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Abstract

Context: The right ventricle (RV) is a complex structure with abstruse function that reveals important differences when compared to
the left ventricle (LV), so it cannot be described as a simple geometric form and achromatic physiology.
Evidence Acquisition: As an inference from this fact, in the present review, we aim to describe RV structure including the embryology,
anatomy, and physiology and present a functional, hemodynamic, and imaging assessment of the normal and failing RV.
Results: So that, we conducted a thorough review based on the database sources such as MEDLINE, PubMed, Cochrane and Google
scholar. No restrictions were placed on study date, study design, or language of publication.
Conclusions: We searched all valuable and relevant information considering the anatomy, physiology, mechanics, hemodynamic and
imaging evaluation of RV.
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1. Context

The facts about the role of the right ventricle (RV) in
health and disease in history have lagged behind those of
the left ventricle (LV). Previously, the RV was considered
a transmitting chamber with no hemodynamic effect in
cardiac output in the normal heart and as a victim or a
mere bystander in the diseased heart. Less muscle, it was
believed, restricted its role to pumping blood through a
single organ and it was less commonly or noticeably in-
volved than was the LV in diseases of epidemic proportions
such as cardiomyopathy, valvulopathy, and myocardial is-
chemia. Nonetheless, even the proportionately limited ev-
idence relating to RV function, its damage in various dis-
ease states, and its influence on the outcome of those dis-
eases and abnormalities suggests that the RV is a signifi-
cant contributor and that further understanding of these
issues is of essential importance (1-3).

In the first half of the 20th century, the assess-
ment of RV function was limited to a small group of re-
searchers interested by the hypothesis that human circu-
lation could function sufficiently without RV contractile
function. Their research, however, was based on animal
studies. Since then, the importance and implication of
RV function has been recognized in RV myocardial infarc-

tion, heart failure, congenital heart disease, and also pul-
monary hypertension. More recently, significant advances
in echocardiography and also magnetic resonance imag-
ing (MRI) have generated new chances for the study of
RV anatomy, hemodynamic, physiology, and function. RV
chamber is affected by and contributes to a number of dis-
eases, including most remarkably pulmonary hyperten-
sion caused by a variety of lung or pulmonary vascular dis-
eases (cor pulmonale). Other diseases affect the RV in dif-
ferent ways, including global, LV, or RV-specific cardiomy-
opathies; RV ischemia or infarction; pulmonary or tricus-
pid valvular heart disease; and also left-to-right shunts (1,
4-6).

2. Evidence Acquisition

2.1. Embryology

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

The sinus part of the RV is derived from the ventricular
portion of the primitive cardiac tube, while the infundibu-
lum of the RV is derived from the conus cordis. Under
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normal conditions, the dextroventricular loop places the
anatomic RV to the right and the anatomic LV to the left;
nevertheless, the complex spiral development of the out-
flow tracts explains the characteristic crisscross relation-
ship between the right and left outflow tracts, with RV out-
flow tract being located anteriorly and to the left of LV out-
flow tract (1, 6-9).

2.2. Anatomy

Whereas the LV is conical, the RV is more triangular and
semilunar in form on vertical plans. The RV differs from
the LV in that the former has strict trabeculae, a modera-
tor band, and inter-valve fibrous tissues. Interestingly, the
muscle mass of the RV is about one-sixth that of the LV. This
could be described by different loading conditions of the
ventricles. The RV pumps the same stroke volume as does
the LV, but with about 25% of the stroke work due to the
low resistance of the pulmonary vasculature. So, by virtue
of the Laplace rule, the RV is more thin-walled (3 - 4 mm)
and also compliant.

The geometry of the chamber is more complex, con-
taining of an inlet (sinus) section and an outlet (conus)
portion separated by the crista supraventricularis. Longi-
tudinal shortening is a greater and more important con-
tributor to RV stroke volume than is circumferential short-
ening. The RV is linked to the LV in several ways: by a shared
wall (via the septum), by reciprocally encircling epicardial
fibers, by sharing the pericardial space, and by the attach-
ment of RV free wall to the anterior and posterior septum.
The blood supply of RV free-wall is mainly from the right
coronary artery (RCA) and almost receives an equal flow
during systole and diastole. The left anterior descending
coronary artery (LAD) supplies the anterior two-thirds of
the septum, and the posterior descending artery (PDA) sup-
plies the one-third of the inferoposterior portion of the
septum (1-3, 6)

In the normal heart, the RV is the most anteriorly lo-
cated cardiac chamber and lies closely behind the ster-
num. The RV can be defined in terms of 3 components:
a, the inlet, which consists of the tricuspid valve, chordae
tendineae, and papillary muscles; b, the trabeculated api-
cal myocardium; and c, the infundibulum or conus, which
corresponds to the smooth myocardial outflow section.

The shape and structure of the RV is complex. In con-
trast to the ellipsoidal shape of the LV, the RV looks triangu-
lar when viewed from the side section and crescent-shaped
when watched in cross-section. The shape of the RV is also
affected by the position of the interventricular septum. Un-
der normal loading and electrical situations, the septum is
concave toward the LV in both systole and diastole Figure
1A, 1B (6, 8, 9)

Figure 1. The inlet, Trabeculated Apical Myocardium and Infundibulum of the RV

2.3. Myofibers of the Right Ventricle

Both ventricles are not composed of a single muscle
layer but rather of several layers that form a 3-dimensional
(3D) network of fibers. As was described by Ho and Nihoy-
annopoulos (9) RV wall is principally composed of superfi-
cial and also deep muscle layers. The fibers of the superfi-
cial layer are arranged circumferentially in a direction that
is parallel with the atrioventricular groove. These fibers
turn obliquely toward the cardiac apex and continue into
the superficial myofibers of the LV. However, the deep mus-
cle fibers of the RV are longitudinally aligned from base to
apex. In contrast to the RV, the LV comprises obliquely ori-
ented myofibers superficially, longitudinally oriented my-
ofibers in the subendocardium, and mainly circular fibers
in between them. This arrangement contributes to the
more complex movement of the LV which contains torsion,
translation, rotation, and also thickening.

The continuity between the muscle fibers of the RV and
LV functionally binds the 2 ventricles together and repre-
sents the anatomic basis of RV free-wall traction caused
by LV contraction. This continuity also contributes, along
with the interventricular septum, to ventricular interde-
pendence (1, 6, 8, 9).

2.4. Genetic and Cellular Biology of the Right Ventricle

The genetic study of cardiac morphogenesis has shown
that the RV and the LV originate from different progenitor
cells and different sites. The primary heart field gives rise
to the atrial chambers and the LV, while the cells of the an-
terior heart field develop into RV outflow tract and the RV.
The transcription factor Bop as a regulator of the develop-
ment of the RV is now known to be a transcriptional target
of myocyte enhancer factor 2C and GATA4 is mandatory for
HAND2 expression, which is necessary for the formation of
the RV. GATA4 regulates the cardiac muscle-specific expres-
sion of the α-myosin heavy chain gene and also the gene
encoding atrial natriuretic factor.

The degree of RV hypertrophy in idiopathic pulmonary
arterial hypertension (PAH), measured as RV free-wall
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thickness, is highly variable (0.6 to 1.5 cm) and, as in the
failing LV, there is evidence for changes of gene expression
in the pressure overloaded failing RV in patients with idio-
pathic PAH. Particularly, it appears that there is a recapit-
ulation of the fetal gene pattern with a decline in the α-
myosin heavy chain gene and an increase in the expression
of the fetal β-myosin heavy chain.

Clinical experience shows that some patients with car-
diomyopathy or PAH develop RV failure earlier than do oth-
ers as evaluated by RV filling pressures and cardiac output
at the time of diagnosis. It has also been suggested that
there might be a genotypic difference between patients:
Some patients develop greater hypertrophy (thicker free
wall) of the RV for the same degree of afterload than do
others. A small cohort study of patients with idiopathic
PAH showed that patients with the angiotensin-converting
enzyme DD polymorphism had a normal right atrial (RA)
pressure and cardiac output, whereas the non-DD patient
group had an increased RA pressure and a decreased car-
diac output. While it is unlikely that this polymorphism
alone can explain differences in the degree of RV hypertro-
phy between patients, this observation posits the concept
of genetically controlled RV hypertrophy (1, 9-15).

2.5. Hemodynamics and Mechanics

RV contraction is sequential, beginning with the con-
traction of the inlet and trabeculated myocardium and
ending with the contraction of the infundibular portion
(nearly 25 to 50 ms apart). Of course, the contraction of
the infundibulum is of a longer duration than is the con-
traction of the inflow region.

The RV contracts by 3 separate tools: a, inward move-
ment of the RV free wall, which creates a bellows effect; b,
contraction of the longitudinal myofibers, which shortens
the long axis and pulls the tricuspid annulus toward the
apex; and c, traction on the free wall at the points of attach-
ment secondary to LV contraction. Moreover, because of
the higher surface-to-volume ratio of the RV, a smaller in-
ward motion can eject the same stroke volume. The quan-
titation of RV volumes (end-diastolic and end-systolic) is
slightly greater than that of LV volumes, resulting in a
mildly reduced ejection fraction (EF) in the RV compared
to the EF in the LV.

In normal conditions, right-sided pressures are mean-
ingfully lower than are comparable left-sided pressures. RV
pressure tracings display an early peaking and a rapidly
lessening pressure in contrast to the rounded contour of
LV pressure tracing. Also, RV isovolumic contraction time
is shorter because RV systolic pressure quickly exceeds the
low pulmonary artery diastolic pressure. A cautious study
of hemodynamic tracings and flow dynamics also shows

that the end-systolic flow might continue in the presence
of a negative ventricular-arterial pressure gradient.

RV free wall contains mainly circumferential-oriented
myofibers in the subepicardium and longitudinal my-
ofibers in the subendocardium and lacks the middle layer.
Regarding the longitudinally arranged subendocardial
myofibers in RV free wall, RV contraction is more longi-
tudinal than it is circumferential. This myofiber arrange-
ment of the RV would not support the concept of RV tor-
sion; however, RV torsion has been suggested in some stud-
ies (1, 6, 8, 16-18).

Despite all the above-mentioned explanations, the
mechanisms by which LV failure can lead to RV dysfunc-
tion are only partly understood. Congestive heart failure
adversely affects lung mechanics and also gas exchange.
Pulmonary function abnormalities contain a reduction in
lung volumes with reduced lung compliance. Though
this restrictive lung physiology is improved in some de-
gree by fluid removal or after heart transplantation, the
reduced alveolar-capillary membrane diffusing capacity is
not changeable and reversible demonstrating the clinical
importance of lung structural remodeling in congestive
heart failure.

The lungs from animal models of congestive heart fail-
ure as well as from humans with pulmonary venous hyper-
tension reveal septal thickening with myofibroblast prolif-
eration and also interstitial matrix deposition. The physi-
cal and biological determinants of these changes and their
subsequent effects on the development of RV failure are
presently unknown (1, 8, 9).

2.6. Perfusion of the Right Ventricle

The RV has its unique and matchless blood supply sys-
tem. It is a part of the overall coronary circulation con-
taining of coronary arteries originating from the ascend-
ing aorta. They have small branches that dive into the heart
muscle to bring it blood. The blood supply of the RV dif-
fers according to the predominance of the coronary sys-
tem. In a right-dominant system, found in about 80% of
the population, the RCA supplies most of the RV. The lat-
eral wall of the RV is supplied by the marginal branches of
the RV, while the posterior wall and the inferoseptal region
are supplied by the PDA. The anterior wall of the RV and the
anteroseptal region are supplied by branches of the LAD.
The infundibulum derives its supply from the conal artery,
which has a separate ostial origin in 30% of cases (1, 5, 6).
The RCA provides blood to the atria with small blood ves-
sels. In about 50% of patients, the proximal RCA gives rise
to the sinus node artery. Originating from the single short
ostium a short, common LCA trunk branches into the LAD
and the left circumflex artery (LCX). Running in the ante-
rior interventricular groove, the LAD gives rise to the ante-
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rior septal perforating branches to supply blood to the car-
diac apex. The other small branches of the LAD supply the
anterior wall of the RV, and the diagonal branches supply
the anterolateral free wall of the LV. The LCX courses within
the posterior groove, around the obtuse margin, and pos-
teriorly toward the crux of the heart. In about 10% of pa-
tients, the LCX reaches the crux of the heart and supplies
the PDA (left domination form). The atrial branches may
arise from the LCX and supply the sinus node in 40% of pa-
tients. Before turning toward the diaphragmatic surface of
the heart, the RCA gives rise to the right marginal branch,
which runs along the right margin, to supply the wall of
the RV. Again, the RCA gives rise to several more branches
like the conus branch and the sinus node artery, passing
upward to the auricle wall to the junction between the su-
perior vena cava, sulcus terminals, and right auricle.

In the absence of severe RV hypertrophy or pressure
overload, proximal RCA flow happens during both systole
and diastole. Nonetheless, beyond the marginal branches
of the RV, the diastolic coronary blood flow dominates. The
relative resistance of the RV to irreversible ischemic dam-
age may be described by 1, its lower oxygen consumption;
2, its more extensive collateral system particularly from
the moderator band artery, a branch of the first septal per-
forator that originates from the LAD artery; and 3, its ability
to raise oxygen extraction (6-9).

2.7. Ventricular Interdependence

Ventricular interdependence is most apparent with
changes in loading conditions such as those seen with res-
piration or sudden postural changes. Ventricular interde-
pendence plays an essential role in the pathophysiology of
RV failure and dysfunction.

Systolic ventricular interdependence is mediated
chiefly through the interventricular septum. The peri-
cardium might not be as important for systolic ventricular
interdependence as it is for diastolic ventricular interde-
pendence. Experimental animal studies have shown that
about 20% to 40% of RV systolic pressure and stroke vol-
ume results from LV contraction. Furthermore, in the
presence of scar formation in the RV or even replacement
with a non-contractile patch, the septum is able to keep
circulatory stability as long as the RV is not dilated.

The evidence for diastolic ventricular interdependence
is well recognized and based on many animal, experimen-
tal, and clinical studies. In acute RV pressure or volume
overload states, the dilatation of the RV shifts the inter-
ventricular septum toward the left, changes LV geometry,
and increases the pericardial constraint. As a result, LV
diastolic pressure-volume curve shifts upward (reduced
dispensability), which potentially leads to a declined LV
preload, an increased LV end-diastolic pressure (typically a

mild increase), or low cardiac output states. Acute RV di-
latation has also been revealed to lead to a decline in LV
elastance (1, 9, 17, 19).

2.8. Right Ventricle in Volume Overload Conditions

Although the severity of tricuspid regurgitation cor-
relates with worse survival, the RV tolerates volume over-
load better than pressure overload and may, therefore, re-
main well-adapted to right-sided valvular regurgitant le-
sions for extended periods of time. Likewise, in pulmonary
hypertension associated with initial left-to-right shunt-
ing, the lesion might remain minimally symptomatic dur-
ing the high-volume phase until pulmonary vasculopathy
develops and the shunt reverses (the Eisenmenger phe-
nomenon). Even after the Eisenmenger physiology is well
established, the outlook for these patients is better than
that for patients with idiopathic PAH, maybe because of
preconditioning by the prior volume load or the retaining
of fetal right-heart phenotype characteristics (1, 2, 6-9).

2.9. Right Ventricle in Pulmonary Hypertension

In all forms of pulmonary hypertension, RV function
remains the main hemodynamic factor for survival. Al-
though the prognosis of patients with PAH and chronic
thromboembolic pulmonary hypertension improves with
the development of more effective medical and surgical
managements, our understanding of the factors that de-
fine how the RV responds to pulmonary hypertension re-
mains incomplete. For example, it is not clear why some
patients are able to adapt to and tolerate very high pul-
monary artery pressures, while others with similar or even
less significant pressures progress to RV failure and die in
a low cardiac output state.

A preliminary adaptive reaction in the form of myocar-
dial hypertrophy is followed by progressive contractile
dysfunction. RV dilatation ensues to allow compensatory
preload and keep stroke volume despite reduced fractional
shortening. As contractile weakening progresses, clinical
evidence of decompensated RV failure happens character-
ized by rising filling pressures, diastolic dysfunction, and
diminishing cardiac output which is compounded by tri-
cuspid regurgitation due to annular dilatation and the re-
sultant poor leaflet coaptation. The increased size and
pressure overload of the RV also create diastolic dysfunc-
tion in the LV. Therefore, not only are the function and
size of the RV indicators of the severity and chronicity of
pulmonary hypertension, but also they impose additional
symptoms and reduce longevity. Finally, RV function is the
most important factor of longevity in patients with PAH (8,
9, 20-24).
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The specific mechanisms and tools underlying the de-
velopment of RV failure secondary to pulmonary hyperten-
sion are unclear and uncertain. For example, it is unclear
whether some patients develop RV myocardial ischemia,
whether there is microvascular endothelial cell dysfunc-
tion, and whether or not myocytes experience apoptosis.
In severe, end-stage pulmonary hypertension, the shape
and contour of the RV is changed from the normal con-
formation and RV wall stress and also RV free-wall thick-
ness seem inversely correlated. The mechanism and tool
by which a severely dilated end-stage RV repairs itself after
lung transplantation is also uncertain and unclear.

The plasma levels of brain natriuretic peptide and tro-
ponin T associate with pulmonary artery pressure and pul-
monary vascular resistance in patients with PAH. Rises
in brain natriuretic peptide plasma levels during serial
follow-up visits are correlated with increased mortality in
patients with idiopathic PAH. Paradoxically, atrial natri-
uretic peptides could promote cardiomyocyte survival.

Echocardiography and cardiovascular magnetic reso-
nance (CMR) imaging allow noninvasive assessment of RV
function and also structure, and a number of indices have
been revealed to have a significant potential prognostic
value in PAH. Given the significance of the RV in PAH,
preservation or improvement of its function must consti-
tute important aspects of therapy. Nonetheless, there are
currently limited data specifically associated with this as-
pect of management response. Simple, reproducible, non-
invasive measures of RV function would help improve the
treatment of patients with PAH and provide tools to assist
in the creation of the optimal therapeutic approach not
only to manage the effects of the disease on the heart and
pulmonary vasculature but also to augment and support
RV function (1, 9, 16, 21-26).

Two-dimensional (2D) echocardiography is inexpen-
sive, portable, and convenient. It is most commonly used
for the detection of suspected pulmonary hypertension
in a symptomatic individual and also has a role in estab-
lishing an underlying cause (e.g., LV dysfunction and in-
tracardiac shunt). In patients with an established diag-
nosis, 2D echocardiography is commonly used to assess
and monitor biventricular function, valvular function, in-
ferior vena cava dimensions, and pericardial effusion. Pul-
monary artery pressure can be derived noninvasively us-
ing a simplified version of the Bernoulli equation. In the
absence of pulmonary valve stenosis, systolic pulmonary
artery pressure = 4v (peak tricuspid valve jet velocity) (2)
+ estimated RA pressure. RA pressure can be estimated by
various methods, including the inferior vena cava collapsi-
bility index and the height of the jugular venous pressure
on clinical examination.

Intravenous contrast administration during 2D

echocardiography can enhance faint Doppler tricuspid
flow signals and assist in noninvasive pressure estima-
tion. Contrast echocardiography can also be employed
to detect intracardiac shunts and improve endocardial
border delineation in patients with suboptimal acoustic
windows.

Three-dimensional echocardiography eliminates the
need for geometric assumptions and provides direct and
more accurate measurements of RV volumes and systolic
function than do 2D measurements.

Also, 2D speckle-tracking echocardiography (STE) and
tissue Doppler imaging (TDI) allow the measurement of
global and regional myocardial velocity and strain. Mea-
surements are most commonly made of RV free wall. These
values have been shown to correlate with RV systolic func-
tion and invasive pulmonary hemodynamics in patients
with pulmonary hypertension and survival in patients
with symptomatic heart failure too.

On the other hand, based on these proven capabili-
ties, CMR imaging is currently the accepted gold standard
method for assessing RV structure and function in patients
with pulmonary hypertension (21-32).

2.10. Infarcted Right Ventricle

RV infarction may create sufficient myocardial damage
to result in heart failure, arrhythmias, shock, and death
in the absence of any superimposed volume or pressure
overload and even unrelated to the extent of LV damage
and myocardial loss. The occurrence of hemodynamic
and symptomatic RV failure in these circumstances sug-
gests that although the circulation can be maintained ad-
equately when the RV is bypassed (as in properly selected
patients undergoing a Fontan procedure), it is more prone
to deterioration when there is a defective RV. Therefore, the
enlarged hypocontractile RV seems to play an active role in
compromising overall circulatory function. Whether this
issue is due to ventricular interdependence and interac-
tion, restrictive physiology, septal involvement, or other
mechanisms has yet to be fully elucidated (33-35).

2.11. Arrhythmia

Cardiac rhythm plays a critical role in RV function. For
example, atrial fibrillation can severely compromise RV
function. In addition, ventricular tachycardia can origi-
nate from the RV in a variety of disorders such as arrhyth-
mogenic RV dysplasia, idiopathic ventricular tachycardia,
RV myocardial infarction, and left bundle-branch block as
well as after surgical repair of congenital heart disease.
Though a ventricular tachycardia that arises from the RV
usually has a left bundle-branch block morphology, most
ventricular tachycardias with this morphology rise from a
paraseptal LV location (1, 2, 8, 9).
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2.12. Right Ventricular Failure

RV failure, defined as incapability to maintain stroke
volume, can happen when at least 1 of the 3 determining
factors namely contractility, preload, and afterload is al-
tered beyond physiological limits. Due to the functional
interdependence of the ventricles, LV failure might have an
additional negative effect.

Myocardial infarction involving the RV is a common
reason for RV contractile dysfunction. Although the my-
ocardium of the RV may be more protected against is-
chemia than is the myocardium of the LV, RV infarction
alone may result in severely hemodynamic impairment
and death. RV myocardial infarction happens when the
RCA has a proximal occlusion and accompanies up to 50%
of inferior myocardial infarctions. The decline in contrac-
tile function after RV infarction reduces the preload for the
LV, which results in a lower cardiac output in the systemic
circulation. Additionally, RV ischemia damages LV filling
due to direct ventricular interaction, especially when the
pericardium is intact. Similarly, later RV dilation can have
direct detrimental effects on LV function.

Severe pulmonary embolism creates an acute afterload
increase. The function of the thin-walled RV is matched to
a low resistance circulation and has insufficient adaptive
capacity in such an event. The mechanism of RV failure is,
thus, subendocardial ischemia followed by an inflamma-
tion process.

A chronic increase in afterload, such as chronic pul-
monary hypertension, activates molecular adaptive mech-
anisms that stimulate the hypertrophy of RV free wall. In
tandem with a more rounded shape, which increases cur-
vature, these adaptive mechanisms reduce wall stress and
allow the maintenance of the normal cardiac output. In
the long run, however, a chronic afterload increase will re-
sult in decreased contractility and dilatation: a vicious cir-
cle with further RV remodeling and functional deteriora-
tion. The flatter septum reduces the contribution of the LV
to the performance of the RV and has an additional detri-
mental negative effect. Increased preload is better toler-
ated by the RV, but it could finally also reduce patient sur-
vival. The most frequent conditions correlated with RV vol-
ume overload are tricuspid regurgitation, atrial septal de-
fect, and pulmonary regurgitation (1-5, 34-36).

2.13. Right Ventricle in Left-Sided Heart Failure

2.13.1. RV Dysfunction Can Develop in Patients With LV Dysfunc-
tion by Multiple Ways

1, LV failure increases afterload by increasing pul-
monary venous and finally pulmonary artery pressure,
partially as a protective mechanism in contrast to pul-
monary edema; 2, the same cardiomyopathic process

might concurrently affect RV chamber; 3, sometimes my-
ocardial ischemia can involve both LV and RV; 4, LV dys-
function may lead to a reduced systolic driving pressure of
RV coronary perfusion, which might be a substantial cause
of RV function; 5, ventricular interdependence because of
septal dysfunction may happen; 6, LV dilation in a limited
pericardial box or compartment can restrict RV diastolic
function.

On the other hand, RV pressure overload may happen
with pulmonary hypertensive situations and compromise
LV function, leading to parallel evidence of LV failure like
pulmonary edema or pleural-pericardial effusion.

Given the multiple factors influencing RV function due
to LV failure, RV status may be deemed a common final
pathway in the development of congestive heart failure
and, consequently, may be a sensitive indicator of impend-
ing decompensation and also poor prognosis.

In patients with advanced heart failure, RV shortening
is the very significant independent associate of survival in
multivariate analysis. Patients with RV shortening < 1.25
cm have a meaningfully worse survival over 2 years. But pa-
tients with acceptable RV function (RVEF > 35%) in the sit-
uation of severe heart failure have improved survival and
also better exercise capacity. Indeed, in some studies, RVEF
associates better with exercise capacity than does LVEF (1, 2,
6, 8, 9, 18, 19).

3. Results

3.1. Right Ventricular Imaging

Different imaging techniques can be used to image the
RV. Due to technological advances, the role and clinical
use of these techniques is evolving. In different situations,
each technique provides complementary and helpful in-
formation, which influences its use in the clinical setting.
Presently, echocardiography and CMR imaging are the 2
most generally used imaging modalities for the structural
and functional assessment of the RV. CMR is the reference
standard method, and echocardiography is the most fre-
quently utilized imaging modality for the assessment of
RV size and systolic function.

Other imaging techniques such as cardiac computed
tomography (CCT) and radionuclide techniques are valued
alternatives in selected patients.

Since RV volume and function have a prognostic im-
portance in different cardiac diseases (e.g., valvular heart
disease, pulmonary hypertension, congenital heart dis-
ease, and heart failure), these imaging modalities should
be validated by in vitro models and CMR as the gold stan-
dard method. Multimodality comparison studies between
CMR, CCT, and 3D echocardiography have demonstrated
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a high correlation between 3D echo, CCT and RV volume
measurements in CMR as the reference method. CCT vol-
umetric measurements have shown slight (4%) overesti-
mation and 3D echocardiographic measurements have re-
vealed small underestimation, which shows that these
imaging modalities are not interchangeable and serial as-
sessments should be done by the same modality (3, 6, 19,
35-38).

3.2. Echocardiography

RV morphology and structure can be sufficiently de-
scribed by transthoracic echocardiography (TTE) in most
patients. Indeed, when TTE imaging windows are poor and
RV disease is assumed, additional imaging modalities such
as transesophageal echocardiography (TEE), CMR, and CCT
are required based on the patient’s age and clinical prob-
lem. A study of RV size and function must be a part of every
echocardiographic examination at the time of first diagno-
sis and during follow-up, mainly in patients with chronic
conditions like PAH or cardiomyopathy.

Many studies have suggested that 2D TTE is not suffi-
ciently accurate for the quantification of RV volumes. How-
ever, there has been a good correlation between CMR and
3D echocardiography in evaluating RV volumes and EF in
selected populations (37).

Guidelines published for the echocardiographic as-
sessment of the RV, point to the significance of combining
different 2D echocardiographic views to gain full coverage
of all the different RV segments, however, the normal data
need stratifying for age ranges, body surface size, and gen-
der (38-41).

Qualitatively, the RV should not be more than two-
thirds of the LV in the apical 4-chamber view. When the
RV becomes apex-forming, the RV is at least moderately en-
larged and if the RV grows larger than the LV, it is signifi-
cantly enlarged.

All different apical views as well as subcostal and
parasternal long-axis and short-axis views should be ob-
tained. Echocardiographic assessment should also include
2D measurements of RA dimensions and also RV wall thick-
ness, which normally is < 0.5 cm (40, 41).

Assessment of RV volumes using 2D echocardiography
is more challenging. In addition, 2D measurements of the
RV as well as different geometrical formula suggested for
volume calculation display a poor agreement with 3D vol-
umes calculated by CMR. Of course, recently, 3D echocar-
diography has emerged as a promising technique for the
evaluation of RV volumes. The most espoused method for
the analysis of 3D volumetric data is the Beutel technique.
This technique has been established to be reliable and also
accurate in different situations, including congenital heart
disease and PAH. The main limitation of this method is that

it fails to confer good quality full volumetric 3D data, con-
taining RV anterior wall and RV apical lateral segments es-
pecially in a dilated RV (36, 37, 40, 42)

Multiple parameters can be drawn upon in the assess-
ment of RV systolic function globally such as fractional
area change (FAC), RV index of myocardial performance
(RIMP), RV 3D EF, RV strain, and strain rate (SR) or regionally
such as tricuspid annular plane systolic excursion (TAPSE),
peak tissue Doppler systolic velocity in the tricuspid annu-
lus (S’), and RV dP/dt.

The fact that the combined use of 3 different param-
eters (FAC, TAPSE, and RIPM) has been proposed may in-
dicate that no single measurement has been authorized
for clinical use and management and outcome. Given all
the limitations discussed above, echocardiographic assess-
ment of RV function remains challenging in clinical prac-
tice and is frequently limited to only qualitative assess-
ment. Of course, recent guidelines have suggested per-
forming quantitative measurements of RV function by us-
ing at least 1 of the following echocardiographic parame-
ters:

3.2.1. Fractional Area Change

Fractional area change (FAC) is an independent and
valid predictor of outcome after myocardial infarction and
has been shown to correlate with RVEF measured by CMR.
The RV FAC = end diastolic area (EDA)-end systolic area
(ESA)/EDA× 100. A cutoff value < 35% shows RV systolic dys-
function (Figure 2A and 2B) (40, 41).

Figure 2. Showing Apical 4 Chamber RV Focused View in Diastole and Systole for
Measurement of the RV FAC, RV FAC = (23.5 - 18.5)/ 23.5 × 100 = 21%

3.2.2. Tricuspid Annular Plane Systolic Excursion

TAPSE is a simple, easy, and reproducible parameter.
Less dependent on optimal image quality, TAPSE is angle-
dependent and influenced by cardiac translation (Figure
3A). The presence of tricuspid regurgitation might influ-
ence the values obtained. TAPSE represents the longitudi-
nal shortening of RV lateral wall (regional assessment ca-
pability) with limited normal standards for different age
groups. However, minor variations based on gender and
body surface area have been suggested. TAPSE < 17 mm is
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highly suggestive of RV dysfunction. Although TAPSE is a
one dimensional parameter, it enjoys a good correlation
with RV FAC and radionuclide measurement of RVEF (39-
41).

Figure 3. TAPSE

A, Tricuspid annular plane excursion TAPSE measured by M-mode from the end-
diastole to the peak systole; B, tricuspid annulus peak systolic velocity measured by
the TDI (tissue Doppler imaging).

3.2.3. Peak Tissue Doppler Systolic Velocity in the Tricuspid An-
nulus

S’ is a tissue Doppler-based method that evaluates RV
longitudinal function (Figure 3B). This method is easy and
reproducible but angle- and load-dependent and influ-
enced by global cardiac translation. In the young adult,
a normal cutoff value ≥ 11 cm/s has been proposed; how-
ever, based on the guidelines, S’ velocity < 10 cm/s and <
9.5 cm/sec indicates RV systolic dysfunction. Moreover, S’
has been shown to correlate well with the other measures
of global RV systolic function (39-41).

3.2.4. Right Ventricular Index of Myocardial Performance

RIMP is a nongeometric index of global RV function.
It is the ratio of the isovolumic time intervals (isovolu-
mic contraction and relaxation times) to ventricular ejec-
tion time. The normal value of 0.28 ± 0.04 has been sug-
gested, which increases in the presence of RV systolic or di-
astolic dysfunction. It can be measured by either pulsed-
wave Doppler study or TDI (tissue Doppler imaging) of the
lateral tricuspid valve annulus, Figure 4. The cutoff val-
ues > 0.43 for pulsed-wave Doppler-based RIMP and > 0.54
for TDI indicate RV dysfunction. Recently, pseudonormal-
ized values of RIMP in acute and severe RV myocardial in-
farction have been suggested, which can probably be ex-
plained by a decrease in isovolumic contraction time cor-
related with an acute increase in RV diastolic pressure and
elevated RA pressure (5, 6, 39-48).

A dP/dt > 400 mm Hg/sec strongly denotes a normal
RVEF with a positive predictive value of 91%, sensitivity of
74%, and specificity of 84% for a normal RVEF when com-
pared with CMR (49, 50).

Figure 4. Calculation of RIMP (Right Ventricular Index of Myocardial Performance)
by Pulse Tissue Doppler Imaging, RIMP = (TCO - ET) /ET or IVRT + IVCT/ET

The correlation between RV dP/dt and RV systolic func-
tion as well as functional capacity has been suggested in
different studies. Nevertheless, dP/dt/Vmax increases this
correlation (49-51), (Figure 5).

Figure 5. Showing dt 70 ms, or 0.07 Seconds Therefore RV dp/dt is About 12 mm,
Hg/0.07 Seconds or 170 mmHg/s

3.2.5. Right Ventricular Diastolic Function

A variety of acute and chronic heart diseases, includ-
ing volume and pressure overload, have been associated
with RV diastolic dysfunction. LV diastolic assessment is
relatively similar to the left-sided assessment by using the
following parameters: pulsed-wave Doppler study of the
tricuspid flow (E and A velocity and E/A ratio), TDI of the
tricuspid annulus, IVRT, and deceleration time (39, 40, 52-
54). Impaired relaxation has been defined by an E/A ratio <
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0.8, pseudonormal filling is defined when E/A ratio is 0.8 to
2.1 with an E/em ratio > 6, and restrictive filling is defined
when tricuspid E/A ratio is > 2.1 with a deceleration time <
120 ms (41).

3.3. Deformation of the Right Ventricle

3.3.1. Strain and Strain Rate Analysis

Strain and strain rate (SR) imaging is a well-established
method for the quantification of regional and global my-
ocardial function. Longitudinal strain is determined by
the percentage of RV free-wall systolic shortening, while
SR is the speed of this shortening. STE has made the mea-
surement of strain and SR easier alongside its advantages
in terms of angle interdependence by comparison with
Doppler-based strain imaging. Although developed for the
LV, STE has also been applied to the RV and even RA peak
longitudinal strain. SR assessment is a factor independent
from global cardiac function and motion and allows quan-
tification of regional myocardial deformations in differ-
ent RV segments (55-60). RV strain has been revealed to
be reduced in patients with PAH, in patients after tetral-
ogy of Fallot repair and systemic RV. However, strain values
are influenced by loading situations. As has been proven
in patients with PAH, RV longitudinal strain is correlated
with systolic pulmonary artery pressure (61, 62). Further-
more, strain values are affected by RV size and also stroke
volume. In addition, normal standard values for differ-
ent ages, body sizes, and genders still have not been rec-
ognized and standardization between different software
solutions is still being examined too. Accordingly, TDI
and STE tools are not ready yet for daily and routine clin-
ical practice (56-60). A global longitudinal RV free-wall 2D
strain > -20%, which means < 20% in absolute value, has
been suggested abnormal (40).

3.3.2. Right Ventricular Torsion

Ventricular torsion is its wringing motion around its
longitudinal axis and not only does it contribute to both
systolic and diastolic functions but also it defines stroke
volume. Torsion by itself is the result of the contraction of
the cardiac fibers arranged in a complex helical architec-
ture with a prevalent oblique orientation and direction in
the LV (right handed in the subendocardial and left handed
in the subepicardial parts). Multiple studies using differ-
ent modalities have examined the mechanics of LV torsion
and its pattern in normal and pathologic situations (63-67).
In contrast, RV fibers are chiefly oriented in longitudinal
and circumferential directions, and there is a lack of infor-
mation on its torsional parameters. Pettersen et al. (68)
used MRI tagging to assess RV apical and basal rotation in
14 healthy subjects as well as 14 patients with congenitally

corrected transposition of the great arteries and revealed
a counterclockwise rotation in RV apex and a clockwise ro-
tation in RV base. Gustafsson et al. (69) studied RV apical
rotation by STE in 14 healthy subjects and revealed a clock-
wise RV apical rotation but also reported a tightening belt
motion for the RV with no effective rotation and torsion.

3.4. Evaluation of Right Ventricular Dyssynchrony

To study RV dyssynchrony, several groups are currently
investigating specific electrocardiographic (QRS duration)
and mechanical criteria of RV dyssynchrony. Echocardio-
graphic indices of dyssynchrony are evaluated by mea-
suring time delay in mechanical activity between the seg-
ments. At this time, areas that can be assessed by tissue
Doppler and STE are limited to the septum and RV free
wall. Recently, 3D echocardiography and CMR have the-
oretically offered the advantage of assessing the 3D in-
dices of dyssynchrony. Early after cardiac resynchroniza-
tion therapy, RV mechanical delay can improve and a sig-
nificant improvement is seen in patients with baseline RV
mechanical dyssynchrony (70).

3.5. Three-Dimensional Echocardiography

Three-dimensional echocardiography allows accurate
evaluation of the complex geometry and structure of
RV chamber. It measures RV volumes and also EF glob-
ally without relying on geometric expectations. It thus
shows excellent relationships with CMR measurements
in normal hearts and is able to discriminate pathology
well (37, 71). New technological advances have made sin-
gle heartbeat acquisitions possible. However, the main
limitation of the new technique remains its dependence
on a sufficient and satisfactory imaging window. Three-
dimensional RVEF is particularly valuable in post cardiac
surgery patients in whom TAPSE and S’ are usually reduced
(1).

RVEF measured by 3D echocardiography should be con-
sidered the method of quantifying RV systolic function in
echo labs with the 3D platform. An RVEF < 45% usually in-
dicates RV systolic dysfunction (40, 41).

3.6. Cardiovascular Magnetic Resonance

CMR is the second-line technique after echocardiogra-
phy for a comprehensive RV study. CMR is presently con-
sidered the reference standard for functional RV assess-
ment in that it allows for the visualization of the anatomy,
quantification of the function, and also calculation of the
flow (72). Anatomical evaluation is usually done with T1-
weighted black-blood turbo spin-echo sequence or with
the steady-state free precession (SSFP) sequence. Standard
axial images permit segmental analysis of cardiac anatomy
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and visualization of the pulmonary veins, pulmonary ar-
teries, aorta, and also all systemic veins. Detailed descrip-
tion of the intra- and extracardiac anatomy can be ob-
tained by 3D rendering techniques, including contrast-
enhanced magnetic resonance angiography and 3D SSFP.
This is very important for a detailed description of a com-
plex cardiac anatomy, especially in complex congenital
heart disease and preoperative planning. CMR also pro-
vides an advanced imaging modality for an inclusive tis-
sue characterization of RV myocardium. Technically, dif-
ferent T1- and T2-weighted sequences combined with late-
enhancement imaging after gadolinium administration
can be used for tissue characterization. Tissue character-
ization is employed for the study and differentiation of
different cardiomyopathies affecting the RV such as ar-
rhythmogenic RV cardiomyopathy, metabolic storage dis-
eases, and cardiac tumors. Late enhancement imaging re-
veals intramyocardial fibrosis, inflammation, scars, and
also fat accumulation. The prognostic significance of my-
ocardial late-enhancement in various diseases needs fur-
ther research. Regional RV function can be assessed qual-
itatively at rest and also during pharmacological stress on
SSFP short-axis cine loops. Regional dysfunction can be
evaluated quantitatively by using myocardial tagging or
strain encoding CMR: Both techniques have been shown
to be feasible in the RV and correlate well with advanced
echocardiographic evaluation. However, their application
in the RV is technically demanding owing to the thin wall
and extensive post-processing study, limiting their clini-
cal routine application. Velocity-encoded phase-contrast
imaging is another important CMR tool for RV evaluation.
Phase-contrast imaging enables the quantification of RV
stroke volume, pulmonary and tricuspid valve regurgita-
tion, and intracardiac shunts (37, 71-75).

In congenital heart disease, the presence of myocardial
scars in the RV is supposed to be a risk factor for a poor
prognosis and adverse events during follow-up. RV vol-
ume and function assessment by CMR in patients with con-
genital heart disease has a major role in clinical decision-
making specially in patients with severe pulmonary regur-
gitation after tetralogy of Fallot repair (76-80).

3.7. Multi-Detector Computed Tomography

Multi-detector computed tomography (MDCT) is not a
technique normally used for RV study due to the impor-
tant radiation exposure and the use of the iodinated con-
trast medium. MDCT is frequently performed when a con-
comitant or related thoracic or pulmonary disease, such
as pulmonary embolism, is suspected. MDCT is a valued
alternative to CMR in patients with pacemakers or CMR-
incompatible prosthetic materials and also in patients suf-
fering from claustrophobia. The use of MDCT for the RV has

principally been validated for the detection of pulmonary
embolism and for the workup of pulmonary hypertension
(81, 82). Also, MDCT is increasingly used to detect coro-
nary artery disease as its accuracy has been confirmed for
the noninvasive visualization of all coronary arteries. Re-
cently, the radiation dose has been significantly reduced,
especially in comparison to diagnostic coronary angiog-
raphy. Structural assessment of the RV by MDCT includes
measurement of RV size and volumes, as well as RV free-
wall thickness (RV hypertrophy). Based on the appropri-
ate use criteria, CCT is appropriate for the evaluation of RV
morphology and quantitative assessment of RV function.
Septal bowing into the LV indicates RV volume (diastolic
bowing to LV) or pressure overload (systolic bowing to LV).

3.8. Radionuclide Techniques

Historically, radionuclide techniques have been the
first modalities used to study RV function. They have
mostly been replaced by CMR, CCT, and echocardiography
(35). Nevertheless, radionuclide techniques still play a role
in the evaluation of RV myocardial ischemia, especially
in patients in whom CMR is contraindicated. Among dif-
ferent modalities tested, gated blood-pool single-photon
emission computed tomography (SPECT) is currently the
suggested nuclear modality for quantifying RV function
inasmuch as it overcomes the common limitations of
other nuclear techniques on the strength of its 3D na-
ture. Gated SPECT is able to provide important RV volu-
metric and functional data. Also, radionuclide modalities
are of additional special interest for assessing myocardial
metabolism and perfusion. The usage of positron emis-
sion tomography or SPECT for RV study is generally lim-
ited by the low overall counts attributable to the RV com-
pared with the LV, causing unreliable RV visualization. In
the pathologic RV, hypertrophy leads to an increased RV
mass and tracer uptake and results in better RV visualiza-
tion. In PAH, changes in RV myocardial metabolism and
perfusion are thought to be a precursor of the deteriora-
tion of systolic function, RV failure, and or clinical symp-
toms, and might be used for guiding management and de-
cision making (83, 84).

3.9. Right-Heart Catheterization

The use of right-heart catheterization can create
pressure-volume loops and confer a simultaneous study
of the measurements of pressure and volume during
each cardiac cycle. Varying pre- and afterload is used to
define the end-diastolic and end-systolic pressure-volume
relationships. The slope of the curve represents diastolic
stiffness, which is the reciprocal of diastolic compliance.
The latter, also referred to as end-systolic elastance, is a
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sensitive and virtually load- and heart-rate independent
parameter of contractility. This technique, although
deemed the gold standard method for assessing myocar-
dial contractile status in animal experiments, is scarcely
used in the clinic (1, 2, 9).

4. Conclusions

The RV is a complex structure that reveals important
differences when compared to the LV. Morphologically, it
cannot be described as a simple geometric form and func-
tionally it is very sensitive to volume and pressure over-
load. Indeed, assessment of RV function, albeit difficult,
has a major clinical importance in most cardiovascular dis-
eases. So far, no single parameter has been proven to de-
scribe the functional status of the RV. Be that as it may, a
combination of several parameters occasionally obtained
through different imaging modalities and new techniques
is needed to arrive at a clinically useful conclusion. Fur-
thermore, RV dysfunction is an independent and impor-
tant factor in the morbidity and mortality of cardiovascu-
lar disease.
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