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Anatomy, Function, and Dysfunction of the
Right Ventricle

JACC State-of-the-Art Review
Javier Sanz, MD,a,b Damián Sánchez-Quintana, MD, PHD,c Eduardo Bossone, MD, PHD,d Harm J. Bogaard, MD, PHD,e

Robert Naeije, MD, PHDf
ABSTRACT
There is increasing recognition of the crucial role of the right ventricle (RV) in determining functional status and prognosis

in multiple conditions. The normal RV is anatomically and functionally different from the left ventricle, which precludes

direct extrapolation of our knowledge of left-sided physiopathology to the right heart. RV adaptation is largely deter-

mined by the level of exposure to hemodynamic overload (both preload and afterload) as well as its intrinsic contractile

function. These 3 processes (pressure overload, volume overload, and RV cardiomyopathy) are associated with distinct

clinical course and therapeutic approach, although in reality they often coexist in various degrees. The close relationship

between the RV and left ventricle (ventricular interdependence) and its coupling to the pulmonary circulation further

modulate RV behavior in different clinical scenarios. In this review, the authors summarize current knowledge

of RV anatomic, structural, metabolic, functional, and hemodynamic characteristics in both health and disease.

(J Am Coll Cardiol 2019;73:1463–82) © 2019 by the American College of Cardiology Foundation.
I n 1943, after severely damaging the free wall of
the right ventricle (RV) with a “red-hot soldering
iron,” Starr et al. (1) noted only minimal in-

creases in peripheral venous pressure. This and
similar experiments led to the conclusion that “a
normal, contractile right ventricular wall is not neces-
sary for the maintenance of a normal circulation” (2),
a concept further validated by completely excluding
the RV in patients (Fontan circulation) (3). As a result,
the importance of the RV was neglected for decades.
However, new impetus in understanding the RV in
health and disease has emerged from accumulating
evidence of its almost universal clinical relevance,
both from symptomatic and prognostic perspectives,
in scenarios such as ischemic and nonischemic heart
failure (with either reduced or preserved ejection
fraction [EF]), myocardial infarction, pulmonary hy-
pertension (PH), congenital heart disease, or after
therapeutic interventions (4).

When a clinician faces an “abnormal RV,” the main
considerations are to determine whether the chief
underlying process is pressure overload, volume
overload, or a primary myocardial process (Central
Illustration, Table 1), because the clinical course and
therapeutic approach in these 3 situations differ
significantly. This review is thus divided into 4 sec-
tions: the normal RV, the pressure-overloaded RV,
the volume-overloaded RV, and the cardiomyopathic
RV. Nevertheless, it must be realized that this
classification, although useful from a clinical
perspective, is necessarily artificial, because different
processes frequently coexist. Furthermore, there is a
continuum between health and disease, and an inti-
mate relationship between preload and afterload so
that the 2 cannot be easily dissociated. A detailed
review of techniques for RV assessment is beyond the
scope of this paper; an overview of different ap-
proaches is presented in Table 2.

THE NORMAL RV

NORMAL ANATOMY, MYOARCHITECTURE, AND

EMBRYOLOGY. The RV in mammals and in birds is a
thin-walled crescent-shaped structure coupled to
systemic venous return on one side and to the pul-
monary circulation on the other. It is 10% to 15%
larger in volume than the left ventricle (LV) with a
thinner free wall (3 to 5 mm in the adult) and one-
third to one-sixth smaller mass (5,6). When imaging
the RV, it can be divided into anterior, lateral, and
inferior walls, as well as basal, mid, and apical seg-
ments (7). From an anatomic standpoint, the RV is
more often described in terms of 3 components
(Figure 1): 1) the inlet, which consists of the tricuspid
valve, tendinous chords, and 3 or more papillary
muscles; 2) the trabeculated apex, often very thin
(which may make this portion more susceptible to
increased wall stress); and 3) the outlet or infundib-
ulum (conus), a tubular muscular structure that sup-
ports the pulmonary valve leaflets. The size of the



HIGHLIGHTS

� Anatomically and functionally different
from the left ventricle, the RV plays an
increasingly recognized role in deter-
mining symptoms and outcomes in mul-
tiple conditions.

� The normal RV is coupled to the low-
pressure, high-compliance pulmonary
circulation to ensure transfer of blood to
the pulmonary arteries in an energy effi-
cient fashion. RV adaptation to disease is
determined by the degree of pressure
overload, volume overload, and alter-
ations in intrinsic contractility, 3 situa-
tions with distinct clinical course and
therapeutic approach although
commonly coexisting in various degrees.

� Refinements in the evaluation of RV
anatomy, myoarchitecture, ultrastruc-
ture, metabolism, perfusion, and func-
tion, and of its degree of coupling (or lack
thereof) to the pulmonary circulation,
either invasively or increasingly through
noninvasive imaging, promise to enhance
our understanding of the mechanisms of
RV adaptation or maladaptation to path-
ologic conditions.

AB BR E V I A T I O N S

AND ACRONYM S

Ea = arterial elastance

EDV = end-diastolic volume

Ees = end-systolic elastance

EF = ejection fraction

ESV = end-systolic volume

LV = left ventricle

PA = pulmonary artery

PH = pulmonary hypertension

RV = right ventricle

SV = stroke volume
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infundibulum is independent of the general size of
the RV, and accounts for approximately 20% of end-
diastolic volume (EDV) in the normal RV (8). The
crista supraventricularis, supraventricular crest, or
ventriculoinfundibular fold separates the RV inlet
(tricuspid valve) and outlet (pulmonary valve) com-
ponents (Figure 1). The crista continues as a parietal
band in the RV free wall and as the septomarginal or
septal band in the septum, and when shortening, it
contracts the tricuspid annulus and pulls the free wall
toward the septum (4). The septomarginal band is a
prominent Y-shaped muscular strap that, when hy-
pertrophied or abnormally formed, can divide the RV
into 2 chambers (double-chambered RV) (9). The
inferior limb of the septal band becomes continuous
with the moderator band, to which the anterior
papillary muscle attaches (Figure 1). The moderator
band incorporates the right bundle branch of His and
frequently collaterals from the first septal, and can be
identified in 90% of hearts (10). The RV is morpho-
logically and functionally distinct from the LV. Dis-
tinguishing characteristics of the morphological RV
include uniformly coarse trabeculations (in fact the
most constant anatomical feature for the
cardiac morphologist), multiple papillary
muscles, the moderator band, a tri-leaflet
atrioventricular valve with a septal leaflet
that is apically displaced compared with the
anterior mitral leaflet, and a fully muscular
outflow tract (as opposed to the aortomitral
continuity of the LV).

There are individual variations from heart
to heart, but in general, the myoarchitecture
conforms to some constant muscular pat-
terns. In the LV there are 3 distinct myocar-
dial “layers” of aggregated cardiomyocytes;
however, no proper middle “layer” can be

defined in the RV. The superficial layer (approxi-
mately 25% of wall thickness) is formed by predomi-
nantly circumferential aggregates in a direction
parallel to the atrioventricular groove that extend
from one ventricle to another (Figure 2A). In the RV,
myocytes in this layer are arranged more circum-
ferentially than in the LV. The subendocardial RV
layer is composed of preferentially arranged longitu-
dinal myocytes that pass through the apex toward the
papillary muscles, tricuspid annulus, and RV outflow
tract (Figure 2B) and are continuous with those of the
septum. The RV and LV are closely inter-related not
only through the septum but also shared epicardial
circumferential myocytes and the pericardial space,
all of which constitute the anatomic basis for biven-
tricular functional systolic and diastolic interdepen-
dence (11).

Disparities between the RV and LV arise from dif-
ferences in embryological origins as well as hemo-
dynamic environment. The morphogenesis of the
cardiovascular system begins at around 3 weeks of
gestation and is mostly completed by 8 weeks in
humans. Cells derived from the anterior lateral plate
mesoderm coalesce along the ventral midline to form
a primitive heart tube. The “first” heart field that
forms the heart tube eventually contributes to spe-
cific future chambers: LV, muscular interventricular
septum, and atria. The future RV, most of the mem-
branous interventricular septum, and outflow tracts
derive from cardiac precursors cells in the anterior or
“second” heart field (12). In the embryo and fetus, the
RV is the dominant chamber accounting for about
60% of total cardiac output, and during fetal devel-
opment the wall thickness and forces generated by
the RV and LV are equal (13). At birth, pulmonary
vascular resistance decreases rapidly, and by the first
postnatal year, RV wall thickness regresses,
increasing compliance and leading to normal cardiac
morphology with rightward septal convexity (Central
Illustration).



CENTRAL ILLUSTRATION The Right Ventricle: Anatomy, Function, and Dysfunction
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Overview of pathology, histology, magnetic resonance, echocardiography-based strain, and pressure-volume loop findings in the RV in health and disease.

The pressure overloaded RV demonstrates hypertrophy and dilatation, systolic septal flattening, extensive fibrosis, reduced myocardial deformation with

dyssynchrony and post-systolic shortening, and highest increases in end-systolic (Ees), end-diastolic (Eed), and arterial (Ea) elastances. The volume

overloaded RV demonstrates dilatation, diastolic septal flattening, mild fibrosis, near-normal and synchronous myocardial deformation, and preserved

coupling. The cardiomyopathic RV (arrhythmogenic cardiomyopathy in the figure) demonstrates RV dilatation and aneurysms, fibrofatty replacement,

severely reduced myocardial strain, and decreased Ees. 2D ¼ 2-dimensional; EDPVR ¼ end-diastolic pressure-volume relationship; EDV ¼ end-diastolic

volume; ESV ¼ end-systolic volume; LV ¼ left ventricle; Pes ¼ end-systolic pressure; PVC ¼ pulmonic valve closure; RV ¼ right ventricular.
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TABLE 1 Etiologies of RV Pressure Overload, Volume Overload, and RV Cardiomyopathy

RV Pressure Overload RV Volume Overload RV Cardiomyopathy

Pulmonary hypertension* Valvular regurgitation Myocardial infarction

Pulmonary arterial hypertension Tricuspid ARVC

Due to left heart disease Pulmonary Dilated cardiomyopathy

Due to lung disease and/or hypoxia Systemic-to-pulmonary shunt Hypertrophic cardiomyopathy

CTEPH and other pulmonary artery obstructions Atrial septal defect Amyloidosis

Unclear and/or multifactorial mechanisms Partial anomalous pulmonary vein drainage Myocarditis

Pulmonary valve stenosis High output states† (i.e., thyrotoxicosis) Sarcoid

Pulmonary artery stenosis Transplant

Pulmonary embolism Post-surgery

Post-LVAD

Cardiotoxicity (i.e., chemotherapy)

Sepsis

*Main groups according to the European Society of Cardiology Classification. †Concomitant left ventricular volume overload.

ARVC ¼ arrhythmogenic right ventricular cardiomyopathy; CETPH ¼ chronic thromboembolic pulmonary hypertension; LVAD ¼ left ventricular assist device; PAPVD ¼ partial
anomalous pulmonary vein drainage.
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NORMAL STRUCTURE, METABOLISM, AND PERFUSION. It
is well established that human RV cardiomyocytes are
about 15% smaller than LV cardiomyocytes (14).
Interestingly, despite higher compliance and prob-
ably because of smaller myocyte size, the RV contains
30% more collagen (15). Potential differences in gene
and protein expression between LV and RV car-
diomyocytes have been little studied. Proteomic and
transcriptomic studies suggest that mammalian RV
and LV cardiomyocytes have a large overlap in gene
expression and very similar protein composition
(16,17). As such, it is safe to assume that the processes
of excitation and contraction are quite similar in RV
and LV cardiomyocytes. There are no human studies
on changes in cardiomyocyte composition or function
with increasing age; however, animal models indicate
myocyte loss, abnormalities in calcium handling, and
reductions in contractility (18). Imaging studies have
demonstrated lower RV mass and EDV and higher EF
(albeit with reduced deformation) with aging,
perhaps as a compensatory response to myocyte loss
and pulmonary artery (PA) stiffening (19). Reductions
in RV volume and myocyte replacement with con-
nective tissue may contribute to impaired RV dia-
stolic filling in the elderly (20). Although cellular and
molecular studies comparing the human male
and female RV are lacking altogether, RV volumes
and mass tend to be higher in men, whereas RV EF is
lower (19). This may be related to cardioprotective
effects of estrogens, as supported by both observa-
tional and experimental studies (21,22).

There are also no convincing data to suggest that
the energy source for contraction in the RV is
different from the LV (23). In the normal adult heart,
fatty acid oxidation is the predominant source of
adenosine-triphosphate production (60% to 90%),
with glucose metabolism generating the remainder.
Oxidative metabolism consumes oxygen but yields
much more adenosine-triphosphate than cytoplasmic
(anaerobic) glycolysis (24). RV-LV comparative
studies in humans are difficult to perform because of
the inaccessibility of the normal thin-walled RV to
metabolic imaging. In a rodent model, expression of
anaerobic glycolytic enzymes appeared higher in RV
than LV cardiomyocytes (25), which could partly
explain the relative RV resistance to ischemia. The
blood supply of the RV has distinctive features in
comparison to the LV (26). Resting coronary blood
flow and conductance are lower in the RV, and coro-
nary flow occurs both in systole and diastole. Because
of thinner wall and higher dependence on coronary
perfusion pressure, RV perfusion is more vulnerable
to increases in RV cavitary (and thus intramural)
pressure and to systemic hypotension. Oxygen con-
sumption and extraction at rest are also lower than in
the LV, resulting in higher oxygen extraction reserve.
There is evidence to suggest that pressure-flow
autoregulation is somewhat impaired, so the RV in-
creases oxygen consumption during exercise through
increased oxygen extraction rather than coronary
flow (26).
NORMAL FUNCTION. The RV contracts in a highly
synchronized fashion that occurs 20 to 50 ms earlier
in the sinus and apex than the conus, resulting in a
peristalsis-like motion (5,8,27). The conus may serve
as a buffer against high systolic pressures being
transmitted to the PA due to its late contraction,
higher curvature, and possibly greater inotropic
response (5,7). Helical flow developed in the outflow
may also contribute to better flow stability into the PA



TABLE 2 Summary of Invasive and Noninvasive Modalities for RV Assessment and Their Measured Parameters

Invasive

Right heart catheterization

Contrast ventriculography End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, regional wall motion

Standard catheterization End-diastolic pressure, peak systolic pressure

Thermodilution Cardiac output, stroke volume

High-fidelity micromanometer dp/dt

Conductance catheter End-systolic elastance, arterial elastance, end-diastolic elastance, stiffness constant b, stroke work,
preload recruitable stroke work, RV power

Intracardiac echocardiography Dimensions and function

Noninvasive

Ultrasound

M-mode TAPSE, diameters, wall thickness, right atrial size

2D Fractional area change, eccentricity index, wall thickness, regional wall motion, right atrial size
Speckle tracking: myocardial strain, strain rate, dyssynchrony

3D End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, wall thickness, regional
wall motion, right atrial size

Speckle tracking: myocardial strain, strain rate, dyssynchrony

Doppler E, A, deceleration time, isovolumic relaxation time, myocardial performance index, dp/dt, stroke
volume

Tissue Doppler: Eʹ, Aʹ, E/Eʹ, Sʹ, myocardial performance index, peak isovolumic velocity, isovolumic
acceleration, strain, strain rate, dyssynchrony

Contrast Intraventricular flow patterns, vorticity

Magnetic resonance imaging

Cine End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, mass, regional wall
motion, right atrial size

Feature tracking: strain, strain rate, dyssynchrony

Tagging Strain

Strain encoded imaging (SENC) Strain

Phase contrast Stroke volume, cardiac output, myocardial velocity

Contrast first-pass imaging Myocardial perfusion

T2-weighted imaging Myocardial edema

Late gadolinium enhancement Fibrosis/necrosis

T1-mapping Native T1, ECV

Computed tomography

Noncontrast Myocardial fatty infiltration

Contrast-enhanced* End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, mass, wall thickness,
regional wall motion, right atrial size

Nuclear imaging

First-pass radionuclide angiography End-diastolic volume, end-systolic volume, stroke volume, ejection fraction

Equilibrium radionuclide angiography End-diastolic volume, end-systolic volume, stroke volume, ejection fraction

SPECT

99TC-tracers End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, perfusion

BMIPP Fatty acid metabolism

PET
18F-FDG Glucose metabolism
11C-palmitate Fatty acid metabolism
18F-FTHA Fatty acid metabolism
11C-acetate Oxygen consumption
15O2-tracers Oxygen consumption

Cardiopulmonary exercise test Peak oxygen consumption, minute ventilation, ventilatory efficiency, oxygen pulse

*Retrospective ECG gating.

2D ¼ 2-dimensional; 3D ¼ 3-dimensional; BMIPP ¼ 123l beta-methyl-p-iodophenyl-pentadecanoic acid; ECV ¼ extracellular volume; FDG ¼ fluorodeoxyglucose;
FTHA ¼ fluoro-6-thioheptadecanoic acid; PET ¼ positron emission tomography; SPECT ¼ single photon emission computed tomography; TAPSE ¼ tricuspid annular plane
systolic excursion.
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(28). Most (although not all) studies have suggested
that apical EF is smaller compared with the inlet and
outlet regions (27,29,30). Early data suggest that, in
contrast with the vortex-dominated flow organization
of the LV, direct flow patterns within the RV are
relatively streamlined following a smooth curved
path from the inflow to the outflow along the septum,
largely circumventing the apex (28,31) (Figure 3). This



FIGURE 1 Window Dissection of a Heart

Window dissection of a heart prepared by removing the anterior

superior wall of the RV, revealing the inlet (TV), trabecular

apex (*), and RVOT or infundibulum. Ao ¼ aorta; APM ¼ anterior

papillary muscle; IVC ¼ inferior vena cava; LAD ¼ left anterior

descending artery; MB ¼ moderator band; PA ¼ pulmonary

artery; PV ¼ pulmonary valve; RCA ¼ right coronary artery;

RV ¼ right ventricle; RVOT ¼ right ventricular outflow tract;

SB ¼ septomarginal or septal band; SC ¼ supraventricular

crest; SPM ¼ septal papillary muscle; SVC ¼ superior vena

cava; TV ¼ tricuspid valve.
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is considered a direct consequence of the peculiar RV
shape and in line with its low pressure levels, so that
little help is required for flow redirecting as opposed
to the systemic circulation. These findings also sug-
gest that the role of the apex may be maintaining a
smooth and continuous blood flow rather than
contributing to ejection (27,31). Probably because of
the previously mentioned predominance of longitu-
dinal subendocardial myocytes, longitudinal short-
ening accounts for approximately 75% of RV
contraction (32). Regarding regional RV function,
although results have varied somewhat across re-
ports, likely because of different endpoints and
techniques, most have indicated decreasing free wall
velocities from base to apex but higher apical defor-
mation (7,33–35).

The LV is an important contributor to RV ejection:
in experimental models, LV contraction generates
20% to 40% of both RV stroke volume (SV) and pul-
monary flow (4,23). This is largely mediated through
septal contraction, although other contributory
mechanisms exist (11,36). Conversely, the RV is also
important in maintaining cardiac output, particularly
during exercise, as shown indirectly by a 30% to 50%
decrease in predicted maximum oxygen uptake in
healthy Fontan patients (37). The quality of the RV is
not in generating pressure, but rather in streamlining
varying amounts of venous return into a relatively
constant SV that is ejected into the low-impedance
pulmonary circulation with one-fourth of the LV
stroke work (5). The thinner wall and lower volume-
to-wall-surface area ratio render the RV more
compliant and capable of accommodating increased
preload, but unable to cope with brisk increments in
PA pressures. An acute increase of either preload or
afterload is immediately associated with RV dilatation
to preserve SV. After several minutes, this “hetero-
metric” adaptation is replaced by an “homeometric”
adaptation with normalization of EDV and increased
contractility. In spite of embryological and structural
differences, RV and LV homeometric and hetero-
metric adaptations to changes in loading conditions
are basically the same (38).

Although RV preload is easily defined as EDV (the
moment of maximal stretch of myocardial fibers
before isovolumic contraction), there are several
valid but conceptually different definitions of RV
afterload (23). The first is maximum wall tension,
which is directly proportional to volume and pressure
and inversely to wall thickness as determined by
Laplace’s law for spherical structures. This may be
considered the reference definition of afterload, but it
is difficult to apply to the RV because of its irregular
shape and inhomogeneous contraction. Another is
external RV work or power, the energy lost by the RV
as blood flows through the pulmonary circulation,
calculated as SV times PA pressure. Impedance or
hydraulic load comprises all of the forces that oppose
RV flow output. This is calculated from the integra-
tion of instantaneous PA pressure and flow waves,
but is unstable, prone to errors, and of limited avail-
ability. Finally, afterload can be measured as arterial
elastance (Ea). Elastance, the change in pressure for a
given change in volume, is a property that describes
an elastic chamber. Ea can be obtained from RV
pressure-volume loops (Figure 4) as RV end-systolic
pressure divided by SV. Mean PA pressure is a
reasonable approximation of end-systolic pressure in
the normal RV so that Ea can be calculated as mean
PA pressure divided by SV, or as pulmonary vascular
resistance multiplied by heart rate (39). Maximum
elastance is the gold standard estimate of contrac-
tility and takes place a bit before end-systole in the
normal RV, but at end-systole in the presence of PH.



FIGURE 2 RV Myoarchitecture

(A) Normal heart viewed from the front shows the circumferential arrangement of superficial RV and middle LV layers of aggregated car-

diomyocytes. (B) Opened normal RV showing longitudinally arranged subendocardial myocyte aggregates (black dashed lines).

CSO ¼ coronary sinus ostium; LV ¼ left ventricle; PT ¼ pulmonary trunk; other abbreviations as in Figure 1.

Sanz et al. J A C C V O L . 7 3 , N O . 1 2 , 2 0 1 9

Anatomy, Function, and Dysfunction of the RV A P R I L 2 , 2 0 1 9 : 1 4 6 3 – 8 2

1470
Thus, RV end-systolic elastance (Ees) is generally an
acceptable approximation for maximum elastance (5)
and is calculated from invasive pressure-volume
loops as end-systolic pressure (or mean PA pressure)
divided by end-systolic volume (ESV) (Figure 4).
Diastolic function can be also described from invasive
pressure-volume curves as diastolic stiffness con-
stant b or end-diastolic elastance (Figure 4) (39,40).

NORMAL VENTRICULOARTERIAL COUPLING. The
comparison of Ea and Ees allows determination of the
adequacy of RV contractility adaptation to afterload
or “coupling” between the RV and the pulmonary
circulation, also termed right heart-pulmonary cir-
culation unit (41). Optimal ventriculoarterial coupling
takes place when there is maximal transference of
potential energy from one elastic chamber (the
ventricle) to another (the arterial system), and this
occurs if both elastances are equal (Ees/Ea ¼ 1).
However, the optimal Ees/Ea ratio for ejection at
minimal energy cost, as seen in the normal RV, is 1.5
to 2.0 (23,38). Measurements of Ees and Ea can be
obtained from a family of pressure-volume loops at
several levels of preload (42) or from single-beat
ventricular pressure and flow output measurements
(43) (Figure 4). The single-beat method avoids tech-
nically demanding measurements at variable levels of
loading and of absolute RV volumes; nonetheless,
both present technical and logistical challenges, and
simplified approaches have been developed (38). The
single-beat method can be reduced to a ratio of
pressures, easy to obtain during a standard right heart
catheterization (44). Similarly, because both Ees and
Ea have a common pressure term, coupling can be
simplified as SV/ESV, quantifiable with magnetic
resonance (45). The volume method is intimately
related to EF, the latter also an index of ven-
triculoarterial coupling rather than RV contractility
(46). Both simplified methods rely on assumptions
that may not be equally true in all circumstances
(38,39), so further validation is required. There has
also been recent interest in the estimation of ven-
triculoarterial coupling by a ratio between tricuspid
annular plane excursion (as a surrogate of contrac-
tility) and systolic PA pressure (as a surrogate of
afterload). This correlates with Ees/Ea but not tightly
(47), so more studies are needed to better understand
its significance.

THE PRESSURE-OVERLOADED RV

RV ANATOMY IN PRESSURE OVERLOAD. RV pres-
sure overload, most commonly secondary to PH,
leads to RV hypertrophy, predominantly end-systolic
and early-diastolic flattening of the interventricular
septum, and eventually, progressive RV dilation and



FIGURE 3 3-Dimensional Representation of Helical

Streamlines of Normal RV Intracavitary Flow During Systole

Reprinted with permission from Sengupta and Narula (28).

FIGURE 4 Multiple-Beat and Single-Beat Methods for Calculating Ea and RV Ees
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stance (Ea) is calculated from the ratio of end-systolic pressure (ESP) to stroke volume

(slope of the line connecting end-systolic [ESV] and end-diastolic volumes [EDV]). End-

systolic elastance (Ees) is estimated by the ratio of ESP to ESV. In the multiple-beat

method, different pressure-volume curves are generated by changing preload, and Ees

is calculated from the slope of the line connecting end-systolic pressure-volume re-

lationships. In the single-beat method, maximal RV pressure ([Pmax] or maximal pressure

generated during an isovolumic contraction), is estimated from the nonlinear extrapo-

lation of the early systolic and diastolic portions of the RV pressure curve. Ees is

calculated from the slope of a straight line from Pmax tangent to the RV end-systolic

pressure-volume relationship (or Pmax-ESP/stroke volume). Diastolic stiffness constant b

is calculated by fitting the nonlinear exponential curve through the origin as well as

early and late end-diastolic pressure-volume relationships, where P is pressure, a is a

curve-fitting constant, and V is volume. End-diastolic elastance (Eed) is calculated as the

slope of the pressure-volume relationship at end-diastole.
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dysfunction (Central Illustration). Myocyte hypertro-
phy and disarray (Figure 5) involve not only the
compacted RV wall but also the trabeculations and
muscular bands (48). A prominent septoparietal band
containing circumferentially aligned or crisscrossed
aggregated cardiomyocytes may contribute to
muscular subpulmonary stenosis (49). Although
studies in congenital heart disease (50) or some
experimental models (51) suggest a more circumfer-
ential orientation of myocyte aggregates, others have
found overall preserved RV structure (52) or pre-
dominantly longitudinal reorientation (53), so it is
uncertain if RV pressure overload leads to predictable
changes in myoarchitecture. Interestingly, pressure
overload is better tolerated in the setting of congen-
ital heart disease (pulmonary valve stenosis, Eisen-
menger), probably because of absence of RV
hypertrophy regression after birth and persistence of
a “fetal” phenotype (54).

RV STRUCTURE, METABOLISM, AND PERFUSION IN

PRESSURE OVERLOAD. It has become apparent that
the adaptive capacity of the RV is immense and in fact
is much larger than that of the LV. In PH, the RV may
face a 5-fold rise in afterload, which is much greater
than the approximately 50% increase in systemic
hypertension or aortic stenosis. The first step in RV
adaptation is through mechanotransduction, the
intrinsic ability of cardiomyocytes to sense and
respond to load through conformational changes in
integrins, stretch-activated ion-channels, and the
major sarcomeric protein titin (55). However, trophic
paracrine signals from stretched cardiac fibroblasts
may be equally important (56). While in many cir-
cumstances LV hypertrophy is considered a mal-
adaptive response, successful RV adaptation without
hypertrophy is unthinkable. Cardiomyocyte hyper-
trophy occurs through accumulation of sarcomeric
proteins, usually accompanied by the re-emergence
of a fetal gene expression pattern such as increased
expression of natriuretic peptides and a switch from
a-myosin to b-myosin heavy chain that exhibits
reduced energy requirements but also contractility
(57). In contrast to LV hypertrophy, fetal gene
expression does not discriminate between adaptive
and maladaptive stages of RV hypertrophy (16). As in
LV failure, a clear distinction between “good” and
“bad” molecular adaptation is difficult to make. The
pivotal pathobiological hallmarks of heart failure,
such as neurohormonal activation and impaired cal-
cium handling, are definitively seen in both RV and
LV failure (57).

Hypertrophy of tissue increases oxygen demand
and requires a proportional increase in blood supply,
a process in which angiogenesis driven by the hyp-
oxia inducible factor-1a/vascular endothelial growth
factor axis plays a pivotal role. Indeed, blocking the
latter interferes with normal cardiac adaptation to



FIGURE 5 Histological Sections With Masson’s Trichrome Staining of Normal Pig RV Myocardium and After 4 Months of

Pulmonary Vein Banding

(A) Normal pig right ventricular (RV) myocardium, and (B) after 4 months of pulmonary vein banding. In experimental pulmonary hyper-

tension, there is cardiomyocyte hypertrophy and disarray, arterial medial hypertrophy (*), and lymphocytic infiltration with collagen

deposition around blood vessels (arrows).
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pressure overload (58). While an oxygen supply-
demand imbalance has certainly been demonstrated
in patients with PH-associated right heart failure (59),
it is still unclear whether this is related to a global
reduced perfusion and/or to capillary rarefaction.
Several groups have shown a loss of capillaries in the
failing RV of rats (60), but these findings could not be
confirmed using stereological quantifications (61).
Several other mechanisms could explain impaired
perfusion of the failing RV, such as systemic hypo-
tension, impairment of systolic coronary flow in the
setting of increased wall stress, mechanical in-
efficiency, and compression of the right coronary ar-
tery by a dilated PA (36,39,62).

Another possible consequence of impaired oxy-
gen supply is metabolic remodeling. Proteomic
studies in the rat have shown decrease in beta-
oxidation enzymes and increase in anaerobic
glycolytic enzymes (63), suggesting a “metabolic
switch” from mitochondrial-based fatty acid oxida-
tion to less efficient but oxygen-sparing anaerobic
glycolysis as preferred energy source. Autopsy hu-
man studies have also confirmed increased expres-
sion of anaerobic glycolytic enzymes in the pressure
overloaded RV (64). Imaging in PH patients has
shown large increases in RV glucose uptake (65);
however, to what extent this is secondary to a true
metabolic shift or to increased stroke work or
ischemia is uncertain. Data on RV fatty acid uptake
have been controversial (23). Experimental studies
suggest that the transition from adaptive to mal-
adaptive RV hypertrophy is characterized by an
ultimate decline in glucose uptake and glycolysis,
favoring the development of RV ischemia (66). This
has not been confirmed in the human heart and is
currently debated (24). RV function in the setting of
pressure overload is better preserved in women,
and a proposed explanation is predominant
expression of genes related to mitochondrial func-
tion in women but to matrix biosynthesis in men
(67).

Although macroscopic RV infarcts are rare in PH,
short episodes of ischemia could definitively be
responsible for the development of RV fibrosis
(Figure 5). Numerous studies have shown RV
myocardial fibrosis and its relevance in experimental
PH (68,69). The suggestion that it may be present in
human RV pressure overload comes from histological
(40) and magnetic resonance studies (70). Interest-
ingly, Eisenmenger hearts display less fibrosis than
those with idiopathic PH, again suggesting better
adaptation (71). If fibrosis develops, this seems to be
much less than in the pressure-overloaded LV, which
may explain why most patients recover RV function
after lung transplantation (72). Nevertheless, autopsy
data regarding RV fibrosis in pressure overload have
not been consistent (23). The same is true for cardiac
inflammation (Figure 5), which could also result from
recurrent boots of RV ischemia. Although influx of
inflammatory cells into the RV has been demon-
strated in acute RV failure due to massive pulmonary
embolism, there is little data on the possible role of
inflammation in the development of RV failure in
pressure overload (73).



FIGURE 6 RV Function Response to a Progressive Increase in PVR in Pulmonary Hypertension
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RV FUNCTION IN PRESSURE OVERLOAD. In the
setting of chronic pressure overload, the RV initially
responds with “adaptive” remodeling characterized
by relatively preserved volumes and function and
compensatory “concentric” hypertrophy (increased
mass to volume ratio that decreases wall tension).
This corresponds to a stage where functional status,
exercise capacity, and cardiac output may remain
reasonably well preserved. When this homeometric
adaptation gets exhausted and contractility can no
longer increase to match afterload, “maladaptive”
remodeling takes place with “eccentric” hypertrophy,
progressive RV dilatation and dyssynchrony, and
maintenance of SV through Frank-Starling mecha-
nisms (heterometric adaptation). This comes at the
price of increased filling pressures and, eventually,
clinical decompensation (23,72) (Figure 6). Imaging
RV dimensions thus becomes essential to the diag-
nosis and prognostication of right heart failure.

Abnormalities in RV systolic function are often
present at rest, but exercise may additionally reveal
reduced reserve as well as borderline or latent ven-
triculoarterial uncoupling and pending right heart
failure (74,75). As PH progresses, the RV becomes less
dependent on longitudinal shortening and more on
transverse wall motion (32,35). Myocardial deforma-
tion and EF are preferentially reduced in the apex
(27,30,33–35), even when global function appears
preserved (29). An important component of RV con-
tractile dysfunction in pressure overload is dyssyn-
chrony. Intraventricular RV dyssynchrony may be
present in early disease stages (76), leads to loss of
peristaltic motion (27) and heterogeneous increases
in RV free wall workload (77), and is associated with
clinical worsening (78). In addition, interventricular
dyssynchrony (delay of RV free wall peak shortening
compared to the septum or LV free wall) occurs in
more advanced stages. RV contraction is prolonged in
PH and may extend past pulmonary valve closure
(post-systolic isovolumic contraction), contributing
to increased wall stress and mechanical inefficiency
(39). This prolonged contraction is a major determi-
nant of interventricular dyssynchrony and leftward
septal shift, which leads to LV underfilling and sub-
sequent reduction in SV (79). Eventual RV dilatation
causes additional deleterious ventricular interaction
in diastole (see section on the volume-overloaded
RV). For these reasons, knowledge of both RV di-
mensions and function is relevant in PH. RV pressure
overload is also associated with RV diastolic



FIGURE 7 Ventricular Volumes at Decreasing RV Ejection Fraction or SV to ESV Ratio
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dysfunction with reduced compliance and relaxation
(80), with both cardiomyocyte hypertrophy and
fibrosis contributing to increased stiffness (40). Dia-
stolic dysfunction predicts outcomes but is closely
related to disease severity and Ees (40,81). Whether
diastolic stiffness predicts outcome during RV adap-
tation or maladaptation to PH independent to Ees
remains to be explored.

VENTRICULOARTERIAL COUPLING IN PH. The
coupling of the RV to the pulmonary circulation in
human PH was first reported in 2004, with single-beat
calculation of the Ees/Ea ratio in 6 stable patients and
6 control subjects (82). Ees was approximately
doubled but in the face of a quadrupled Ea, so that
Ees/Ea was about one-half that of control subjects,
implying insufficient contractility and decoupling.
Yet, RV volumes were not increased, indicating
adequate compensation. The critical levels of decou-
pling associated with onset of RV dilatation (hetero-
metric adaptation) is not exactly known, but
experimental animal observations and measurements
in patients have suggested an Ees/Ea w0.7 at the
onset of decreased SV (83). Simplified methods of
ventriculoarterial coupling have been used in PH. In
chronic pressure overload, the RV pressure-volume
loop becomes less trapezoidal and squarer in shape
(more “LV-like”). As a result, mean PA pressure un-
derestimates end-systolic pressure in a degree that
can be mathematically estimated (84). Compared
with the volume method, the pressure method leads
to higher Ees/Ea, and appears to better agree with the
single-beat approach (44). Nonetheless, the volume
method was an independent prognosticator in pa-
tients referred for PH, whereas the pressure method
and RV EF were not (44). In a different study, both EF
and SV/ESV were equally predictive of outcome in
pulmonary arterial hypertension (85). The relation-
ship between EF and SV/ESV is nonlinear, so they
may have different sensitivity in different disease
stages (86). As shown in Figure 7, cutoff values of
roughly 0.35 for EF and 0.54 for SV/ESV predict the
increase in RV volumes required to maintain SV.
Interestingly these cutoffs have been validated as
predictors of poor outcome in PH (44,85,87).

Although Ees and Ea are gold standard measures of
contractility and afterload, their ratio may not be
sensitive to therapeutic interventions, because drugs
that decrease afterload will cause a concomitant
reduction in contractility to preserve coupling even
though RV volumes or EF may improve (88). In severe
PH, reverse RV remodeling as defined by reduced RV
dimensions and/or increased EF requires decreases in
pulmonary vascular resistance of at least 40 to 50%
(89,90) (Figure 8).

THE VOLUME-OVERLOADED RV

RV ANATOMY AND STRUCTURE IN VOLUME OVERLOAD.

The hallmarks of the volume-overloaded RV are RV
dilatation and hypertrophy (increased free wall mass
albeit preserved thickness) and predominantly dia-
stolic leftward septal shift (Central Illustration).
Because of the anatomic and physiological features
discussed previously, volume overload is much better
tolerated than pressure overload (4). Although vol-
ume overload represents conceptually a predominant
increase in preload, RV dilatation leads to augmented
wall tension as described earlier, and to an inevitable
simultaneous increase in afterload.

The mechanisms of RV adaptation to volume
overload have been less extensively studied
compared with pressure overload. In feline and mu-
rine models, it resulted in a degree of hypertrophy
comparable to pressure overload and similar ultra-
structural cardiomyocyte changes; conversely, no
reductions in myocyte density or increases in
b-myosin heavy chain or collagen were noted (91,92).
However, in a different mouse model of volume
overload secondary to experimentally induced pul-
monary insufficiency, there were progressive



FIGURE 8 Probability of RVRR as a Function of Treatment-Related Decrease in PVR in

Pulmonary Arterial Hypertension
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increases in RV fibrosis and cardiomyocyte apoptosis
(93). Early during volume overload multiple genes
were down-regulated, including pathways related to
cell metabolism, transmembrane nutrient transport,
and calcium signaling, while there was a reactivation
of fetal gene programs with increases in b-myosin
heavy chain. After 3 months, persistent down-
regulation of calcium handling genes and
up-regulation of inflammatory pathways via trans-
forming growth factor-b may have contributed,
respectively, to contractile dysfunction and increased
collagen deposition and extracellular matrix remod-
eling (93). In addition, there was a late down-
regulation of genes involved in beta-oxidation and
up-regulation of those needed for glycogenolysis (93),
suggesting a metabolic shift similar to that seen in
pressure overload. Whether similar changes occur in
humans is uncertain. A small study demonstrated
increased glucose metabolic rate in the interventric-
ular septum in patients with atrial septal defect, and a
similar trend in the RV free wall, without reductions
in perfusion or fatty acid uptake (94). Again, whether
this reflects a true metabolic shift or simply hyper-
trophy and/or increased septal contribution to RV
ejection is unknown.

RV FUNCTION IN VOLUME OVERLOAD. Experimental
studies demonstrate that RV contractility remains
preserved in RV volume overload for long periods of
time, although contractile reserve may be compro-
mised (95,96). In patients with volume overload, the
shape of pressure-volume loops was indistinguish-
able from that of the normal RV (97). An important
consequence of RV volume overload is simultaneous
LV dysfunction as evidenced by reduced compliance
and EF (11,96). The primary mechanism is underfilling
due predominantly to septal displacement and
changes in LV geometry, rather than decreased RV
forward SV (4). An additional potential mechanism
for impaired biventricular systolic performance is the
reorientation of myocardial fibers, which could
in theory interfere with normal myocardial
mechanics (98).

Patterns of RV regional contractility appear to
differ according to underlying disease. In patients
with atrial septal defect, studies have consistently
demonstrated preserved global longitudinal strain in
the RV free wall, but supranormal apical strain, sug-
gesting that RV apical contraction contributes signif-
icantly to the increased RV output (99,100). However,
after surgical correction (even 35 years later) longi-
tudinal strain is reduced, particularly in the apex
(100,101). It is uncertain if these residual abnormal-
ities are sequelae of longstanding RV volume
overload, surgical intervention, or both (101).
Conversely, in the setting of RV volume overload
secondary to pulmonary regurgitation in repaired
tetralogy of Fallot, there is reduction in RV free wall
longitudinal strain that becomes more severe toward
the apex (99,101). It needs to be recognized, however,
that tetralogy of Fallot represents a unique situation
of volume but also, at least prior to repair, pressure
overload that may not be extrapolatable to other
settings. In fact, these hearts demonstrate an inter-
mediate RV layer of predominantly circumferential
myocyte aggregates, hypothesized to be part of the
congenital derangement, as opposed to just adaption
to increased load (50). In addition, scarring and
segmental wall motion abnormalities, consequence of
surgical repair, are often noted in the RV outflow tract
and contribute to reductions in EF and SV (102).

Probably as a result of all of the aforementioned
factors, it has become increasingly evident that
chronic volume overload may eventually lead to RV
systolic dysfunction and increased morbidity and
mortality, particularly in the presence of super-
imposed pressure overload and/or marked RV
enlargement, which argues for corrective in-
terventions before significant RV dilatation ensues
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(4). In the case of pulmonary regurgitation in Fallot,
studies have consistently identified thresholds of RV
EDV and ESV in the vicinity of 160 and 80 ml/m2,
respectively, above which RV functional recovery is
less likely (103). Interestingly, a similar threshold of
EDV <164 ml/m2 has been suggested for timing of
tricuspid regurgitation repair (104).

THE CARDIOMYOPATHIC RV

Myocardial insults of various etiologies may involve
the RV and lead to structural and functional abnor-
malities. The adaptive response of the RV in this
context differs not only according to the underlying
pathological process, but importantly, also according
to any associated volume and/or pressure overload.
Similarly, a component of myopathic RV involvement
may explain worse adaptation to PH in certain con-
ditions such as scleroderma (74).

ISCHEMIC HEART DISEASE. Postmortem, RV
involvement can be detected in up to 50% of acute
myocardial infarctions (105), suggesting that RV
infarct is often underdiagnosed. Contemporary series
of consecutive patients with reperfused acute
infarction have identified RV late gadolinium
enhancement, consistent with necrosis, in 10% to
30% of patients, and edema in up to 50% (106,107).
The presence of microvascular obstruction, however,
is extremely rare (107). RV injury is more common
and extensive in inferior infarcts but is also present in
a substantial proportion of anterior infarcts (106).
After the acute phase, RV function tends to recover,
suggesting that, due to the relatively resistance to
ischemia described in the previous text, chronic RV
infarcts are infrequent. However, healed infarcts are
not rare in autopsy series (105), and are identified
in vivo in 5% to 13% of patients with magnetic reso-
nance (106,108,109) (Figure 9A). The prevalence of
chronic RV dysfunction has ranged between 17% and
60% in different reports depending on the definition
employed, and it is uncertain if chronic scars carry
prognostic significance beyond that of decreased RV
EF (108,109). Because of the relatively low prevalence
of chronic scars, it is likely that post-infarction RV
dysfunction is multifactorial in etiology, including
LV-RV interactions, increased afterload, ischemia,
and mitral regurgitation (109).

ARRHYTHMOGENIC CARDIOMYOPATHY. It is tradi-
tionally considered that fibrofatty replacement in
arrhythmogenic cardiomyopathy (Central Illustration)
predominantly involve the so-called “triangle of
dysplasia” of the RV free wall (Figure 9B), which
comprises the infundibulum, subtricuspid region,
and apex (110). However, imaging and electro-
anatomical mapping in proven mutation carriers have
recently shown preferential involvement of the RV
basal inferior and anterior segments in early disease
(as well as the LV basal inferolateral segment; termed
“new triangle of dysplasia”), with RV apical involve-
ment only in advanced stages (111). It is widely
accepted that electrical abnormalities precede struc-
tural derangement, resulting in 3 disease stages: a
subclinical or concealed phase (where no abnormal-
ities are identifiable), an electrical phase, and a final
structural phase with RV regional or global dilatation
and systolic dysfunction (112). Nevertheless,
myocardial deformation imaging has demonstrated
abnormalities predominantly involving the sub-
tricuspid region in asymptomatic carriers, including
those in the concealed stage, and which have been
linked to disease progression (113). To evaluate
whether these deformation abnormalities are sec-
ondary to electrical disease, 84 mutation carriers (21
in the subclinical stage) were studied with speckle
tracking echocardiography. Three patterns of sub-
tricuspid RV longitudinal deformation were identified
(Figure 10). Abnormal patterns were noted in
approximately one-half of carriers in the concealed
stage. Interestingly, computer simulations repro-
duced the abnormal deformation patterns not by
changing electrical properties of the system, but only
when altered mechanical myocardial characteristics
(reduced contractility and increased stiffness) were
simulated (Figure 10). This suggests that abnormal
myocardial deformation is related to subclinical
structural disease and challenges the notion that
electrical disease necessarily precedes structural ab-
normalities (114). Spatial heterogeneity in myocardial
deformation has additionally been linked to
increased arrhythmogenicity (115).

OTHER NONISCHEMIC CARDIOMYOPATHIES. In
nonischemic dilated cardiomyopathy, RV dysfunction
(defined as EF #45%) is present in 35% to 40% of the
patients and is also likely multifactorial in origin
(116,117). However, RV scar is typically absent (116). In
hypertrophic cardiomyopathy, RV hypertrophy is
identified with magnetic resonance in approximately
one-third of patients and preliminary data suggests
that its presence may carry negative prognostic im-
plications (118). RV myocardial disarray predomi-
nantly affects the circumferential (superficial) layer,
whereas hypertrophy involves mainly the longitudi-
nal aggregates (119). Even when standard indexes of
systolic function are normal, RV free wall deforma-
tion, diastolic function, and contractile reserve in
response to exercise are reduced (120).



FIGURE 9 Magnetic Resonance Images of Different Cardiomyopathies

(A) Inferior myocardial infarction (arrowhead) with involvement of the right ventricular (RV) inferior wall as demonstrated by late gadolinium

enhancement (arrows). (B) RV free wall fibrosis (arrows) in a patient with arrhythmogenic cardiomyopathy. (C) RV enhancement (white

arrows) secondary to amyloid infiltration. (D) Cardiac sarcoidosis with extensive late gadolinium enhancement in the septum (arrowhead) and

RV free wall (arrows).
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In patients with cardiac amyloid, abnormalities in
both RV systolic and diastolic function are likely
related to RV amyloid deposition, increased load,
and, probably most importantly, severity of LV
involvement (121). The prevalence of RV infiltration
in cardiac amyloidosis is not known, although it is
probably common (Figure 9C). In a series of 82 pa-
tients with an echocardiographic diagnosis of cardiac
amyloid, increased RV wall thickness and late
enhancement were present in 62% and 61%, respec-
tively (121). Based on limited autopsy data, and
opposed to LV amyloid, there is no clear basal-to-
apical gradient or preferential subendocardial/
trabecular deposition (121,122). In addition, extent of
RV infiltration seems to be higher with light-chain
than transthyretin amyloid (122).
The frequency of RV involvement in acute
myocarditis is not well known, particularly since
endomyocardial biopsies are typically obtained from
the interventricular septum. In a recent series of 151
consecutive hemodynamically stable patients with
acute myocarditis, RV free wall involvement was
demonstrated in 18% by the presence of edema
and/or late enhancement. RV myocarditis was asso-
ciated with increased RV volumes and mass, reduced
systolic function, and impaired 4-year outcomes
(123). In sarcoidosis, late enhancement involving the
RV free wall or right aspect of the interventricular
septum (Figure 9D) can be noted in 15% to 20% of
patients with proven extracardiac disease and is
associated with RV status as well as PH (124). RV
involvement appears to identify a group who are at an



FIGURE 10 Patterns of Subtricuspid RV Longitudinal Deformation in Carriers of Arrhythmogenic Cardiomyopathy Mutations

Type I, normal; type II: delayed onset of shortening with reduced peak systolic strain and mild post-systolic shortening; and type III: severely reduced peak systolic

strain and post-systolic stretching. Computer simulations reproduced deformation patterns by changing myocardial mechanical properties. Reproduced with

permission from Mast et al. (114). ARVC ¼ arrhythmogenic right ventricular cardiomyopathy; ECG ¼ echocardiogram; other abbreviations as in Figures 1 and 2.
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especially high risk of ventricular tachyarrhythmia
and death (124,125).

CONCLUSIONS

The RV is anatomically and functionally different
from the LV, and therefore, our knowledge of LV
physiopathology cannot be directly extrapolated to
the right heart. The RV plays an essential role in
determining symptomatic status and prognosis in
nearly all cardiovascular disorders studied to date.
Its response to disease is a consequence of various
combinations of pressure and/or volume overload as
well as intrinsic myocardial deficits, where the
predominant abnormality may determine clinical
presentation and course. Improving knowledge
gaps, recently reviewed elsewhere (23), in our un-
derstanding of RV adaption to different conditions
is crucial for the development of RV-specific thera-
pies that may ultimately result in improved
outcomes.
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