary disorders®
+ + + Good correlation with RVEF
Prognostic value in Ml and bypass surgery*
+ + + Simple measure not limited by endocardial
border recognition: Good correlation with RVEF
+ + + Good sensitivity and specificity for RVEF <50%°
+ + + Correlates with stroke volume®s7
+ + Correlates with contractility®®"
+ + Global nongeometric index of systolic and
diastolic function, prognostic value PH, CHD®-¢?
+ + Not a reliable index of contractility®®
More useful in assessing directional change
when preload accounted for
+ Promising new noninvasive index of contractility,
studies in CHD®®
+ Most reliable index of contractility®

RVFAC indicates RV fractional area change; MI, myocardial infarction; TAPSE, tricuspid annular plane systolic excursion; Sm, tissue Doppler maximal
systolic velocity at the tricuspid annulus; RVMPI, RV myocardial performance index; PH, pulmonary hypertension; and CHD, congenital heart disease.

*Should be viewed as a general indication of load dependence.

of the great arteries.®*%5 Further validation of this new index
is being actively pursued.

dP/dt max is also used as an index of RV contractility. As
demonstrated by numerous studies, RV dP/dt max is signif-
icantly affected by loading conditions and cannot be used as
a reliable index of contractility.®® It may, however, be useful
in assessing directional change in response to therapy.

As discussed earlier, maximum ventricular elastance is
considered by many investigators as the best index of
contractility.? Because conductance catheterization is inva-
sive and time consuming, it is predominantly used as a
research tool for assessment of ventricular function.®> More
recently, single-beat estimation of RV elastance with the
maximal pressure of isovolumic beat has been validated in
the clinical setting. This method could potentially simplify
the measure of ventricular elastance.” Table 3 compares
different indices of RV systolic function.$2-20.48,59-70

Patterns of RV Segmental Dysfunction
In pulmonary embolism, McConnell and colleagues’' de-
scribed a distinct pattern of RV dysfunction, characterized by
severe hypokinesia of the RV mid free wall, with normal
contraction of the apical segment. Compared with several
other conditions, the finding showed a sensitivity of 77% and
a specificity of 94% for pulmonary embolism. Recently,
Casazza and colleagues’? also recognized this pattern of
ventricular dysfunction in patients with acute RV myocardial
infarction.

In RV myocardial infarction, the pattern of segmental
dysfunction depends on the culprit artery. With involvement

of the right coronary artery proximal to the marginal branches
(in a right-dominant coronary system), segmental hypokine-
sia is seen in the lateral and inferior wall. With involvement
of the posterior descending artery, hypokinesia is usually
limited to the inferior segments. In anterior myocardial
infarction involving the left anterior descending coronary
artery, RV hypokinesia is usually limited to the anterior wall.

In patients with arrhythmogenic RV dysplasia who meet
the Task Force diagnostic criteria for this condition, Yoerger
and colleagues”® showed that RV enlargement and decreased
RV function occur frequently. Regional wall-motion abnor-
malities occurred in 79% of probands; the apex (72%) and the
anterior wall (70%) were the most common sites of these
abnormalities.”?

RV Diastolic Parameters and Estimation
of Preload
Because RV diastole is composed of many phases, it cannot be
described by a single parameter. The different parameters used
in the study of RV diastole include (1) RV end-diastolic or right
atrial pressures, (2) RV volume, (3) RV filling profiles, (4)
relaxation-phase indices (dP/dt minimum and the time constant
of isovolumic pressure decay), and (5) passive chamber charac-
teristics such as compliance (Table 4).11:2548.74-77

Right atrial pressure or RV end-diastolic pressure can be
measured directly during right-heart catheterization or estimated
noninvasively by assessing inferior vena cava diameter and
collapse index.*® The annular tricuspid E/e ratio and annular
tissue Doppler relaxation time have also shown moderate cor-
relation with right atrial pressure.”® Assessment of RV preload is
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Table 4. Selected Indices of RV Function
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Index Normal Values

Clinical Utility-Comment

Diastolic parameters

Pressures, mm Hg

Inferior vena cava

Diastolic E/A velocity ratio
E deceleration time, ms

Hepatic vein S/D velocity ratio

Diastolic pulmonary flow
End-diastolic compliance

Ventricular interdependence

Respiratory variation in E velocity

RAmean: 3 (1-5)"
RVEDP: 4 (1-7)
=1.7 cm, Cl =50%*

1.50+0.3%
198+23%

>1 in sinus rhythm™ <1 in AF

Absent
not well defined

Tricuspid: =15% inspiratory 1
Mitral: =10% inspiratory |, 7

High values suggest diastolic dysfunction

Estimates RA pressure: (mm Hg)*
IVC =<1.7 cm, Cl =50%: 0-5
IVC >1.7 cm, Cl =50%: 6-10
IVC >1.7 cm, Cl <50%: 10-15

IVC >1.7 cm, fixed: =15

RV diastolic profiles have not been well correlated with
chamber compliance or ventricular pressures; E/A >2
and DT <160 ms suggest restrictive physiology

Reversal of systolic flow seen in severe diastolic
dysfunction or severe TR

Presence suggests “restrictive” physiology in TOF"®
Limited data available in humans

Increased respiratory variations seen in constriction
(TA =40%, MA =25%) or tamponade

Valvular function

Tricuspid regurgitation <1/4
Tricuspid valve gradient, mean, <2
mm Hg

Pulmonary regurgitation <1/4

Pulmonary peak gradient, mm Hg

Maximal gradient <25
(upper limit of normal)

(TA =80%, MA =40%)"

VC >7 mm and hepatic vein S reversal in severe TR”
Gradient >5 mm Hg and area <1 cm? in severe TS”’

RF >40% suggests severe PR7; PHT =100 ms in
moderate-severe PR (TOF)

Maximal gradient 50-80 mm Hg suggests moderate PS
and peak gradient >80 mm Hg suggests severe PS”

RAmean indicates mean right atrial pressure; RVEDP, RV end-diastolic pressure; IVC, inferior vena cava; Cl, collapse index; RA, right atrial; E, rapid
filling velocity of the RV; A, end-diastolic ventricular filling corresponding to the atrial contraction; DT, deceleration time; S/D, systolic to diastolic ratio
of hepatic vein flow; AF, atrial fibrillation; TR, tricuspid regurgitation; TOF, tetralogy of Fallot; T, tricuspid; M, mitral; VC, venae contracta; TVG, tricuspid
valve gradient; TS, tricuspid stenosis; PR, pulmonary regurgitation; RF, regurgitant fraction; PHT, pressure half-time; and PS, pulmonary stenosis.

*Athletes can have a dilated IVC without increased pressure. There exists variability in IVC size thresholds used in the literature.

more challenging. Although RV volume usually represents a
reliable index of preload, RV_volume may not always reflect
sarcomeric length or predict response to fluid therapy.2 Also,
although right atrial pressure and RV end-diastolic pressure are
often used as surrogates for RV preload, many studies showed
that pressure and volume are not linearly related. More recently,
in the intensive care setting, dynamic respiratory changes in right
atrial pressure and dynamic changes in arterial pulse pressure
have been shown to be better markers of fluid responsiveness
than catheter-derived RV end-diastolic volume or absolute
values of pressures.”®

RV chamber compliance or stiffness has not been studied
extensively in humans owing to the difficulty in obtaining
accurate and simultaneous estimation of RV volume. There-
fore, correlations between RV filling profiles and chamber
characteristics are not well established. In tetralogy of Fallot,
however, diastolic pulmonary flow during atrial systole has
been described as indicating decreased ventricular compli-
ance or restrictive physiology.” The time constant of isovolu-
mic pressure decay and dP/dt minimum have been shown to
have marked load dependence and are not used routinely in
the study of ventricular diastology.3°

Assessment of RV Afterload

Pulmonary vascular resistance is the most commonly used
index of RV afterload in clinical practice; however, a more
complete understanding of afterload should take into account
resistive, capacitive, inertial, and pulse-reflection properties
of the pulmonary vasculature, as well as potential outflow or
ventricular resistive component.® Models of the pulmonary
vasculature that integrate passive and dynamic components of
vascular impedance are being actively investigated.

Assessment of Ventricular Interdependence
Assessment of ventricular interdependence is helpful in
differentiating restrictive from constrictive physiology, both
of which can present with right-sided heart failure. Ventric-
ular interdependence may be clinically assessed by consider-
ing (1) the degree of reciprocal respiratory change in ventric-
ular filling profiles, (2) ventricular coupling (in dimension or
pressure), or (3) abnormal septal motions. In assessing
ventricular interdependence, it is also important to consider
the effects of ventricular dysfunction on the pressure-volume
relationship and function of the other ventricle.

Downloaded from http://circ.ahajournals.org/ by guest on March 15, 2014


http://circ.ahajournals.org/
John Vogel

John Vogel

John Vogel

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


http://circ.ahajournals.org/

1446 Circulation March 18, 2008

Strain and Strain Rate Analysis

Strain is defined as the degree of deformation of an object,
whereas strain rate represents the speed at which strain
occurs.®! In echocardiography, RV longitudinal strain can be
assessed reliably from apical views, whereas radial strain is
difficult and is hampered by near-field artifacts and extremely
small computational distance. Theoretically, MRI could pro-
vide highly reproducible data on RV myocardial deformation
not only in the longitudinal and radial directions but also in
the circumferential direction. At this moment, however, few
data are available on RV MRI strain. In mathematical models
and in experimental studies, longitudinal strain appears to
correlate best with changes in stroke volume, whereas longi-
tudinal strain rate is more related to local contractile function
and appears to be more independent of loading.”®

Evaluation of RV Dyssynchrony

The study of RV dyssynchrony is in its early stages, but
several groups are currently investigating specific ECG (QRS
duration) and mechanical criteria of RV dyssynchrony. Echo-
cardiographic indices of dyssynchrony are assessed by mea-
suring time delay in mechanical activity between segments.
At this time, areas that can be assessed by tissue Doppler
imaging are limited to the septum-RV free wall. MRI could
theoretically have the advantage of assessing 3D indices of
dyssynchrony.

Cardiac Rhythm and the RV

Cardiac rhythm plays an essential role in RV function. Atrial
fibrillation can severely compromise RV function. In addi-
tion, ventricular tachycardia can originate from the RV in a
variety of disorders, such as arrhythmogenic RV dysplasia,
RV myocardial infarction, left bundle-branch block, idio-
pathic ventricular tachycardia, or after surgical repair of
congenital disease.’? Although ventricular tachycardia that
arises from the RV usually has a left bundle-branch block
morphology, most ventricular tachycardia with this morphol-
ogy arises from a paraseptal LV location.s?

Cardiac Markers

Recent studies showed that serum levels of B-type natriuretic
peptide may be useful in diagnosing RV failure associated
with pulmonary hypertension, congenital heart disease, or
pulmonary disease.®3-85 In pulmonary arterial hypertension,
an elevated B-type natriuretic peptide level at baseline (>150
pg/mL) and follow-up (>180 pg/mL) has been associated
with worse survival.83 Elevated troponin levels have also
been associated with worse outcome in pulmonary embolism
and pulmonary hypertension.3¢-87

Conclusion and Future Directions
A proper understanding of RV physiology requires knowl-
edge of ventricular contractility, preload, and afterload, as
well as ventricular interdependence and pericardial con-
straint. Because of its complex shape and marked load
dependence, the study of the RV remains challenging. New
and promising noninvasive indices of contractility include
tissue Doppler IVA and RV myocardial performance index.
In the future, advances in cardiac imaging are expected in the

field of 3D echocardiography, strain imaging, diffusion ten-
sor MRI imaging, and tissue characterization. These could
lead to the discovery of new noninvasive indices of contrac-
tility and chamber compliance and to a better understanding
of ventricular remodeling.
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Pathophysiology, Clinical Importance, and Management of Right
Ventricular Failure
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Right ventricular (RV) function may be impaired in
pulmonary hypertension (PH), congenital heart disease
(CHD), and coronary artery disease and in patients with
left-sided heart failure (HF) or valvular heart disease. In
recent years, many studies have demonstrated the prognostic
value of RV function in cardiovascular disease. In the past,
however, the importance of RV function has been underesti-
mated. This perception originated from studies on open-
pericardium dog models and from the observation that pa-
tients may survive without a functional subpulmonary RV
(Fontan procedure). In the 1940s, studies using open-
pericardium dog models showed that cauterization of the RV
lateral wall did not result in a decrease in cardiac output or an
increase in systemic venous pressure.!-> As was later dem-
onstrated, the open-pericardium model did not take into
account the complex nature of ventricular interaction. In
1982, Goldstein and colleagues? showed that RV myocardial
infarction (RVMI) in a closed-chest dog model led to signif-
icant hemodynamic compromise. These findings were further
supported by clinical studies demonstrating an increased risk
of death, arrhythmia, and shock in patients with RVMI.#

The study of the RV is a relatively young field. In 2006, the
National Heart, Lung, and Blood Institute identified RV
physiology as a priority in cardiovascular research.> The goal
of this review is to present a clinical perspective on RV
physiology and pathobiology. In the first article of the series,
the anatomy, physiology, embryology, and assessment of the
RV were discussed. In this second part, we discuss the
pathophysiology, clinical importance, and management of
RV failure.

Definitions
RV failure is a complex clinical syndrome that can result
from any structural or functional cardiovascular disorder that
impairs the ability of the RV to fill or to eject blood. The
cardinal clinical manifestations of RV failure are (1) fluid
retention, which may lead to peripheral edema, ascites, and
anasarca; (2) decreased systolic reserve or low cardiac output,
which may lead to exercise intolerance and fatigue; or (3)

atrial or ventricular arrhythmias. RV dysfunction, on the
other hand, refers to abnormalities of filling or contraction
without reference to signs or symptoms of HF. Many indexes
can be used to describe RV dysfunction. Among them, RV
ejection fraction (RVEF) is the most commonly used index of
RV function even though it is a highly load-dependent index
of contractility (Table 1).

Pathophysiology

The RV may be subject to pressure or volume overload,
ischemia, intrinsic myocardial disease, or pericardial con-
straint (Table 2). RV dysfunction begins with an initial injury
or a stress on the myocardium and may progress in the
absence of a new identifiable insult to the heart (Figure 1).
The most common cause of RV dysfunction is chronic
left-sided HF. PH is an important cause of RV dysfunction. In
2003, a revised classification of PH was adopted at the Third
World Conference in Venice.® The revised classification
separates causes of PH into those that affect primarily the
pulmonary arterial tree (pulmonary arterial hypertension
[PAH]), the pulmonary venous system, and the pulmonary
vasculature as a result of lung disease, hypoventilation, or
pulmonary emboli. RV dysfunction also is a prominent
feature of various forms of CHD such as tetralogy of Fallot
(TOF), transposition of the great arteries, Ebstein’s anomaly,
and Eisenmenger syndrome.

RV adaptation to disease is complex and depends on many
factors. The most important factors appear to be the type and
severity of myocardial injury or stress, the time course of the
disease (acute or chronic), and the time of onset of the disease
process (newborn, pediatric, or adult years). Other important
factors may include the importance of neurohormonal acti-
vation, altered gene expression, and the pattern of ventricular
remodeling (Figure 2).5 As emphasized in Figure 2, multiple
interactions exist between myocardial injury, neurohor-
monal activation, altered gene expression, and ventricular
remodeling.

In general, the RV adapts better to volume overload than to
pressure overload. In atrial septal defect (ASD) and tricuspid
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Table 1. Selected Markers of RV Dysfunction Associated With
Clinical Status and Prognosis

Table 2. Mechanisms and Specific Causes of Right
Heart Failure

Systolic performance indexes
RVEF
RV fractional area change
Tricuspid annular plane systolic excursion
RV myocardial performance index
Hemodynamics
Right atrial pressure
Cardiac index
Maximal pressure-time derivative
Indices derived form pressure—volume measurements
Ventricular elastance
Preload recruitable stroke work
Diastolic filling profiles
Tissue Doppler indexes
Isovolumic acceleration
Systolic and diastolic myocardial velocities
Right-sided dilation
RV dilation absolute or relative to LV
Right atrial size
Tricuspid regurgitation
Electrophysiological characteristics
Arrhythmias
Inducibility of ventricular tachycardia
QRS duration
Neurohormones and cytokines
B-type natriuretic peptide
Norepinephrine
Endothelin
Tumor necrosis factor

regurgitation, the RV may tolerate volume overload for a long
time without a significant decrease in RV systolic function.”
Recent studies, however, have demonstrated that long-
standing volume overload may lead to an increase in mor-
bidity and mortality.”-3

In contrast to volume-overload states, moderate to severe
acquired PH in the adult often leads to RV dilatation and
failure.® Pressure overload of the RV also may lead to RV
ischemia, which may further aggravate ventricular dysfunc-
tion.” Compared with volume-overload states, histological
changes are more pronounced in RV pressure-overload states
as demonstrated by the increased density of myocardial
connective tissue seen in both animal and human studies.!*!!
In acute pressure-overload states such as pulmonary embo-
lism (PE), an adult with a previously normal RV is incapable
of acutely generating a mean pulmonary artery pressure
>40 mm Hg, and RV failure occurs early in the presence of
a significant embolic burden.'?> In most patients with idio-
pathic PAH, progressive RV dilatation and RV dysfunction
occur. Clinical experience suggests, however, that some
patients with PH develop RV failure earlier than others with
the same degree of pulmonary pressure. Altered gene expres-

Pressure overload
Left-sided HF (most common cause)
Pulmonary embolism (common)
Other causes of PH
RV outflow tract obstruction
Peripheral pulmonary stenosis
Double-chambered RV
Systemic RV

Volume overload
Tricuspid regurgitation
Pulmonary regurgitation
Atrial septal defect
Anomalous pulmonary venous return
Sinus of valsalva rupture into the RA
Coronary artery fistula to RA or RV
Carcinoid syndrome
Rheumatic valvulitis

Ischemia and infarction
RV myocardial infarction

Ischemia may contribute to RV dysfunction in CHD and RV overload states
(especially pressure overload)

Intrinsic myocardial process
Cardiomyopathy and heart failure
Arrhythmogenic RV dysplasia
Sepsis

Inflow limitation
Tricuspid stenosis
Superior vena cava stenosis

Complex congenital defect
Ebstein’s anomaly
Tetralogy of Fallot
Transposition of the great arteries
Double-outlet RV with mitral atresia

Pericardial disease
Constrictive pericarditis

RA indicates right atrium.

sion and neurohormonal activation may partially account for
these differences.> Recent studies showed that in some
patients with idiopathic PAH, expression and recapitulation
of the fetal gene pattern occur as demonstrated by the
decreased expression of the a-myosin heavy chain gene and
the increased expression of the fetal B-myosin heavy chain.’
An association between angiotensin-converting enzyme DD
polymorphism and RV adaptation in PAH also has been
suggested recently by some investigators.'3

Two examples of chronic pressure-overload states that are
well tolerated by the RV include Eisenmenger syndrome and
congenital pulmonary stenosis. In Eisenmenger syndrome,
RV failure occurs late in the course of the disease despite
having long-standing systemic levels of PH.'* Compared with
other causes of PAH, Eisenmenger syndrome has the best
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Ventricular
Interdependence

Arrhythmia

v \

Systolic and diastolic
LV dysfunction

Hypotension

! / N\

Compression of LM Circulatory failure
by Pulmonary Artery
in PH (rare)

Systolic dysfunction

Low cardiac output

Myocardial
lischemia

.

Diastolic dysfunction

>R\ / \

Right to left shunt
through PFO

l

Hypoxemia

Congestive component

Congestive hepatopathy
(Risk for cirrhosis)
Peripheral edema
Protein losing enteropathyT

Figure 1. Pathophysiology of RV failure. *The time course (acute or chronic) and time of onset of the disease process (newborn, pediat-
ric, or adult years) also influence RV adaptation to disease. Neurohormonal activation and altered gene expression modulate the devel-
opment of RV dysfunction (Figure 2). tProtein-losing enteropathy is multifactorial in the setting of RV failure. LM indicates left main cor-

onary artery; TR, tricuspid regurgitation.

long-term prognosis, with long-term survival of 80% at 10
years, 77% at 15 years, and 42% at 25 years. It has been
postulated that the resilience of the RV in Eisenmenger
syndrome may be explained by the preservation of the fetal
phenotype with equal right and left wall thicknesses through-
out life and by the presence of an alternative “outflow,”
allowing the RV to shunt to the systemic circuit when the
relative ratio of pulmonary to systemic resistance increases as
in exercise.”!'* In congenital pulmonary valve stenosis, the
degree of ventricular hypertrophy varies with the severity of
obstruction. The RV usually adapts well to pulmonary valve
stenosis even when severe, with symptoms being unusual in
children and adolescents. Eventually, long-standing untreated
severe obstruction may lead to RV failure and tricuspid
regurgitation.”

In acute RVMI, the RV shows a remarkable ability to
regain systolic function both at rest and during exercise,
highlighting its resistance to irreversible ischemic injury.'s

Neurohormonal and Cytokine Activation

Numerous studies describe the role of the autonomic nervous
system, the renin-angiotensin-aldosterone system, natriuretic
peptides, the endothelin system, and cytokines in patients
with RV failure.'6-18

In the failing RV, excessive sympathetic adrenergic stim-
ulation may adversely affect ventricular remodeling and
survival.’”20 In a dog model of RV failure caused by
pulmonary artery banding, Fan and colleagues®® demon-
strated a decrease in [-adrenergic receptor density in the
stressed RV. Interestingly, the reduced (-adrenergic receptor
density was not limited to the failing ventricle but also
occurred in the left ventricle (LV). In patients with PAH,
elevated catecholamine levels were associated with higher
pulmonary vascular resistance and lower cardiac index.?! In
selected patients with CHD and RV failure (TOF, systemic
RV), elevated catecholamine levels also with associated with
higher New York Heart Association class.!®

The renin-angiotensin-aldosterone system plays an important
role in the pathophysiology of left HF.>> Many studies also
suggest its importance in RV failure. In a rabbit model of RV
failure induced by pulmonary artery banding, Rouleau and
colleagues?* demonstrated that RV pressure overload led to a
loss of responsiveness to the inotropic effects of angiotensin II
and to an uncoupling of angiotensin 1 receptors to downstream
signaling pathways. In patients with cor pulmonale, activation of
the renin-angiotensin-aldosterone system also may contribute to
fluid retention and ventricular remodeling.'®
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Myocardial injury or
Ventricular overload

|

Myocardial dysfunction

|

Increased load
Reduced systemic perfusion

Neurohormonal, cytokine,
Mechanical-stretch signaling

| Theg

Altered gene Growth and Toxicity, ischemia or
expression remodeling energy depletion
Apoptosis Necrosis

Cell death

Figure 2. Postulated interactions between ventricular remodel-
ing, neurohormonal and cytokine activation, and gene expres-
sion in the setting of RV failure. Adapted from Voelkel et al®> with
permission from the publisher. Copyright © 2006, the American
Heart Association.

Endothelin system activation may be important feature of
pulmonary vascular disease and right HF.' In a
monocrotaline-induced PAH rat model, an increase in both
vascular and RV gene expression of endothelin-1 and endo-
thelin receptors was demonstrated.?+25 In patients with PAH
and CHD (selected forms), elevated endothelin-1 levels were
associated with decreased exercise capacity and more severe
ventricular dysfunction.'®25> Modulation of the endothelin
system with endothelin receptor antagonists in PAH may lead
to an improvement in exercise capacity, a decrease in pulmo-
nary vascular resistance, and better ventricular remodeling
(decrease in RV hypertrophy and fibrosis).!”-25 In contrast,
endothelin receptor blockade in left HF did not lead to
significant clinical benefits even though endothelin levels
often are elevated in left HF.?¢

Atrial natriuretic peptide and B-type natriuretic peptide are
2 natriuretic peptides of cardiac origin. B-type natriuretic
peptide levels may increase in RV pressure- or volume-
overload states such as PH, cor pulmonale, PE, and selected
CHD.!8.1 Elevated B-type natriuretic peptide levels also are

Normal Heart

Flattened septum

4

Dilated RV A

RV Lv

Increased
Pericardial Constraint

&

A3

associated with an increased risk of mortality in patients with
idiopathic PAH.!8

Activation of cytokines may play an important role in
patients with RV failure. In patients with selected forms of
CHD and RV dysfunction, elevated levels of tumor necrosis
factor and endotoxin were associated with more symptomatic
disease (lower functional class or more edema).!%-27

Hemodynamic and Systemic Consequences of

RYV Failure

Many factors may contribute to low cardiac output in patients
with RV failure such as RV systolic dysfunction, tricuspid
regurgitation, ventricular interdependence, bradycardia or
tachyarrhythmias, or suboptimal preload (Figure 1). Hypo-
tension may further aggravate RV dysfunction by leading to
RV ischemia.

Ventricular interdependence plays an important role in the
pathophysiology of RV failure, especially in the acute setting.
RV dilatation and/or pressure overload cause a leftward shift
of the septum, changing LV geometry; RV dilatation also
may increase the constraining effect of the pericardium
(Figure 3). These changes contribute to the low-cardiac-
output state by decreasing LV distensibility and preload. LV
elastance may be decreased through the mechanisms of
ventricular interdependence.'>

In some patients with severe and progressive RV failure,
pulmonary arterial pressure may decrease as a consequence
of low cardiac output (Figure 4). Therefore, the interpretation
of pulmonary pressure in patients with PH should always take
into account the degree of RV failure and effective cardiac
output.

RV diastolic dysfunction impairs RV filling and increases
diastolic RV pressures and right atrial pressures. This may
lead to fluid retention and congestive hepatopathy, as well as
cardiac cirrhosis in more advanced cases. RV failure also may
lead to significant tricuspid regurgitation, which may further
aggravate RV volume overload and decrease cardiac output.
Both RV diastolic dysfunction and tricuspid regurgitation
may accentuate right-to-left shunting through a patent fora-
men ovale and lead to hypoxemia.

Protein-losing enteropathy is seen occasionally after the
Fontan procedure, in constrictive pericarditis, in severe tri-

Right Ventricular Volume Overload

Figure 3. Ventricular interdependence in RV
failure. Dilatation of the RV shifts the inter-
ventricular septum toward the left, changing
LV geometry. Acute RV distension also may
lead to an increase in pericardial constraint
(arrows). These changes may contribute to
low cardiac output state by decreasing LV
distensibility, preload, and ventricular
elastance.

Compressed

D-shape LV
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co
PAP i, PVR = MPAP-PCWP
PVR[" co

Time
Figure 4. Hemodynamics in progressive pulmonary vascular
disease. A decrease in pulmonary arterial pressure (PAP) in
patients with PH may be a sign of low cardiac output (CO) and
severe RV failure. PVR indicates pulmonary vascular resistance;
PCWP, pulmonary artery capillary wedge pressure; and MPAP,
mean PAP.

cuspid regurgitation, and in RV failure. Its origin is multifac-
torial and cannot be explained simply by elevated right
atrial pressure alone. This complex condition may lead to
profound hypoproteinemia, malnutrition, and immunological
deficiencies.?®

Arrhythmias and Sudden Death in RV Disease
Atrial tachyarrhythmias are the most common arrhythmias
encountered in patients with RV failure. In the setting of

Table 3. Arrhythmias in Acquired RV Disease and CHD

Haddad et al Right Ventricular Failure 1721

acute RV failure or severe RV dysfunction, atrial
tachyarrhythmias often lead to hemodynamic instability.
Many studies have demonstrated that atrial flutter or atrial
fibrillation is associated with an increased risk of morbidity
or mortality in patients with RVMI, PH, and CHD.!52°-31
Right atrial dilatation and remodeling and postsurgical scars
within the atria, as in postoperative CHD, represent important
substrates for atrial flutter.30-31

Ventricular tachycardia arising from the RV may occur in
RVMI, PH, CHD, arrhythmogenic RV dysplasia, and idio-
pathic RV outflow tract tachycardia.’'3> In patients with
CHD, ventriculotomy and/or patching for certain type of
ventricular defects are associated with a greater risk of
developing ventricular tachycardia.?! Sinus node dysfunction
and conduction blocks also may contribute to exercise intol-
erance and hemodynamic instability in patients with RV
dysfunction (Table 3).

Sudden death in patients with RV disease often is caused
by tachyarrhythmia or bradycardia. Other important causes
include PE, pulmonary hemorrhage, or mechanical compli-
cations associated with RVMI.

Stages of RV Failure and Prognostic Factors
The development of RV failure may be described in terms
of progressive stages as it has for left HF. RV failure may

Selected Forms of Acquired

Arrhythmias RV Disease

Selected Forms of CHD

Supraventricular tachycardia

Atrial flutter

Atrial fibrillation

Multifocal atrial tachycardia
Accessory pathways
Twin AV nodes

Ventricular tachycardia

Bradycardia
Sinus node dysfunction

AV block

Pulmonary hypertension
Tricuspid valve disease
Advanced lung disease

RV myocardial infarction
Pulmonary embilism
Pulmonary hypertension
Advanced lung disease

Advanced lung disease

ARVD
Pulmonary hypertension
RV myocardial infarction

RV myocardial infarction
Infiltrative disease

RV myocardial infarction
Infiltrative disease
Myocarditis

ASD
TOF (postrepair)
Postoperative atrial switch, Fontan operation
ASD
TOF (postrepair)
Unrepaired single ventricle
Mitral or aortic valve disease*

Ebstein’s anomaly, L-TGA
Heterotaxy syndrome

TOF
Eisenmenger syndrome
Congenital aortic stenosis*

Heterotaxy syndrome

Postoperative atrial switch, Fontan, postoperative Glenn

Endocardial cushion defect
L-TGA, VSD closure
AV valve replacement*
Subaortic stenosis relief*

L-TGA indicates L-transposition of the great arteries; AV, atrioventricular; ARVD, arrhythmogenic RV dysplasia; and VSD, ventricular
septal defect. The risk of atrial arrhythmias associated with ASD increases with age and pulmonary artery pressure. Adapted from
Walsh and Cecchin® with permission of the publisher. Copyright © 2007, the American Heart Association.

*CHD with primary LV or valvular disease.
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At Risk for Chronic Right Ventricular Failure

STAGE A

At risk for RVF but
without structural
heart disease or
symptoms of HF

e.g. Patients with:
- Pulmonary Hypertension
(early stages)
- LV or valvular heart disease|| |
- Family history of CM
or ARVD
- Using Cardiotoxins or
stimulants
- Atherosclerotic disease

/ MANAGEMENT \

GOALS

- Management of underlying
condition or disease

- Close monitoring of
RV function

- Family or genetic screening
in selected disease states

- Discourage alcohol intake,

STAGEB

RV dysfunction or
structural heart
disease but without
symptoms of HF

e.g. Patients with:

- Pulmonary Hypertension

- Congenital Heart Disease
(selected forms)

- Left HF or valvular disease

- CM or ARVD

- Asymptomatic valvular
disease (tricuspid and
pulmonary)

- previous RVMI

/ MANAGEMENT \
GOALS
- All measures under Stage A
DRUGS

- Consider ACEI, ARB or Beta-blockers
for patients with systemic RV

- Consider warfarin therapy in the
presence of RH thrombus,

Development
of symptoms
of RHF

Chronic Right VentricularFailure

STAGE C

RVF with prior or
current symptoms
of HF

e.g. Patients with:

STAGED
Refractory RVF
requiring specialized
interventions.

e.g. Patients with:

/ MANAGEMENT \
GOALS
- All measures under Stage A and B
DRUGS

- Diuretics +/-digoxin
- All measures under Stage B

SURGERY OR INTERVENTION
- Corrective surgery in selected cases

structural heart disease -marked symptoms at rest
or RV dysfl-ln;tlon despite maximal medical,
an i i i
e Refractory interventional or surgical
- fatigue g I
9 ) RHF at rest ar
- reduced exercise - refractory life threatening
tolerance arrhythmias
- palpitations

!

/ MANAGEMENT \
GOALS

- All measures under Stage A, B and C
- Decision re: appropriate level of care

OPTIONS
- Extraordinary measures
* Atrial Septostomy (selected PH pts)
« Transplantation

atrial flutter/fibrillation
CTEPH or PAH
SURGERY OR INTERVENTION
- Corrective surgery in selected cases
of CHD, valvular heart disease or
pulmonary hypertension ( eg. CTEPH)
DEVICES IN SELECTED PATIENTS
- implantable defibrillators

illicit drug use
- Encourage regular exercise

N S

Qmsider RV resynchronization /

Heart Tx in the absence of severe PH
Lung Tx or Heart-Lung Tx otherwise

+ Chronic inotropes

« Destination mechanical support
(not yet studied)

*Experimental surgery or drugs

of CHD, valvular heart disease or
pulmonary hypertension ( eg. CTEPH)

DEVICES OR EP INTERVENTION

IN SELECTED PATIENTS

- Cardioversion or Pacemaker

- Implantable defibrillators or ablation

- Compassionnate end-of-life care

Figure 5. Stages and management of chronic RV failure. The management of chronic RV failure should always be tailored to its under-
lying cause. ARVD indicates arrhythmogenic RV dysplasia; RH, right heart; CM, cardiomyopathy; CETPH, chronic thromboembolic pul-

monary hypertension; and Tx, transplantation.

progress from asymptomatic RV dysfunction to symptom-
atic RV failure to refractory RV failure (Figure 5). It is
interesting to note that many patients with refractory RV
failure associated with PAH may show a significant
improvement in RV function after lung transplantation.
This finding highlights the potential of recovery of the RV
and the marked load dependence of commonly used
indexes of RV contractility.

The prognosis of RV failure is strongly associated with its
underlying cause. Patients with RV volume overload, pulmonary
stenosis, and Eisenmenger physiology usually have the best long-
term prognosis. Decreased exercise tolerance represents one of the
most important prognostic factors for death or hospitalization in
patients with RV failure associated with PH and CHD.333* Other
prognostic factors include the severity of RV systolic dysfunction,
RV diastolic dysfunction, the extent of neurohormonal activation,
chronotropic incompetence, arrthythmias, LV systolic dysfunction,
serum uric acid, and bilirubin.33-3¢

Clinical Importance of RV Function

Heart Failure
RV dysfunction in left HF may occur in both ischemic and
nonischemic cardiomyopathy. RV dysfunction in HF may be

secondary to pulmonary venous hypertension, intrinsic myo-
cardial involvement, ventricular interdependence, neurohor-
monal interactions, or myocardial ischemia. RV dysfunction
appears to be more common in nonischemic cardiomyopathy
than in ischemic cardiomyopathy and more closely parallels
LV dysfunction.?”

RVEEF represents a strong and independent predictor of
mortality in left HF (Table 4).37-43 Other indexes of RV
function that have been associated with worse outcome in HF
include RV myocardial performance index and systolic and
diastolic tricuspid annular velocities.*>** In biopsy-proven
myocarditis, tricuspid annular plane systolic excursion is
associated with a greater risk of death or heart
transplantation.*3

Exercise capacity, a strong predictor of mortality in HF,
appears to be more closely related to RV function than LV
function.’*#¢ Baker and colleagues*® and Di Salvo and
colleagues® observed a significant correlation between
RVEF and exercise capacity in HF. On the other hand, Clark
and colleagues*’ did not demonstrate such a strong associa-
tion, highlighting the multifactorial nature of exercise capac-
ity in HF.
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Table 4. Selected Studies Assessing the Prognostic Value of RV Function in HF

Study Population NYHA Class (%) n RV Dysfunction Criteria Main Findings (Significant Findings)

Polak et al,*? 1983 CAD -V 34 RVEF <35% 23% survival (RVD) vs 71% survival at 2 y

Di Salvo et al,* 1995 CAD, IDC v 67 RVEF <35% RVD and % Vo,-independent predictors of

survival at 2 y

De Groote et al,*® 1998 CAD, IDC 11l 205 RVEF <35% RVD, maximal Vo,, NYHA-independent
predictors of survival at 2 y

Ghio et al,*" 2001 CAD, IDC -V (70) 377 RVEF <35% Incremental value of PAP and RV function in
predicting event-free survival

Sun et al,* 1997 IDC -V (74) 100 RV area/LV area >0.5 RV enlargement independent predictor of

survival
Meluzin et al,** 2005 CAD, IDC -V 140 RVMPI >1.20, IVA <2.52 cm/s, RVMPI and TDI indexes were predictive of

TAV <10.8 cm/s mortality or event-free survival

NYHA indicates New York Heart Association; CAD, coronary artery disease; RVD, RV dysfunction; IDC, idiopathic cardiomyopathy; PAP, pulmonary arterial
hypertension; RVMPI, RV myocardial performance index; IVA, isovolumic acceleration; and TAV, tricuspid annular systolic velocity.

Only a few studies have addressed the prognostic impor-
tance of RV diastolic function. The difficulty in studying RV
diastolic function may be explained the marked load depen-
dence of RV filling indexes. In patients with left HF, Yu and
colleagues*® showed that RV diastolic dysfunction defined by
abnormal filling profiles is associated with an increased risk
of nonfatal hospital admissions for HF or unstable angina.

RV Myocardial Infarction

The clinical syndrome of RVMI was first recognized by
Saunders in 1930 when he described the triad of hypotension,
elevated jugular veins, and clear lung fields in a patient with
extensive RV necrosis and minimal LV involvement.!> The
incidence of RVMI in the context of inferior myocardial
infarction varies, depending on the diagnostic criteria used,
with estimates ranging from 20% to 50%.*!'> Hemodynam-
ically significant RVMI with hypotension occurs in less than
10% of these patients.!> The meta-analysis by Mehta and
colleagues* demonstrated that RVMI was associated with an
increased risk of death, cardiogenic shock, ventricular
tachycardia or fibrillation, and high-grade atrioventricular
block. This increased risk is related to the presence of RV
myocardial involvement itself rather than the extent of LV
myocardial damage.'5 In survivors of RVMI, RVEF increases
significantly during the recovery period in both revascular-
ized and nonrevascularized patients.'S This suggests that the
RV is particularly resistant to irreversible ischemic injury and
that myocardial stunning plays an important part in the
pathophysiology of RV dysfunction.

Valvular Heart Disease
RV dysfunction may be seen in both left-sided and right-
sided valvular heart disease. Mitral stenosis often leads to PH
and RV dysfunction.*® RV failure, which occurs more com-
monly in patients with severe mitral stenosis (valve area <1.0
cm?) and significant PH (pulmonary vascular resistance >3
Wood units), may be the cause of mortality in 60% to 70% of
untreated patients.’® After mitral valve repair or replacement,
RV dysfunction may be reversed to a significant degree.>!
In chronic severe mitral regurgitation, significant PH at rest
(>50 mm Hg) may occur in almost half of the patients,
leading to RV dysfunction first during exercise and ultimately

at rest.>233 In unoperated patients, subnormal RVEF at rest is
associated with decreased exercise tolerance, complex ar-
rhythmias, and mortality.>® Decreased RV systolic reserve in
asymptomatic patients is associated with an increased risk of
progression to HF.33. In patients undergoing mitral valve
surgery, Wencker and colleagues>* demonstrated in a small
prospective study that preoperative RVEF =20% predicted
late postoperative deaths.

In patients with aortic stenosis, RV systolic function
usually is maintained. RV systolic dysfunction, however, is
associated with decreased preoperative cardiac output and a
greater requirement of inotropic support after valvular sur-
gery.>>>¢ Traditional teaching has been that the RV may
sustain severe tricuspid regurgitation for a long time without
adverse consequences. Recently, however, Messika-Zeitoun
and colleagues® have demonstrated that flail tricuspid valve is
associated with decreased survival and a high incidence of
HF, atrial fibrillation, and need for valve replacement.

Arrhythmogenic RV Dysplasia and Uhl’s Anomaly
Arrhythmogenic RV dysplasia is an unusual myopathy that
involves predominantly the RV and results in fibrofatty
replacement of the myocardium. Sudden cardiac death fre-
quently is the first manifestation of the disease. Risk factors
for sudden death include RV dilatation, precordial repolar-
ization abnormalities, LV involvement, documented or sus-
pected ventricular tachycardia or fibrillation, and =1 affected
family member.>” Despite the fact that RV dysfunction is a
common feature of arrhythmogenic RV dysplasia, symptoms
of HF are uncommon (6%).57 Progressive HF as the cause of
death occurs in only a small percentage of patients.5”

Uhl’s anomaly, or parchment heart, consists of aplasia or
hypoplasia of most if not all of the myocardium in the
trabeculated portion of the RV in the presence of a structur-
ally normal and competent tricuspid valve. The clinical
picture of Uhl’s anomaly is dominated by congestive HF,
which may result in death in infancy.3?

Congenital Heart Disease
In patients with CHD, the anatomic RV may support the
pulmonary circulation (subpulmonary RV) or the systemic
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circulation (systemic RV). RV failure is common in CHD and
is closely related to patient outcome.”

An isolated large ASD results in left-to-right shunting and
volume overload of the RV. Although the RV generally
tolerates chronic volume overload well, long-standing vol-
ume overload in the setting of an ASD is associated with
increased mortality and morbidity (HF, decreased exercise
tolerance, and arrhythmias).”->® Older age at repair or closure
(>40 years of age) also is associated with incomplete RV and
right atrial remodeling and an increased risk of arrhyth-
mias.”-38 In contrast to patients with ventricular septal defects,
only a small percentage of patients with ASD develop
Eisenmenger syndrome and often do so much later in life.>®
The difference may be related to the timing of shunting,
which is delayed in ASD until RV hypertrophy regresses and
maturation of the pulmonary vasculature occurs, and to the
absence of high-pressure shear forces seen in ventricular
septal defects.>®

In repaired TOF, severe pulmonary regurgitation is the
most common cause of RV dilatation and dysfunction and is
associated with decreased exercise tolerance, atrial and ven-
tricular arrhythmias, and sudden death.” Severe RV dilatation,
especially when progressive, may be an early sign of a failing
RV and should prompt consideration of pulmonary valve
replacement. Pulmonary valve replacement generally results
in ventricular remodeling with a decrease in RV volume.”
Severe preoperative RV dilatation with an end-diastolic
volume >170 mL/m? or an end-systolic volume >85 mL/m?
however, is associated with persistence of RV dilatation after
surgery.”® Some patients with TOF exhibit a “restrictive RV
physiology,” which is defined by the presence of forward and
laminar late diastolic pulmonary flow throughout respiration.”
Early after TOF repair, restrictive RV physiology is associ-
ated with a low cardiac output and longer intensive care unit
stay.”0 Late after TOF repair, however, restrictive RV
physiology and a less compliant RV counteract the effects of
chronic pulmonary regurgitation and are associated with a
smaller RV, shorter QRS duration, and increased exercise
tolerance.”-0!

Ebstein’s anomaly is characterized by an apical displace-
ment of the septal and posterior tricuspid leaflets exceeding 8
or 20 mm/m” in the adult.” The malformation results in an
atrialized portion of the RV and moderate to severe tricuspid
regurgitation. Associated congenital defects include ASD
often with bidirectional shunt, pulmonary stenosis, and ac-
cessory pathways.” RV failure in Ebstein’s anomaly results
primarily from volume overload of the RV and from a
hypoplastic RV chamber incapable of adequately handling
the systemic venous return. In symptomatic patients, the best
surgical approach depends on valve morphology (attachment,
commissures, surface) and on the size of the functional RV.

RV outflow tract obstruction may occur in a number of
congenital abnormalities, including pulmonary valve steno-
sis, double-chambered RV, infundibular hypertrophy, or dy-
namic obstruction of the RV outflow tract. The RV usually
adapts well to pulmonary valve stenosis even when severe. In
patients with moderate to severe pulmonary valve stenosis,
symptoms are unusual during childhood and adolescence.” In
adults, symptoms of fatigue and dyspnea usually reflect the

inability to increase cardiac output with exercise. Eventually,
long-standing untreated severe obstruction may lead to RV
failure and tricuspid regurgitation.”

In patients with D-transposition of the great arteries who
underwent an atrial switch surgery and in patients with
congenitally corrected L-transposition of the great arteries,
the anatomic RV supports the systemic circulation.”¢> Be-
cause the RV is not well suited to support the systemic
circulation, late RV failure usually occurs and is closely
related to outcome.” In patients who have undergone an atrial
switch operation, several factors contribute to the progressive
decline in RV function, including myocardial perfusion
defects, uncoordinated myocardial contraction, and systemic
atrioventricular valve (tricuspid valve) regurgitation.”-%2 In
patients with congenitally corrected L-transposition of the
great arteries, moderate to severe systemic atrioventricular
valve (tricuspid valve) regurgitation is associated with in-
creased mortality.”-62 Tricuspid valve replacement may slow
the progression of RV failure. Late arterial switch operation is
considered occasionally in selected patients with transposi-
tion of the great arteries.

Idiopathic PAH

The degree of symptoms and survival in patients with
idiopathic PAH are closely related to RV function.’ In studies
assessing hemodynamic variables and survival in idiopathic
PAH, high mean right atrial pressures and low cardiac output
have consistently been associated with poorer survival.>-33 In
contrast, the level of pulmonary artery pressure has only
modest prognostic significance, in part reflecting the decrease
in pulmonary arterial pressure that may occur with progres-
sive RV failure (Figure 4).° Other direct or indirect parame-
ters of RV function associated with prognosis include right
atrial and ventricular size, diastolic eccentricity index, RV
myocardial performance index, and tricuspid regurgita-
tion.%33.63.64 Other important prognostic factors in idiopathic
PAH include exercise tolerance (New York Heart Associa-
tion class, 6-minute walk test), response to therapy, and the
presence of pericardial effusion.?-33.63

Thromboembolic Disease
PE is the most common cause of acute RV pressure overload
in the adult. Despite significant advances in cardiovascular
medicine, PE remains an important cause of mortality and
morbidity. The mortality of PE is closely related to the degree
of RV failure and hemodynamic instability. Thus, patients
may be divided into 3 groups: (1) hemodynamically stable
patients who have an expected mortality of less than 4%, (2)
patients with evidence of RV dysfunction but without shock
who have an expected mortality between 5% and 15%, and
(3) patients in cardiogenic shock who have an expected
mortality between 20% and 50%.!2-65-¢

Chronic thromboembolic PH (CTEPH) is characterized by
thrombotic obstruction of the main, lobar, or segmental
pulmonary arteries.®” Among patients suffering acute PE, less
than 5% go on to develop CTEPH, and two thirds of patients
with CTEPH do not have a history of acute PE.¢” Thrombosis
in situ plays an important role in the pathophysiology of
CTEPH. Compared with patients with idiopathic PAH, pa-
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tients with CTEPH tend to have higher right atrial pressure
and lower cardiac output for the same level of pulmonary
artery pressure.>? Pulmonary endarterectomy has been dem-
onstrated to improve mortality and exercise capacity in
patients with CTEPH.®”

Chronic Pulmonary Disease
The generally accepted definition of cor pulmonale is RV
enlargement or hypertrophy secondary to pulmonary disease
in the absence of LV failure.®® Patients with cor pulmonale
may present with RV hypertrophy, asymptomatic RV dys-
function, or RV failure. Therefore, in studies assessing the
relationship between cor pulmonale and prognosis, one has to
carefully consider the definition used. Chronic obstructive
pulmonary disease (COPD) is the most common cause of cor
pulmonale.®® In patients with COPD, pulmonary arterial
pressure usually is only mildly elevated. The development of
cor pulmonale is related to the severity of COPD and the degree
of hypoxemia (hypoxemic pulmonary vasoconstriction).%
Only a few studies have assessed the independent value of
RV function in COPD. In a recent study, Burgess and
colleagues®® showed that RV end-diastolic diameter index
and the velocity of late diastolic filling were independent
predictors of survival. Other important prognostic factors in
COPD include the severity of obstructive ventilatory defects
and associated comorbidities.%®

Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome is a condition associated
with a very high mortality rate. Significant RV dysfunction
occurs in ~15% of patients with acute respiratory distress
syndrome and usually is related to microvasculature dysfunc-
tion and/or the effects of mechanical ventilation.” Some
studies have demonstrated that RV dysfunction is indepen-
dently associated with outcome, especially when inspiratory
pressures are maintained >30 mm Hg or high positive
end-expiratory pressures are tolerated.”®

Sepsis

Approximately 50% of patients with severe sepsis and septic
shock have concomitant LV systolic dysfunction.” RV dys-
function is also common in sepsis and is related to myocardial
depression or PH.7? Persistence of RV dysfunction in sepsis
appears to be associated with an increased risk of mortality.
In survivors of sepsis, RV dysfunction usually normalizes
after 7 to 14 days.”!

Cardiac Surgery
The importance of RV function in patients undergoing
cardiac surgery has been recognized for several years. In
small retrospective studies, preoperative RV systolic dysfunc-
tion predicted late survival after coronary artery bypass
surgery and mitral valve surgery.>*73 In the hemodynamically
unstable postoperative cardiac patient, Reichert and col-
leagues’* showed that RV systolic dysfunction was associated
with an increased risk of mortality.

Severe RV failure after cardiac surgery occurs in ~0.1% of
patients and is associated with high mortality rates.” Severe
RV failure may occur after coronary artery bypass surgery,

Haddad et al Right Ventricular Failure 1725

valve replacement, heart transplantation, and LV assist device
placement. Factors involved in the pathophysiology of RV
failure in cardiac surgery include RV ischemia, PH, reperfu-
sion lung injury, pulmonary emboli, sepsis, and acute unload-
ing of the LV after insertion of an LV assist device.”

Management of RV Failure

The management of RV failure should always take into
account the origin of and setting in which RV failure occurs.
Specific treatment goals include optimization of preload,
afterload, and contractility. Maintenance of sinus rhythm and
atrioventricular synchrony is especially important in RV
failure because atrial fibrillation and high-grade atrioventric-
ular block may have profound hemodynamic consequences.
Ventricular interdependence also is an important concept to
consider when tailoring therapy. Excessive volume loading
may increase pericardial constraint and decrease LV preload
and cardiac output through the mechanism of ventricular
interdependence. Alternatively, hypovolemia may decrease
RV preload and cardiac output. In acute RV failure, every
effort should be made to avoid hypotension, which may lead
to a vicious cycle of RV ischemia and further hypotension.

The evidence that guides the management of isolated RV
failure is not nearly as well established as the evidence that
guides the management of chronic HF resulting from LV
systolic dysfunction. Most recommendations are based on
either retrospective or small randomized studies. An over-
view of the management of acute and chronic RV failure is
presented in Figures 5 and 6.

General Measures
To minimize fluid retention, moderate sodium restriction (<2
g/d), daily measurements of weight, and judicious use of
diuretics are recommended. Graded physical activity may be
beneficial in patients with PH and RV dysfunction. A recent
study in severe chronic PH has shown that moderate exercise
training may significantly improve functional capacity and
quality of life.”® Isometric activities may be associated with
syncope and should be limited or avoided.”?> Pregnancy in
patients with severe RV failure is associated with high
maternal and fetal mortality rate. The periods of greater risk
are the second trimester and the period of active labor and
delivery.>2

Recognition and management of factors leading to clinical
worsening are essential. These factors include noncompliance
with medication or diet; use of medications such as nonste-
roidal antiinflammatory drugs, nondihydropyridine calcium
channel blockers, and antiarrhythmic drugs; systemic factors
such as sepsis, anemia, high-output state, hypoxemia, and
hypercapnia; cardiovascular factors such as arrhythmias,
myocardial ischemia, and pulmonary emboli; obstructive
sleep apnea; and high altitude.

Management Based on the Cause of RV Failure

The most important part of managing RV failure is tailoring
therapy to its specific cause. The revised classification of PH
provides a framework for treatment of patients with RV
failure and PH.¢ Patients with PAH may benefit from prosta-
noid therapy, phosphodiesterase inhibitors, or endothelin
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Acute Right Ventricular Failure
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Specific Therapy Optimization Unstable SR and AV synchrony Support
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Figure 6. Management of acute RV failure. Hemodynamic instability is defined by hypotension or signs of low cardiac output (eg, renal
failure). SR indicates sinus rhythm; PCI, percutaneous coronary intervention; AV, atrioventricular; ECMO, extracorporal membrane oxy-

genation; and CVVHF, continuous venovenous hemofiltration.

receptor antagonists. All 3 therapies have led to a significant,
although relatively modest, improvement in exercise capacity
in patients with PAH.>2 In the acutely decompensated PAH,
inhaled nitric oxide, intravenous or inhaled epoprostenol,
iloprost, and inotropic support are the most useful agents
(Figure 6). In the presence of pulmonary venous hypertension
or in patients with HF with biventricular dysfunction, treat-
ment should be directed at optimizing HF management and
fluid retention. In patients with PH secondary to various
causes of parenchymal lung disease and/or hypoxemia, pri-
mary therapy consists of treating the underlying cause of
hypoxemia and ventilatory or oxygen support as required.
These patients usually do not benefit from treatment with
pulmonary vasodilators. In patients with thromboembolic
disease, therapy consists of anticoagulation. Thrombolysis or
thrombectomy is considered in the presence of hemodynam-
ically unstable patients. The use of thrombolysis in patients
with RV dysfunction without shock is still controversial.®>-6¢

Pulmonary endarterectomy may be lifesaving in patients with
CTEPH.*"

Patients presenting with RVMI in the context of an inferior
ST-elevation myocardial infarction have a significantly
higher short-term mortality and therefore should be consid-
ered high priority for reperfusion. Only a few studies have
assessed the benefits of reperfusion in acute RVMI. Bowers
and colleagues”” showed that patients with successful reper-
fusion had a better outcome than patients with incomplete
reperfusion. Reperfusion therapy also has been shown to
improve RVEF and to reduce the incidence of complete heart
block.!s Because thrombolysis in acute RVMI may be asso-
ciated with a higher failure rate, percutaneous catheter inter-
vention is considered the modality of choice. In survivors of
RVMI, recovery of function can occur in a substantial
number of patients who were not acutely revascularized,
emphasizing the resistance of the RV to irreversible ischemic
injury.'s
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In patients with RV dysfunction and valvular heart disease
or CHD, corrective surgery or percutaneous intervention
should be considered in suitable candidates. Corrective sur-
gery also may be considered in selected patients with CHD,
significant PH, and predominant left-to-right shunt.”-7® Many
centers use a preoperative pulmonary vascular resistance <15
Wood units and a ratio of pulmonary to systemic resistance
=2/3 as a threshold associated with better surgical out-
comes.”®7° However, individual centers vary these thresholds
according to pulmonary vascular reactivity and specific
anatomic lesion.”®

Optimization of Preload

Clinical assessment of optimal preload in RV failure remains
challenging and may differ in the acute and chronic settings.
In fact, many studies suggest that both central venous
pressure and RV end-diastolic volume may not always reflect
RV preload.®® In general, patients with RV failure and
marked volume overload benefit from progressive diuresis.
Acute volume loading is sometimes considered in patients
with acute RVMI or pulmonary emboli in the absence of
marked elevation of central venous pressure (>12 to
15 mm Hg).®! If no hemodynamic improvement is observed
with an initial fluid challenge of 500 mL normal saline,
volume loading should not be continued as it may lead to
further hemodynamic compromise. Although volume loading
is commonly used in severe RVMI, most studies addressing
volume loading in RVMI have not demonstrated significant
hemodynamic improvement. The clinical response, however,
was highly variable among patients. This may reflect differ-
ent initial volume status, varying baseline end-diastolic vol-
umes, or varying degrees of ischemic burden and injury.!s In
the acute setting, transfusions of packed red blood cells
should be minimized to avoid excessive volume loading and
exacerbation of PH. A liberal transfusion strategy in critically
ill patients also has been associated with increased mortality
and morbidity.??

Optimization of RV Afterload

As previously discussed, the approved treatments of PAH
often lead to an improvement in exercise capacity and RV
function.” A recent study has demonstrated that inhaled nitric
oxide may be beneficial in patients with RVMI associated
with cardiogenic shock.®* The hemodynamic improvement
seen with nitric oxide was most likely secondary to selective
pulmonary vasodilatation, resulting in a reduction in RV
afterload and subsequent improvement in RV performance.®3

Optimization of Contractility

In patients with acute hemodynamically compromising RV
failure, inotropic or vasopressor support may be required.
Dobutamine is the most commonly used inotrope in RV
failure.8485 In RVMI, dobutamine increases the cardiac index
and stroke volume while maintaining preload.®* In PH,
dobutamine at doses of 2 to 5 ug - kg”' - min~' increases
cardiac output while decreasing pulmonary vascular resis-
tance.®> The combination of dobutamine and nitric oxide in
PH also has been shown to be beneficial.®> Dopamine is used
in severely hypotensive patients, whereas milrinone is pre-
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ferred in the presence of tachyarrhythmias induced by dopa-
mine or in patients on B-blockers.

Digoxin therapy for RV failure has been studied in PH and
chronic pulmonary disease. In PH, Rich and colleagues®®
showed that digoxin given acutely may improve cardiac
output by ~10%. Long-term studies are needed, however, to
better define its role in PAH. In COPD, digoxin therapy did
not improve maximal oxygen consumption or exercise or
RVEEF in patients without LV dysfunction.®”

Maintenance of Sinus Rhythm

Maintenance of sinus rhythm and heart rate control are
important in RV failure. High-degree AV block or atrial
fibrillation may have profound hemodynamic effects in
RVMI and PH. Sequential AV pacing and cardioversion of
unstable tachyarrhythmias should be considered promptly
when appropriate.'>

Resynchronization of the RV

In recent years, biventricular pacing or cardiac resynchroni-
zation therapy has been shown to improve symptoms and
survival in selected patients with left HF. The study of RV
resynchronization is at its initial stages. Resynchronization of
the failing RV may be divided into 2 categories: resynchro-
nization of the systemic RV and resynchronization of the
pulmonic RV. In a multicenter international study, Dubin and
colleagues®® demonstrated that cardiac resynchronization
therapy was associated with improvement in RVEF in pa-
tients with either systemic or pulmonic RV. A small study
also suggested hemodynamic improvement with acute RV
resynchronization.®® Future studies will help to determine the
long-term effects of resynchronization, the optimal site of
pacing, and the optimal outcome variable.

Prevention of Sudden Death

Predicting sudden death in patients with RV disease remains
difficult. Studies have addressed mainly the risk of sudden
death in arrhythmogenic RV dysplasia or TOF.57-9 In patients
with TOF, prolonged QRS duration (QRS >180 ms) is a
sensitive, although less specific, predictor of sustained ven-
tricular tachycardia and sudden death.?® Optimal management
of RV failure such as revascularization, treatment of PH, and
correction of congenital heart defects or valvular disease may
decrease the incidence of ventricular tachycardia and sudden
death. Implantable defibrillators are considered in patients
with arrhythmogenic RV dysplasia and high-risk predictors,
in patients who survived a cardiac arrest, in patients with a
history of sustained ventricular tachycardia, and in selected
patients with inducible ventricular tachycardia (eg, symptom-
atic TOF).3! In patients with inducible monomorphic VT,
catheter ablation of the ventricular tachycardia circuit also
may be considered.

Anticoagulation

The risk of thromboembolic events in patients with RV
failure has not been well established. Although clinical
practice varies, anticoagulation usually is recommended in
patients with evidence of intracardiac thrombus, documented
thromboembolic events (pulmonary emboli or paradoxical
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emboli), and PAH (level of evidence fair for idiopathic PAH
and expert opinion for PH associated with scleroderma and
CHD).31:52 In patients with paroxysmal or persistent atrial
flutter or fibrillation, anticoagulation usually is recommended
in the presence of PAH, significant RV dysfunction, or
previous thromboembolic events and in the absence of a
reversible cause.?-2 Anticoagulation should be initiated in
patients with mechanical tricuspid or pulmonary valves.

Neurohormonal Modulation of RV Failure:
Angiotensin-Converting Enzyme Inhibitors

and g-Blockers

The effects of B-blockade and angiotensin-converting en-
zyme inhibition have been studied mainly in HF. In patients
with biventricular failure, angiotensin-converting enzyme
inhibition has been shown to increase RVEF and to reduce
RV end-diastolic volume and filling pressures.”! Small stud-
ies also have demonstrated that 3-blockade with carvedilol or
bisoprolol improves RV systolic function.??

Clinical studies assessing the role of angiotensin-
converting enzyme inhibitors or angiotensin receptor block-
ers in the systemic RV have not demonstrated improvement
in exercise capacity or hemodynamics, although the studies
may have been underpowered.”* At the present time, the role
of B-blockade in RV failure is unclear. In a small study in
patients with portopulmonary hypertension, 3-blockade was
associated with worsened exercise capacity and PH.**

The role of recombinant human B-type natriuretic peptide
(nesiritide) is still controversial in HF with LV dysfunction,
and at this moment, its role in RV failure is not defined.

Supplemental Oxygen Therapy and Ventilation
Hypoxemia may lead to pulmonary vasoconstriction and
contribute to PH. On this basis, supplemental oxygen is
recommended in patients with evidence of resting or
exercise-induced hypoxemia. Patients with hypoxemia asso-
ciated with pulmonary-to-systemic shunting usually do not
benefit from supplemental oxygen therapy. In patients with
RV failure who require ventilatory support, every effort
should be made to avoid intrinsic positive end-expiratory
pressures, inspiratory pressures >30 mm Hg, permissive
hypercapnia, acidosis, and alveolar hypoxia.”®

Atrial Septostomy

The observation of improved survival of patients with PH and
patent foramen ovale has led to the hypothesis that atrial
septostomy, which “decompresses” the RV and increases
right-to-left shunting, may be helpful in severe RV failure.
The response to atrial septostomy in PH is variable. At this
time, atrial septostomy should be considered palliative. Pre-
dictors of procedure-related failure or death include a mean
right atrial pressure >20 mm Hg, a very high pulmonary
vascular resistance (>30 to 55 Wood units/m?), or a predicted
1-year survival of <40%.95

Transplantation

Transplantation may be considered in selected patients with
advanced refractory RV failure. Originally, it was believed
that patients with advanced RV failure secondary to PH could

be candidates only for heart-lung transplantation. However,
because of the scarcity of organs, lung transplantation has
been tried and has been successful in many patients.>>
Survival in PAH patients who undergo lung transplantation is
~65% to 75% at 1 year.”® Predictors of persistent RV failure
after lung transplantation have not been well characterized at
this time. Patients with complex CHD with PH should be
considered candidates for heart-lung transplantation. Patients
with refractory RV failure associated with left HF or patients
with arrhythmogenic RV dysplasia and refractory
tachyarrhythmias may be considered for heart transplantation
in the absence of severe PH.

RV Assist Device

In patients with acute RV failure refractory to medical
treatment, mechanical support with an RV assist device may
be used as a bridge to transplantation or to recovery. The most
common indications for RV assist device use are severe RV
failure associated with LV assist device, heart transplantation,
or massive PE.”S Permanent implantation or “destination
therapy” for chronic advanced RV failure has not been
studied.

Conclusions

RV dysfunction is an important predictor of survival and
exercise capacity in cardiopulmonary disease. RV failure is a
progressive disorder that starts with an initial myocardial
injury or stress. Neurohormonal activation, cytokine activa-
tion, altered gene expression, and ventricular remodeling may
contribute to the progressive nature of the syndrome. Ongo-
ing research will lead to a better understanding of the
molecular, genetic, and neurohormonal bases of the syn-
drome, which will help us tailor the management of RV
failure.
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