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Abstract

Right ventricular (RV) failure occurs when the RV fails to maintain
enough blood flow through the pulmonary circulation to achieve
adequate left ventricular filling. This can occur suddenly in
a previously healthy heart due to massive pulmonary embolism or
right-sided myocardial infarction, but many cases encountered
in the intensive care unit involve worsening of compensated
RV failure in the setting of chronic heart and lung disease.
Management of RV failure is directed at optimizing right-sided
filling pressures and reducing afterload. Due to a lower level of
vascular tone, vasoactive medications have less salient effects
on reducing vascular resistance in the pulmonary than in the
systemic circulation. Successful management requires reversal of

any conditions that heighten pulmonary vascular tone and the
use of selective pulmonary vasodilators at doses that do not
induce systemic hypotension or worsening of oxygenation.
Systemic systolic arterial pressure should be kept close to RV
systolic pressure to maintain RV perfusion. When these efforts
fail, the judicious use of inotropic agents may help improve
RV contractility enough to maintain cardiac output.
Extracorporeal life support is increasingly being used to support
patients with acute RV failure who fail to respond to medical
management while the underlying cause of their RV failure is
addressed.
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Several developments have led to a greater
focus on right ventricular (RV) function in
critically ill patients. These include the rapid
growth in our understanding of pulmonary
vascular biology and the subsequent
development of several new classes of
pulmonary vasodilator medications. The
widespread treatment of patients with
pulmonary arterial hypertension has also
enhanced our clinical expertise in managing
acute RV failure toward the end of their
disease. Finally, technical advances in
extracorporeal life support have provided us
the ability to support patients with acute RV
failure through their illness and enhance
our understanding of how the failing RV
should be managed. This review discusses an
approach to management of acute RV failure

in the intensive care unit with emphasis on
fluid management, afterload reduction, and
augmentation of contractility using vasoactive
medications, and an introduction to the rapidly
expanding field of extracorporeal life support.

The Normal Pulmonary
Circulation and RV

The pulmonary circulation is a low-pressure
circuit both at rest and during exercise.
Despite a rise in cardiac output during heavy
exertion that may be fourfold above baseline,
pulmonary arterial pressure increases
minimally and pulmonary vascular resistance
falls. This is in contrast to the systemic
circulation, where increased cardiac output

during exercise is associated with a significant
increase in blood pressure. The difference
between the two circulations is based on
the ability of the lung to recruit partially
collapsed or unused vessels as cardiac output
increases and the relatively low degree of
vascular motor tone in the proximal
pulmonary vascular bed. In the systemic
circulation, a large drop between arterial and
venous pressure is created by muscularized
arterioles that act as resistors and are used
to redistribute blood flow to different organs
as needed. In contrast, the difference between
mean arterial and venous pressure in the
pulmonary circulation is less than 10mmHg,
and the greatest drop in pressure occurs
across the nonmuscularized microcirculation
and alveolar capillaries (1) (Figure 1).
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Muscularized resistor vessels allow for
marked alterations in systemic vascular
resistance via sympathetic stimulation or
release of endogenous catecholamines
or vasodilators, such as nitric oxide or
prostaglandins. A variety of vasoactive drugs
can also be used to sharply increase or
decrease systemic vascular tone. In contrast,
the pulmonary circulation has relatively low
vascular tone, making it difficult to acutely
increase or decrease pulmonary artery
pressure. Even under settings of acute
hypoxia, where the majority of pulmonary
vascular smooth muscle is constricted,
pulmonary vascular resistance remains
lower than basal systemic vascular
resistance.

The pump responsible for perfusing the
pulmonary circulation is also considerably
different than its counterpart in the
systemic circulation. Unlike the left ventricle
(LV), which can be considered a four-walled
chamber, the RV consists essentially of its
thin free wall wrapped around the more
muscularized medial wall of the LV. At end
diastole, the RV free wall is only 2–3 mm in
thickness, compared with 8–11 mm in
the LV free wall (2). Although its smaller
mass produces less contractile force, the RV
has a greater end-diastolic volume and
surface area per volume of blood. Flattening
of the RV free wall during systole produces
a large decrease in volume without much
change in free wall area, allowing the RV to
achieve a similar stroke volume as the LV
with lower energy expenditure (3).

There are also considerable differences
between ventricles in how contractile forces
are generated. Myocytes within the

interventricular septum and LV free wall are
oriented circumferentially, resulting in
concentric narrowing of the LV lumen
during systole. The RV free wall, on the
other hand, is comprised of a superficial,
transversely oriented muscle layer and
a deeper layer where the fibers are arranged
longitudinally from apex to base. Systolic
pressures are generated by longitudinal
contraction with the apex moving toward
the tricuspid valve. The inflow region of the
RV contracts about 25–50 milliseconds
before the outflow region (4). Dilatation of
the outflow region expands the proximal
pulmonary artery, priming it to receive the

RV stroke volume and facilitating RV
output. Continued ejection of RV stroke
volume is further facilitated by the
normally high capacitance and low
resistance of the pulmonary vascular bed.
Indeed, RV stroke volume continues to
move into the proximal pulmonary artery
even during diastole (5). Pulmonary blood
flow during RV diastole falls sharply with
an increase in RV afterload.

These structural and functional
differences result in differing responses to
preload and afterload (Figure 2). The more
muscular LV tolerates abrupt increases in
afterload fairly well, but has difficulty
handling sudden increases in preload. On
the other hand, the more compliant RV
is better suited to accommodate large
increases in right-sided venous return but
tolerates acute increases in afterload poorly
(6–8). As RV afterload increases, the RV
begins to dilate limiting its ability to
increase contractility. As illustrated in
Figure 2, LV stroke volume falls only about
10% as mean aortic pressure increases from
100–140 mm Hg, whereas RV stroke
volume falls sharply in response to
increasing mean pulmonary artery pressure
between 10 and 30 mm Hg. At the same
time, an enlarging RV begins to impede LV
filling by moving the interventricular
septum toward the LV in a process
known as interventricular dependence.
Because they share a common septum,
abnormalities in the function of one

Figure 1. Drop in mean vascular pressure between different segments of the arterial and venous
portions of the isolated dog lung as measured by micropuncture technique. Note the small decrease
in pressure as pulmonary arterial diameter decreases compared with the large drop in resistance
between precapillary arterioles and post-capillary venuoles. Adapted by permission from Reference 1.

Figure 2. Differences between right ventricular (RV) and left ventricular (LV) response to increasing
afterload (left panel) and increasing preload (right panel). RV stroke volume falls sharply as mean
vascular pressure (�P) is increased from 20 to 30 mm Hg in the pulmonary artery, but LV stroke volume
stays fairly constant as mean aortic pressure is increased from 100 to 140 mm Hg. In contrast, LV
stroke work increases rapidly as left atrial pressure is raised from 10 to 20 cm H2O, while the
increase in RV stroke work in response to the same elevation or right atrial pressure is much more
modest. Reproduced by permission from Reference 113.
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ventricle can adversely affect the function
of the other. LV end-diastolic pressure
normally exceeds RV end-diastolic
pressure, allowing the septum to bow
toward the RV during diastole. When RV
end-diastolic pressure exceeds LV end-
diastolic pressure, the septum shifts toward
the LV during diastole, creating a flattened
septum and a “D” shape when the heart
is viewed in cross-section (Figure 3). The
degree of septum shift is dependent on
the difference between RV and LV end-
diastolic pressure. When LV end-diastolic
pressure falls from decreased intravascular
volume, RV end-diastolic pressure is
also reduced, and the difference between
RV and LV end-diastolic pressure is
maintained. Similarly, increased RV
preload increases RV output, thereby
raising LV end-diastolic pressure and
maintaining the right-to-left end-diastolic
pressure difference. As pulmonary vascular
resistance increases, however, the RV
becomes incapable of maintaining LV
filling pressure. RV end-diastolic pressure
begins to rise as LV end-diastolic pressure

falls, sending the interventricular septum
toward the LV during diastole (9). Reduced
LV filling in this setting is often refractory
to intravascular volume expansion, as
raising central venous pressure only
increases the difference between RV end-
diastolic pressure and LV end-diastolic
pressure, and further compromises LV
filling. In one study of patients with chronic
obstructive pulmonary disease and
pulmonary hypertension, volume loading
was shown to actually decrease LV end-
diastolic volume (10). Similar findings have
been demonstrated in animal models of
acute pulmonary embolism (11, 12).

Detection and Monitoring of
RV Function in Critically
Ill Patients

Assessment of RV function in the critically
ill patient begins with physical exam and
consideration of the patient’s presentation
and medical history. Evidence of elevated
right-sided filling pressures, as suggested

by jugular venous distension and peripheral
edema, may be the most recognizable signs.
With the head of the bed elevated to
about 308, jugular venous pulsations can
usually be observed in the lateral neck
where the medial and lateral bodies of the
sternocleidomastoid muscle meet, or just
posterior to the lateral belly. Jugular vein
wave forms have a gradual upslope and
a sharp collapse. This is the opposite of the
carotid pulse, which has a sharp upslope
and a gentle collapse. By palpating the carotid
artery on the opposite side of the neck, the
atrial (a wave) and ventricular (v wave) waves
can be appreciated. The a wave comes just
before the peak of the carotid pulse, and the v
wave follows. In the setting of severe tricuspid
insufficiency, as often occurs in RV failure, the
v wave can be pronounced.

RV dilation can cause splitting of the
second heart sound and produce a tricuspid
regurgitation murmur heard best over the
right sternal border. An RV heave may also
be felt in the same location. Signs of RV
failure may be evident on chest X-ray,
although the anterior position of the RV
makes it difficult to evaluate RV size unless
a lateral film can be obtained. Contrast-
enhanced computed tomography studies
of the chest can provide a better
assessment of RV size and position of
the interventricular septum (13). Widely
used biomarkers, such as plasma brain
natriuretic peptide or cardiac troponin
levels, are not specific for RV failure, but
can signal RV dysfunction in the absence of
left-sided heart disease.

Transthoracic echocardiography
provides estimates of RV size and
function, and may help elucidate possible
precipitating factors for RV failure,
including LV dysfunction and valvular heart
disease. RV systolic function can be assessed
by measuring the longitudinal systolic
displacement of the RV base toward the RV
apex. This is commonly referred to as the
tricuspid annular plane systolic excursion
(14) and is relatively simple to perform,
highly reproducible, and has been shown to
correlate well with RV ejection fraction
derived from radionuclide angiography
(14, 15). A normal tricuspid annular plane
systolic excursion is about 2.4–2.7 cm
(16, 17), whereas a value below 1.8 cm has
been shown to have an 87% accuracy at
predicting a stroke volume index less than
29 ml/m2 (18). Decreased tricuspid annular
plane systolic excursion has been associated
with increased hospitalization rates for

Figure 3. The position of the interventricular septum during the cardiac cycle is determined by the
difference between right ventricular (RV) and left ventricular (LV) pressure. Under normal conditions,
LV end-diastolic pressure is greater than RV end-diastolic pressure, and the septum bows toward
the RV during diastole. As the RV fails, RV end-diastolic pressure begins to exceed that of the left
ventricle (LV) and the septum bows toward the LV during diastole forming a “D”-shaped pattern and
impaired LV filling (left panel). When RV failure occurs due to elevated pulmonary vascular resistance,
the combination of high RV systolic pressure and decreased LV filling may lead to near obliteration
of the LV at end systole (right panel).
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right heart failure and decreased survival
in patients with pulmonary arterial
hypertension (18).

In pulmonary arterial hypertension, right
atrial enlargement, pericardial effusion, low
tricuspid annular plane systolic excursion, and
septal displacement are poor prognostic
indicators, but their use in risk stratification
for critically ill patients with RV failure has
not been systematically studied (19–21).
Estimates of RV systolic pressure obtained
by echocardiogram correlate well with
measurements made by right heart
catheterization, but the variance between
measures can be greater than 10 mm Hg in
up to 50% of cases (22), and the frequency
with which echocardiogram over- or
underestimates RV systolic pressure is greater
in patients with chronic lung disease (23).
Positive-pressure ventilation also makes
estimates of right atrial pressure inaccurate,
and can contribute to inaccurate estimates
of pulmonary artery pressure in patients who
are mechanically ventilated. When reliable
measurement of pulmonary hemodynamics is
needed, pulmonary artery catheterization
provides valuable information on RV and
LV filling pressures, cardiac output, and
pulmonary artery pressure.

Approach to Management of
Acute RV Failure in the
Critically Ill Patient

Causes of RV failure in critical illness can
be divided into three main categories: (1)
excessive preload; (2) excessive afterload;
and (3) insufficient myocardial
contractility. In most cases, acute RV failure
in the intensive care unit is a combination
of established pulmonary vascular disease
complicated by acute derangements in one
or more of these three main categories.
Examples include the patient with cor
pulmonale from emphysema who develops
severe pneumonia, or the patient with
chronic right heart failure from pulmonary
arterial hypertension who becomes septic.
In these situations, the conditions
responsible for chronic RV failure cannot be
reversed, and management should be
directed toward optimizing RV function
while reducing the cause of RV failure. At
other times, acute RV failure is the result of
a sudden increase in RV afterload, such as
occurs with massive pulmonary embolism.
In this situation, the first priority should be
relieving the increase in afterload.

RV Preload
Proper fluid management is critical for
successful management of RV failure. In the
early stages of critical illnesses, intravascular
volume can fall rapidly in response to
bleeding, increased vascular permeability,
and insensible losses. Sedatives
and analgesics blunt sympathetic
vasoconstriction of the systemic venous
circulation, leading to decreased venous
tone and reduced right-sided return.
Positive pressure ventilation can also
impede RV preload by increasing
intrathoracic pressure and reducing RV
transmural filling pressure. Adequate right-
sided filling pressure is essential in
maintaining cardiac output in patients
with acute RV failure (24). If low
intravascular volume is suspected, volume
resuscitation should be instituted as quickly
as possible. However, RV preload
requirements differ substantially based on
whether afterload is normal or increased.
When RV failure occurs in the setting of
normal pulmonary vascular resistance, such
as in right-sided myocardial infarction, RV
end-diastolic pressure often needs to be
increased above normal levels to maintain
cardiac output. However, when RV failure
occurs in the setting of increased RV
afterload, volume loading can result in
displacement of the interventricular septum
toward the LV and impaired LV diastolic
filling. At the same time, RV dilation
increases free wall tension, resulting in
increased oxygen demand and decreased
RV perfusion. In this setting, intravascular
volume may need to be decreased. Initial
attempts at volume reduction may have
little effect. The RV has a flatter Starling
curve than the LV, meaning there is less
of a change in RV contractility over
a wide range of filling pressures. Hence,
a considerable amount of volume
unloading may be necessary before any
improvement in RV function is seen. At the
same time, care must be exercised not to
allow RV preload to become too low.
Optimal right-sided filling pressure may vary
considerably between individual patients
based on RV contractility and afterload. In
general, preload goals should be to keep RV
transmural filling pressures in a moderately
elevated range, typically 8–12 mm Hg, and
then adjusted from there to optimize RV
function and cardiac output. A central
venous line that provides access to superior
vena cava oxygen saturation (SvO2

) and

central venous pressure can help with
assessment of right-sided filling pressures and
oxygen delivery. Normal SvO2

is 70–80%, and
lower values, in the setting of normal arterial
oxygenation, can be suggestive of reduced
cardiac output. If RV preload is too high,
reductions in central venous pressure via
diuresis or dialysis should be accompanied by
improvement in cardiac output, as assessed
by SvO2

or systemic organ perfusion.
Echocardiography may also be helpful.
Evidence of RV dilation and impingement on
LV filling suggest that further reduction in
preload may be necessary. If these assessments
of RV function are inadequate, placement of
a pulmonary artery catheter may be necessary.
Although the routine use of a pulmonary
artery catheter has not been found to improve
outcome in the management of severe sepsis
(25–30), and has not been well studied in the
management of acute RV failure (31), serial
measurement of hemodynamics may be
helpful in guiding clinical decision making.
In our practice, we do not typically place
Swan-Ganz–style catheters for continuous
monitoring of RV function, but often send
patients for right heart catheterization to
determine the severity and etiology of their
RV failure and then remove the catheter. If
a patient is found to have a condition in
which RV function is greatly dependent on
small changes in preload or afterload, we may
elect to leave the catheter in place for longer-
term management.

RV Afterload
Excessive afterload plays some role in nearly
all cases of acute RV failure, and decreasing
it is usually the most effective way of
improving RV function. Unfortunately,
many cases of acute RV failure are associated
with chronic heart or lung diseases that
cannot easily be reversed. In these situations,
efforts should be focused on removing any
factors that can contribute to increased
pulmonary vascular tone followed by the
judicious use of selective pulmonary
vasodilators.

A number of adverse conditions
associated with critical illness lead to
increased pulmonary vascular resistance
and, thereby, a rise in RV afterload. Hypoxic
pulmonary vasoconstriction can occur in
response to decreases in oxygen tension in
the alveoli, pulmonary arterial blood, or
bronchial arterial blood, and is enhanced
by hypercapnea or acidemia (32, 33)
(Figure 4). The vasoconstrictive response is
greatest to decreases in oxygen tension in
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alveolar air, but for any degree of
alveolar hypoxia, hypoxic pulmonary
vasoconstriction is greater in the presence
of decreased pulmonary arterial O2 (34).
Adequate systemic SaO2

routinely
monitored by pulse oximetry in the
intensive care unit effectively excludes
alveolar hypoxia, but is not a reliable
indicator of pulmonary arterial
oxygenation. High or low lung volume can
worsen RV afterload, because pulmonary
vascular resistance tends to be lowest when
the lung is near functional residual capacity
(Figure 5) (35).

Several vasoactive factors that have
been implicated in the pathogenesis of
pulmonary arterial hypertension, such as
endothelin and thromboxane, are elevated
during sepsis, and have been shown to
correlate inversely with cardiac output
(36, 37). Serotonin and IL-6 are also up-
regulated in sepsis and the acute respiratory
distress syndrome (38, 39). Decreased
production of nitric oxide in the lung
contributes to increased pulmonary
vascular resistance in sepsis (40), and

endotoxin can increase pulmonary
vascular resistance via suppression of
nitric oxide synthesis (41). Finally, any
injury that damages the pulmonary
vascular endothelium can precipitate
thrombosis in situ and raise pulmonary
vascular resistance further (42).

Interventions aimed at reducing RV
afterload should begin with correction of
hypercapnea, acidemia, and alveolar
hypoxia. Ideally, SaO2

should be kept above
92%, and ventilator settings should be
adjusted to achieve a lung volume near
functional residual capacity and a PCO2 and
pH that are as close to normal as possible.
These goals are at odds with contemporary
approaches to ventilation in critically ill
patients, particularly the low lung volumes
and permissive hypercapnea used in
patients with acute respiratory distress
syndrome (43). Considering the favorable
effects of low-volume ventilation on
survival (43), it seems prudent to use this
approach in patients with acute respiratory
distress syndrome, although it is interesting
to note that elevated pulmonary artery

pressure has been associated with worse
outcomes in this setting (44).

When adjustment of preload and
afterload do not achieve satisfactory
improvement in RV function, administration
of pulmonary vasodilators may be
appropriate. Several classes of pulmonary
vasodilators have been developed over the last
20 years for the treatment of pulmonary
arterial hypertension (Table 1). These drugs
target cellular pathways that have been
implicated in the pathogenesis of pulmonary
arterial hypertension, but none has been
approved for the treatment of RV failure in
critically ill patients. Each drug has systemic
as well as pulmonary vasorelaxant properties,
and is capable of causing hypotension.
Furthermore, systemic administration can
worsen gas exchange by blunting hypoxic
pulmonary vasoconstriction and impairing
V
:
=Q

:
matching (45, 46).
Inhaled nitric oxide is a potent

pulmonary vasodilator (47–49) with a rapid
onset of action and an extremely short
half-life, making it an ideal agent for
attempting to unload the RV in the intensive
care unit. Furthermore, its greater effect on
blood vessels in well ventilated lung can
improve oxygenation by stealing blood flow
away from areas of very low V

:
=Q

:
or shunt

(50). Although inhaled nitric oxide does
not improve outcome in acute respiratory
distress syndrome (51), it has been shown to
improve RV ejection fraction and end-
diastolic volume in these patients (52) and
improve pulmonary hemodynamics and
mixed venous oxygen saturation in patients
with acute RV failure (53).

Three prostacyclin derivatives are
currently available for treatment of
pulmonary arterial hypertension in the
United States. Like inhaled nitric oxide, these
drugs are potent pulmonary vasodilators with
rapid onset of action and short half-lives.
They exert their vasodilator effects by
increasing intracellular cAMP levels, and,
thus, may also provide inotropic effects on
cardiac function. All three presently available
drugs can be delivered by inhalation, thereby
minimizing systemic vasodilator effects and
V
:
=Q

:
mismatch. Inhaled epoprostenol has

been used successfully to manage patients
with RV failure after cardiac surgery (54) and
improve gastric mucosal pH in patients with
sepsis and pulmonary hypertension (55).

Phosphodiesterase (PDE) 5 inhibitors
reduce pulmonary vascular resistance and
may improve RV contractility, but little is
known about their use in critical illness

Figure 4. Effect of oxygen tension and acidemia on pulmonary vasoconstriction. (A) Pulmonary
vasoconstriction increases as alveolar O2 tension (PAO2) falls while keeping mixed venous oxygenation
constant (mixed venous PO2 indicated for each solid line from 60 to 10 mm Hg). The combined effect
of allowing PAO2 and mixed venous PO2 to fall is shown by the dashed line where PAO2 and mixed
venous oxygen saturation O2 are the same (34). Maximal pulmonary vasoconstrictor response was
defined as the difference between baseline pulmonary artery pressure when ventilating with an FIO2

of
0.21 and perfusate FIO2

of 0.06, and the pulmonary artery pressure when both the inspired and the
perfusate FIO2

was zero. The pressure response at all other combinations of inspired and perfusate FIO2

were expressed as a percent of this 10 maximum (%Rmax). (B) Pulmonary vasoconstriction in newborn
calves as a function of inspired PO2 under conditions of different levels of arterial blood pH. Hypoxic
pulmonary vasoconstriction is increased and occurs at a higher level of inspired O2 as arterial pH is
decreased. PVR = pulmonary vascular resistance. Reproduced by permission from Reference 34.
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(56–59). These agents inhibit the
metabolism of cGMP, the second
messenger that mediates the vasodilatory
effects of nitric oxide and the natriuretic

peptides. In animal studies, PDE5
inhibitors increase contractility in
hypertrophied RV, but not in normal RV
(60). Thus, these agents may improve

RV function in patients with chronic
pulmonary hypertension who develop acute
RV failure. PDE5 inhibitors must be
used cautiously in patients who are
hemodynamically unstable (61, 62),
because they have systemic vasodilator
effects that can lower blood pressure, and
their terminal half-life ranges from 4 to
18 hours. An intravenous form of sildenafil
with shorter half-life is also available.

The use of other currently available
pulmonary vasodilators, such as the
endothelin receptor antagonists and the
recently approved soluble guanylate cyclase
stimulator, riociguat, should probably be
avoided in acute RV failure. Endothelin
receptor antagonists have been associated
with increased mortality in left heart failure,
and riociguat may have significant systemic
vasodilator effects, especially under
conditions such as sepsis, where endogenous
nitric oxide production may be increased.
Calcium channel blockers should also be
avoided, because they have negative
inotropic effects, and have been shown
to increase RV stroke work index (63).

Insufficient RV Contractility
Loss of RV contractile force in acute RV
failure is induced primarily by three
interrelated factors: (1) overstretching
of the RV free wall, placing the myocytes
at a mechanical disadvantage; (2)
derangements in cellular metabolism, leading
to decreased myocardial contractile forces;
and (3) insufficient oxygen delivery due to
decreased coronary arterial perfusion. The

Figure 5. Pulmonary vascular resistance in intra- and extra-alveolar vessels relative to lung volume.
Interstitial pressure becomes more negative during lung expansion in the spontaneously breathing
patient, favoring enlargement of most pulmonary vessels and a fall in their resistance to blood flow.
Intra-avleolar vessels, however, become compressed by expansion of surrounding alveoli during lung
inflation, leading to increased vascular resistance in these vessels. Total pulmonary vascular resistance
is lowest at functional residual capacity, where vascular resistance in both intra- and extra-alveolar
vessels is intermediate. TLC = total lung capacity. Reproduced by permission from Reference 114.

Table 1. Currently available pulmonary vasodilator medications

Name Drug Class Action Route of Administration Terminal Half-Life

Ambrisentan Endothelin receptor
antagonist

Blocks endothelin receptor A Oral 15 h

Bosentan Endothelin receptor
antagonist

Blocks endothelin receptor
A and B

Oral 5.4 h

Macitentan Endothelin receptor
antagonist

Blocks endothelin receptor A Oral 14–18 h

Sildenafil Phosphodiesterase type-5
inhibitor

Slows metabolism of
intracellular cGMP

Oral or intravenous 4 h orally

Tadalafil Phosphodiesterase type-5
inhibitor

Slows metabolism of
intracellular cGMP

Oral 17.5 h

Epoprostenol Prostacyclin Increases intracellular cAMP Intravenous or inhaled* ,6 min
Treprostinil Prostacyclin derivative Increases intracellular cAMP Intravenous, subcutaneous,

inhaled, or oral
4 h

Iloprost Prostacyclin derivative Increases intracellular cAMP Inhaled 20–30 min
Nitric oxide Soluble guanylate cyclase

stimulator
Increases intracellular cGMP Inhaled Seconds

Riociguat Soluble guanylate cyclase
stimulator

Increases intracellular cGMP Oral 7–12 h

*Not U.S. Food and Drug Administration approved for this route of administration.
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interplay between RV dilation and ischemia
is shown in Figure 6. Increases in RV preload
and/or afterload increases free wall tension
and O2 demand, while impeding LV filling,
reducing LV output, and decreasing
coronary artery pressure. Metabolic
derangements from a variety of insults,
including acid/base disturbances, generation
of reactive oxygen species, and inflammatory
cytokines, impair oxygen utilization and
contribute to RV failure in critically ill
patients (64, 65). At the same time, sepsis
and other critical illnesses associated with
increased metabolic demand result in the

need for increased oxygen delivery, and may
exceed the ability of the RV to maintain
adequate cardiac output.

Perfusion of the RV free wall is
determined by the difference in RV free wall
tension and coronary artery pressure (66).
Coronary perfusion of the RV decreases
during systole in patients with pulmonary
arterial hypertension and normal systemic
pressures (Figure 7) (67), and a similar
impairment is likely to occur when acute RV
failure occurs in the setting of systemic
hypotension. Fluid resuscitation that results
in ventricular enlargement and increases

in RV free wall tension without improving
systemic arterial pressure can actually
decrease RV perfusion (68, 69). Patients with
acute RV failure associated with chronic
pulmonary vascular disease may have RV
systolic pressures that approach or exceed
systemic pressure. In this situation, the first
goal of vasopressor therapy is to restore
systemic blood pressure to levels above RV
systolic pressure (70, 71). Drugs that
increase myocardial contractility should be
withheld until this first goal is achieved.

Vasopressors
Several vasoactive drugs have been used to
manage RV failure in the intensive care unit
(Table 2). The ideal vasopressor for use in
acute RV failure would be an agent that
increases systemic arterial pressure and RV
contractility without raising pulmonary
vascular resistance. Norepinephrine
primarily targets the a1 receptor, causing
vasoconstriction with limited b1 receptor
stimulation and cardiac inotropy (72).
However, the b1 effects on contractility have
been shown to improve pulmonary artery/RV
coupling in animal models of RV dysfunction
(73–75). In a small study of patients with
sepsis with right heart failure, norepinephrine
use was associated with improved RV
myocardial oxygen delivery (via an increase
in systemic vascular resistance), although
pulmonary vascular resistance was increased,
and no change was seen in RV ejection
fraction (76). Phenylephrine is a pure a1

receptor agonist that augments right
coronary artery perfusion, but does not
impact RV contractility, and can increase
pulmonary vascular resistance (71, 74, 77).
It can also cause reflex bradycardia, which
can be troublesome in the face of reduced
RV stroke volume. Epinephrine is a mixed
a/b receptor agonist that can induce
vasoconstriction and increase inotropy.
Epinephrine improved cardiac output
without detrimental effects on pulmonary
vascular resistance in an animal study (78),
and improved RV contractility in a small
study of patients with septic shock (79).
Vasopressin binds to V1 receptors on
vascular smooth muscle cells (72). At lower
doses (e.g., 0.01–0.03 U/min), it causes
pulmonary vasodilatation via stimulation of
endothelial nitric oxide, but, at higher doses, it
increases responsiveness to catecholamines
and causes pulmonary and coronary
artery vasoconstriction (24, 79–82). Taken
together, norepinephrine is a reasonable
agent in hypotensive patients with acute RV

Figure 6. Cycle of right ventricular (RV) decompensation. RV dysfunction begins with excessive
increases in preload or afterload, or injury that results in decreased contractility. Tachycardia and
increased stroke work lead to increased RV free wall tension, resulting in increased oxygen demand.
Eventually, cardiac output begins to fall, leading to systemic hypotension. RV ischemia ensues from
the combination of increased RV work load, free wall tension, and decreased coronary perfusion.
Inadequate delivery of oxygen to the RV myocardium worsens myocyte contractility, leading to
greater RV dilation and wall tension (left-sided arrow) and decreased O2 delivery, due to systemic
hypotension, lower mixed venous oxygen saturation, and increased right-to-left-side intracardiac
shunting as RV pressure rises (right-sided arrow). The pulmonary vascular disease associated with
pulmonary arterial hypertension (PAH) poses a particularly difficult situation for RV function, because it
increases RV afterload while decreasing oxygenation of pulmonary venous blood leading to systemic
(including coronary arterial) hypoxemia. PFO = patent foramen ovale. Reproduced by permission from
Reference 115.
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failure and is often the initial pressor used
in our institution for this purpose.

Inotropes
Low-dose dopamine is a reasonable option
to improve RV contractility in patients with
RV failure. Dopamine has dose-dependent
effects on various receptors, activating
dopaminergic receptors at low doses
(,5 mg kg21 min21), b1 receptors at
medium doses (5–10 mg kg21 min21), and a1

receptors at high doses (.10 mg kg21 min21).

At doses below 16 mg kg21 min21,
dopamine increases cardiac output without
compromising pulmonary vascular resistance
(83, 84). Dobutamine is another inotrope
that acts via b1 receptor stimulation, but may
also cause vasodilatation due to b2 effects
(72). At low doses (5–10 mg kg21 min21),
dobutamine improves pulmonary artery/
RV coupling in animal studies and
improves myocardial contractility and
pulmonary vascular resistance in patients
with left heart failure (73, 85). Dobutamine

has been shown to improve hemodynamics
in patients with pulmonary hypertension
at liver transplantation and after RV
infarction (86, 87). Higher doses should be
avoided because of the risk of b2-mediated
vasodilatation and hypotension (32).

Milrinone, a selective PDE-3 inhibitor
that slows intracellular cAMP metabolism, is
an appealing agent for use in pulmonary
vascular disease, because it can improve
inotropy and pulmonary vasodilatation (72, 88,
89). Milrinone is frequently the agent of choice
in patients with pulmonary hypertension
from biventricular failure, and in those
recovering after ventricular assist or cardiac
transplantation (90–92). Several small studies
have also examined the use of inhaled
milrinone in patients with pulmonary vascular
disease to avoid systemic hypotension (93–96).

Inotropes increase the risk of
tachyarrhythmias, and should generally be
considered only when there is evidence of
inadequate oxygen delivery despite the
correction of abnormalities in RV preload,
afterload, and ischemia. Sinus tachycardia is
a normal compensatory mechanism for
insufficient cardiac output. As contractility
decreases or becomes inadequate to keep up
with demand for oxygen delivery, heart
rate increases. As a result, sinus tachycardia
is often a poor prognostic indicator in RV
failure. At the same time, it is important
to avoid increasing cardiac output above
normal levels, because this can increase
pulmonary artery pressures and thereby
increase RV workload. For this reason, some
intensivists prefer to use milrinone for
inotropic support, because it may have less
of a chronotropic effect than dobutamine.

Calcium sensitizers, such as
levosimendan, that enhance myocardial
contractility without increasing cytosolic
calcium and oxygen demand, have been
used to increase cardiac contractility in heart
failure. Randomized placebo-controlled
studies have shown improvement in RV
systolic and diastolic function in patients
with left heart failure (97), and recent
reports describe improved RV function
in response to levosimendan in patients
with RV failure associated with chronic
thromboembolic pulmonary hypertension
and heart transplantation (98, 99).

Mechanical Support

When medical therapy for acute RV failure
in the intensive care unit is ineffective

Figure 7. Ratio of blood flow during systole to blood flow during diastole in the right coronary artery
(RCA) as a function of right ventricular (RV) systolic pressure in patients with pulmonary hypertension.
When RV systolic pressure is near normal levels, the amount of RCA blood flow is similar during
systole and diastole. As RV systolic pressure increases, RCA blood flow during systole falls. Blood
flow in the RCA during systole is inversely proportional to RV systolic pressure, such that RCA blood
flow during systole approaches zero as RV systolic pressure approaches systemic levels.
Reproduced by permission from Reference 67.

Table 2. Vasoactive drugs for management of acute right ventricular failure and their
mechanism of action

Receptor Binding

Agent a1 b1 b2 D V1 Notes

Norepinephrine 11 1 Improves PA/RV coupling in animals
(73–75)

Phenylephrine 11 Increases PVR (71, 74, 77); may induce
reflex bradycardia

Epinephrine 11 11 1 (79)
Vasopressin 1 Dose dependent pulmonary vasodilatation

(0.01–0.03 U/min) and vasoconstriction
(24, 82, 83)

Dopamine Risk of arrhythmias
Low (,5 mg/kg/min) 1 11
Medium (.10 mg/kg/
min)

1 11 11

High (.10 mg/kg/min) 11 11 11
Dobutamine 11 1 b2-mediated drop in SVR (31); risk of

arrhythmias
Milrinone Phosphodiesterase-3 inhibitor; inotropy and

pulmonary vasodilatation; drop in LVEDP
and SVR (72, 84, 89); risk of arrhythmias

Definition of abbreviations: D = dopaminergic receptor; LVEDP = left ventricular end-diastolic
pressure; PA = pulmonary artery; PVR = pulmonary vascular resistance; RV = right ventricle; SVR =
systemic vascular resistance; V1 = vasopressin receptor 1. 1 = low to moderate affinity, 11 =
moderate to high affinity.
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mechanical support may be considered.
Extracorporeal life support, specifically
venovenous and venoarterial extracorporeal
membrane oxygenation, has been used
successfully in patients with RV failure due
to massive pulmonary embolus, chronic
thromboembolic pulmonary hypertension,
and pulmonary arterial hypertension,
usually as a bridge to endarterectomy or
lung transplantation (100–107). Unlike
venovenous extracorporeal membrane
oxygenation that oxygenates venous
blood, but requires the RV to pump
the entire cardiac output through the
pulmonary circulation, venoarterial
extracorporeal membrane oxygenation
pumps enough blood from the venous to
the arterial circulation to unload the RV
while maintaining systemic oxygenation.
Venoarterial extracorporeal membrane
oxygenation improves RV function and
oxygen delivery, and has been used
successfully in awake, spontaneously
breathing patients (107). Recent reports
describe the use of venoarterial
extracorporeal membrane oxygenation
to support RV function during initiation
of pulmonary vasodilator therapy in a
treatment naive patient with pulmonary
arterial hypertension presenting in
severe RV failure (108), and as a bridge
to recovery in pulmonary arterial
hypertension patients presenting with
worsening pulmonary hypertension (109).
Complications include bleeding, infection,
thromboembolism, and neurologic sequela
(110). More recently, pumpless lung-assist
devices have been developed that connect
the pulmonary artery to the left atrium with
a low-resistance membrane oxygenator.
Pulmonary blood flow through the low-
resistance circuit unloads the RV and
enhances LV filling (111, 112).

Conclusions

Acute RV failure is seen with increasing
frequency in the intensive care unit and,
when severe, can contribute to hemodynamic
instability and insufficient oxygen delivery.
An overall approach to management is

outlined in Figure 8. Initial management
should focus on determining the cause of
RV decompensation and reversing it. When
reversal is not possible, efforts should be
directed toward optimizing RV preload and
mitigating any factors that can increase
pulmonary vascular resistance. If RV
failure persists, short-acting pulmonary
vasodilators should be used, preferably via
inhalation in an attempt to lower RV
afterload. When these efforts fail, the
judicious use of vasopressors and inotropes
should be considered in an attempt to
improve RV perfusion and contractility.
Extracorporeal life support is effective at

restoring circulatory support when other
measures fail, and may be indicated in
patients who are expected to recover from
the cause of their RV failure, or as a bridge
to surgical interventions, such as
pulmonary endarterectomy or lung
transplantation. n
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