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 CURRENTOPINION Right heart failure in the intensive care unit

Clifford R. Greyson

Purpose of review
This review summarizes the approach to and recent developments in the evaluation and treatment of acute
right heart failure in the ICU. Right heart failure, defined as failure of the right ventricle to provide sufficient
blood flow through the pulmonary circulation at normal central venous pressure, is a common problem
caused by a combination of increased right-ventricular afterload and right-ventricular contractile
dysfunction.

Recent findings
Management of acute right heart failure continues to be challenging because of insufficient understanding
of its pathophysiology, a lack of guidelines, and few available tools. Recent research has contributed to an
improved understanding of its mechanisms, helping to guide therapy and suggest future options. Right-
ventricular assist devices are emerging as a promising approach to treatment when optimization of
hemodynamics and conventional medical therapy fail.

Summary
Right heart failure causes venous congestion and systemic hypoperfusion. Once right heart failure is
identified, the primary goal is to alleviate any reversible cause of excessive load or right-ventricular
contractile failure. When the underlying abnormalities cannot be alleviated, trials of diuretic, vasodilator,
or inotropic therapy may be required. Invasive monitoring helps guide therapy. Medically refractory right
heart failure may potentially be treated with right-ventricular assist devices.
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INTRODUCTION
Right heart failure (RHF) is defined as the clinical
syndrome in which the right ventricle (RV) of the
heart fails to deliver adequate blood flow through
the pulmonary circulation at a normal central
venous pressure (CVP). Clinical RHF is identified
by signs and symptoms of venous congestion due
to elevated CVP along with evidence of right-ven-
tricular contractile dysfunction and right-ventricu-
lar pressure overload; progressive RHF can cause
systemic hypoperfusion. However, RHF is not syn-
onymous with right-ventricular contractile dysfunc-
tion, and is not necessarily associated with severe
pulmonary hypertension, although pulmonary arte-
rial pressure is usually at least mildly elevated.

The development, normal physiology, and path-
ophysiology of the RV and the RHF were previously
reviewed elsewhere [1,2]. Treatment of chronic pul-
monary hypertension, venous thromboembolic dis-
ease, interventions for right-ventricular myocardial
infarction, and general issues of resuscitation will not
be discussed in this review. This review will focus on
the cause, evaluation, and management of RHF in the
ICU. Experimental studies that provide insight into

the pathophysiology of RHF and suggest potential
future therapies will also be discussed.

From a practical point of view, management of
RHF in the ICU consists of identifying abnormalities
of right-ventricular function or pulmonary circula-
tion, addressing any underlying reversible pro-
blems, optimizing preload, and utilizing inotropic
agents. If these measures fail, the most promising
emerging therapy is the use of right-ventricular
assist devices (RVADs).

PATHOPHYSIOLOGY AND CAUSE OF
RIGHT HEART FAILURE
The RV of the heart differs structurally and func-
tionally from the left ventricle, necessitating a
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fundamentally different approach to RHF from the
usual approach to left heart failure. RHF is almost
invariably a consequence of a combination of elev-
ated right-ventricular afterload and depressed right-
ventricular contractile function, with the relative
contribution of these two factors determining the
appropriate therapy. Table 1 lists the major con-
ditions that cause elevated RV afterload and RV
contractile dysfunction in the ICU.

In contrast to the left ventricle, the RV is
optimized for low-pressure flow and to accommo-
date large dynamic changes in venous return with

minimal change in generated pressure or output [3].
Because the pulmonary circulation is normally a
very low resistance circuit, moderate or even severe
right-ventricular contractile dysfunction does not
necessarily cause RHF in the absence of elevated
pulmonary arterial pressure. Conversely, in the
setting of right-ventricular contractile dysfunction,
moderate increases in right-ventricular afterload
cause RHF [4]. Once the normal compensatory
mechanisms of right-ventricular function reach
their limits, CVP rises, leading to venous congestion
as the primary manifestation of RHF.

Sudden increases in right-ventricular pressure
are poorly tolerated [5]. Even when right-ventricular
contractile function is initially normal, severe
right-ventricular pressure overload can cause a pro-
gressive and persistent decline in right-ventricular
function after as little as 90 min, likely due to
activation of endogenous proteases [6] or induction
of apoptosis [7]. Whereas the RV can in some cases
adapt to slowly rising pulmonary pressure, chroni-
cally elevated right-ventricular pressure more typi-
cally causes progressive adverse remodeling and
right-ventricular contractile dysfunction [8]. Pro-
longed high pulmonary arterial flow can also cause
progressive right-ventricular contractile dysfunc-
tion and RHF independent of changes in the pul-
monary vasculature, possibly due to activation of
inflammatory and apoptotic factors in the RV [9&].

Recently, an increased appreciation of the
importance of ventricular–vascular coupling has
developed. Abnormal right-ventricular afterload
from changes in pulmonary artery stiffness (or com-
pliance) may be as important as abnormalities of
pulmonary vascular resistance [10&,11&], with a less
compliant pulmonary circulation leading to an
increase in pulsatile load on the RV, and excessively
compliant pulmonary circulation causing dissipa-
tion of right-ventricular contractile energy: Vanagt
et al. [12&] describe a case of RHF occurring despite
apparently normal right-ventricular function and
normal pulmonary vascular resistance when a
massively dilated pulmonary homograft absorbed
rather than transmitted right-ventricular output
following a truncus repair in an infant. The problem
was corrected by replacement of the pulmonary
homograft with a less compliant aortic homograft.

Once RHF develops, elevated intrathoracic pres-
sure from ventilator therapy may exacerbate it;
use of high-frequency ventilation with high mean
airway pressure is particularly detrimental to right-
ventricular function [13].

ASSESSMENT OF RIGHT HEART FAILURE
Just as the single most important finding in left
heart failure is elevated left-ventricular diastolic

KEY POINTS

! Clinical right heart failure is defined as elevated central
venous pressure due to a combination of right-
ventricular contractile dysfunction and increased right-
ventricular afterload.

! The primary approach to management of right heart
failure is alleviation of underlying causes of right-
ventricular contractile dysfunction and abnormal
right-ventricular afterload, followed by optimization of
preload and afterload, then judicious use of inotropic
agents.

! Invasive hemodynamic monitoring may be necessary to
correctly identify reversible causes of right heart failure
and to optimize management.

! Right-ventricular assist devices are the most promising
emerging therapeutic modality for treatment of
medically refractory right heart failure.

Table 1. Causes of right heart failure

Major causes of right-ventricular contractile dysfunction

Coronary ischemia (usually from right coronary artery disease)

Chronic pulmonary hypertension

Acute pulmonary hypertension

Systemic inflammatory states and sepsis

Drug toxicity

Right-ventricular cardiomyopathy

Major causes of elevated right-ventricular afterload
(e.g. ‘pulmonary hypertension’)

Abnormalities of the pulmonary arterial circulation (WHO type 1
pulmonary hypertension)

Left-ventricular systolic or diastolic dysfunction

Mitral valve disease (mitral stenosis or mitral regurgitation)

Ventricular septal defect

Hypoxic pulmonary vasoconstriction and lung injury

Venous thromboembolic disease
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pressure, the single most important finding in RHF
is elevated right-ventricular diastolic pressure,
which, in the absence of tricuspid valve stenosis,
is effectively equal to CVP. When CVP is normal,
RHF should rarely, if ever, be diagnosed, even if
right-ventricular contractile function appears
abnormal on imaging studies. Thus, the first step
in the assessment of suspected RHF is determination
of CVP.

Estimation of CVP is usually easily accom-
plished through inspection of the jugular veins,
but correct estimation of CVP requires practice
and can be challenging [14]. When the jugular veins
cannot be clearly identified (such as in very obese
or instrumented patients), adjunctive tools such as
vascular ultrasound devices can be helpful [15,16&].
In the absence of elevated CVP, peripheral and
visceral edema should not generally be attributed
to RHF, and alternative potential causes should be
investigated, such as impairment of venous or lym-
phatic return, hypoalbuminemia, renal failure,
capillary leak syndromes, and side effects of drug
therapy such as calcium channel blockers. Causes of
elevated CVP other than RHF, such as simple
volume overload, pericardial tamponade or con-
striction, left heart failure (either systolic or
diastolic), or factitious causes such as superior vena
cava thrombosis, should also be excluded.

Absence of pulmonary congestion in the setting
of elevated CVP is often considered to be the most
specific finding of isolated right-ventricular failure;
however, severe pulmonary hypertension may cause
elevated left-ventricular end-diastolic pressure and
pulmonary edema through interventricular septal
shift [17]. Moreover, conditions that are common in
the ICU commonly cause physical findings that
mimic pulmonary congestion, potentially leading
to missed diagnoses. Thus, other more reliable
means of assessing left-sided filling pressures are
often required.

Imaging
Imaging studies are essential for excluding alterna-
tive causes of elevated CVP and assessing right-
ventricular size and function. The most readily
available imaging technique in the ICU is echo-
cardiography, but in critically ill patients obtaining
suitable imaging windows is challenging, and inter-
observer agreement on qualitative measures of
right-ventricular function is poor [18]. Other modal-
ities, such as magnetic resonance (MR) and cardiac-
gated computed tomography (CT), although more
accurate, are not always feasible for use in critically
ill patients. Several quantitative echocardiographic
measurements of right-ventricular contractile

function have been shown to correlate more closely
with MRI-derived estimates of right-ventricular ejec-
tion fraction than visual estimates using 2D imag-
ing, but may be difficult to obtain reliably in
critically ill patients [19&]. At the very least, it should
generally be possible to identify significant right-
ventricular dilation or contractile dysfunction from
a limited number of views and to exclude the major
alternative causes of elevated CVP.

Unfortunately, even when good imaging is
obtained, interpretation can be difficult: because
of the RV’s extreme sensitivity to loading con-
ditions, the correlation between right-ventricular
ejection fraction and intrinsic right-ventricular
function is poor, often leaving in doubt whether
the primary cause of RHF is intrinsic right-ventric-
ular contractile dysfunction or abnormal right-
ventricular afterload.

Moreover, echocardiography may not be
reliable for establishing the relationship between
right-ventricular function and systemic hemody-
namics. Figure 1 (panels a–d) shows echocardio-
graphic images from a patient who presented with
RHF due to chronic thromboembolic disease. On
admission, he had severe dyspnea and orthopnea,
bilateral lower extremity edema, and a requirement
for 10 l O2 by mask; his SBP was 120 mmHg, and his
estimated CVP was 20 mmHg. He was treated aggres-
sively with diuretic therapy, and over the next 2
weeks his weight declined 20 kg with no change in
renal function, his exercise tolerance improved, his
SBP stabilized at 100 mmHg, and his oxygen require-
ment declined to 2 l by nasal cannula. Surprisingly,
follow-up echocardiography (Fig. 1, panels e–h)
showed no apparent improvement in right-ventric-
ular size or function and no change in the para-
doxical interventricular septal motion. In this case,
it was simple clinical evaluation, rather than
advanced imaging, that provided the most reliable
guide to ongoing management.

Invasive hemodynamic assessment
Because of challenges in interpreting imaging stud-
ies, invasive hemodynamic assessment is frequently
necessary in management of RHF. This is particu-
larly true because measurement variability limits
the reliability of echocardiographic evaluation of
right heart hemodynamics over time [20]. Right
heart catheterization provides a direct assessment
of CVP and right-ventricular filling pressure and
an indirect measurement of left atrial pressure
(pulmonary artery occlusive or wedge pressure),
helps determine the contribution of left-sided
cardiovascular disease to pulmonary hypertension,
is used to measure pulmonary vascular resistance to
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determine whether pulmonary or systemic vasodi-
lator therapies might be helpful, and provides a
reliable means to assess response to therapy.

Caution is required when interpreting pulmon-
ary artery occlusive pressure measurements, because
incomplete occlusion by the flow-directed balloon

tip can result in falsely elevated pressure measure-
ments [21]. Figure 2 shows hemodynamic measure-
ments obtained from the patient described above at
the time of the second echocardiographic examin-
ation (Fig. 1, panels e–h), after clinical evaluation
concluded that his volume status was optimal. The

FIGURE 1. Two-dimensional echocardiographic images of a patient with chronic thromboembolic disease and severe right
heart failure before (panels a–d) and after (panels e–h) optimization of volume status. The patient presented with severe
weight gain, dyspnea, a 10 l/min oxygen requirement and peripheral edema. Panel a is a parasternal short-axis view of the
heart, panel b is an apical four-chamber view and panel d is a subcostal view showing severe right-ventricular dilation and
compression of the LV by the interventricular septum. Moderate tricuspid regurgitation (panels b and c) revealed a right-
ventricular pressure of 78 mmHg plus right atrial pressure (which was estimated to be 20 cm by examination of the jugular
veins). After 2 weeks of diuretic therapy, the patient lost 20 kg of weight, he was ambulating with minimal dyspnea, he
required only 2 l/min oxygen, and his peripheral edema had resolved. Unexpectedly, repeat echocardiography (panels e–h)
showed no significant change in right-ventricular dilation or compression of the LV despite modestly lower right-ventricular
pressure (62 mmHg plus an estimated right atrial pressure of 8 cm by examination of the jugular veins). LV, left ventricle.
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FIGURE 2. Hemodynamic tracings obtained during right heart catheterization from the patient described in Fig. 1 after
2 weeks of diuretic therapy, at a time when clinical evaluation concluded optimization of volume status had been achieved.
Panels a–c show right-ventricular pulmonary artery and right atrial pressure tracings. Right atrial mean pressure was 8 mmHg
and peak right-ventricular pressure was 62 mmHg, confirming findings by physical examination and echocardiography
(Fig. 1, panel g). Panel d shows a tracing obtained after inflation of the pulmonary artery catheter balloon. Initially, it
appeared that left atrial pressure was very high (end-expiratory pulmonary artery occlusion pressure was 20 mmHg). Slight
repositioning of the catheter resulted in a dramatically different finding shown in panel e (end-expiratory pulmonary artery
occlusion pressure of only 8 mmHg), highlighting the difficulty of obtaining reliable estimates of left atrial pressure in patients
with severe pulmonary hypertension. Balloon inflation for measurement of pulmonary artery occlusion pressure should be done
with caution in patients with severe pulmonary hypertension.
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initial measurement of pulmonary artery occlusive
pressure indicated high left heart filling pressure,
but slight repositioning of the catheter tip resulted
in a dramatic change in the measured pressure,
confirming that the cause of the pulmonary hyper-
tension was chronic thromboembolic disease and
not left heart failure.

APPROACH TO TREATMENT OF RIGHT
HEART FAILURE
Once any readily reversible cause ofRHF, such as right
coronary artery occlusion, pulmonary embolism,
toxic drugs, sepsis, and hypoxia, have been addressed
to the extent possible, the initial approach to therapy
depends on whether the primary hemodynamic
problem is reduced right-ventricularcontractile func-
tion or increased right-ventricular afterload.

When right-ventricular contractile dysfunction
is the predominant problem, improvement of right-
ventricular output through manipulation of preload
should be attempted. Like the left ventricle, the RV
can utilize the Frank-Starling mechanism to increase
stroke work through an increase in right-ventricular
free wall stretch. Thus, volume loading may
improve right-ventricular output. However, a rela-
tively flat relationship between right-ventricular
surface area and right-ventricular volume means
that large changes in right-ventricular volume are
required before the Frank-Starling mechanism is
recruited. Because the pericardium limits total
right-ventricular and left-ventricular volume (at
least acutely, before the pericardium can remodel),
an increase in right-ventricular volume at the
expense of left-ventricular volume may have a net
negative effect on overall cardiac output [22]. Con-
versely, a reduction in CVP often has minimal effect
on cardiac output, and in fact alleviation of adverse
interventricular interaction may improve cardiac
output. Moreover, since right-ventricular contrac-
tile failure is directly related to right-ventricular
wall stress [23], excessive volume loading can
worsen right-ventricular contractile function
through right-ventricular dilation. Once CVP has
risen above 10–14 mmHg, further volume loading is
usually detrimental [24].

A common error in management of RHF in the
ICU is to assume that elevated creatinine is due to
hypoperfusion, and to respond with volume chal-
lenges. Recent data suggest that venous congestion,
rather than reduced cardiac output, is a major con-
tributor to renal dysfunction in RHF [25&], and that
reduction of CVP can contribute to improved renal
perfusion even if there is no change in cardiac
output [26&]. Ultrafiltration may be a more effective
therapeutic option than diuretic therapy in some

cases of heart failure [27]; a large National Institutes
of Health-sponsored study should provide more
definitive data about the role of ultrafiltration in
heart failure, with enrollment completion expected
in the Spring of 2012 [28&&].

Once optimal volume status is achieved, if clini-
cally important RHF and systemic hypoperfusion
are still present, inotropic agents may be required.
Traditionally, dobutamine was considered the agent
of choice because of its primary effect on beta
receptors with minimal propensity for vasoconstric-
tion, and experimental evidence also showed that
dobutamine could improve right-ventricular func-
tion without worsening right-ventricular ischemia
[29]. However, more recent evidence suggests that
levosimendan might be more effective at improv-
ing pulmonary hemodynamics, in part through
favorable effects on ventricular–vascular coupling
[30,31]. Agents with predominant vasoconstrictive
activity are conventionally considered to be contra-
indicated in RHF due to potential pulmonary
vasoconstriction and increased right-ventricular
afterload, but experimental data suggest that in
some cases of RHF they may favorably influence
interventricular interaction with a net beneficial
effect [32].

When elevated right-ventricular afterload is the
primary cause of RHF, measures directed at normal-
izing pulmonary vascular resistance are preferred.
Whereas systemic vasodilators can reverse hypoxic
pulmonary vasoconstriction and worsen hypoxe-
mia, a recent case series shows that inhaled nitric
oxide can improve hemodynamics and systemic
oxygenation in massive pulmonary embolism
[33&]. Sildenafil, which is more commonly used in
chronic pulmonary hypertension, appears to have
favorable effects on right heart function in the set-
ting of diastolic heart failure [34] and in ventilated
patients with RHF due to pulmonary disease [35&&].

Although discussion of coronary intervention is
beyond the scope of this review, it should be noted
that, during right-ventricular infarction from right
coronary artery ischemia, atrioventricular node dys-
function may lead to loss of atrioventricular syn-
chrony and worsen cardiogenic shock; in such cases,
atrioventricular synchronous pacing is helpful.

MEDICALLY REFRACTORY RIGHT-
VENTRICULAR FAILURE: FUTURE
DIRECTIONS
Once any underlying cause of right-ventricular
contractile failure has been addressed, loading
conditions have been optimized, abnormal right-
ventricular afterload is improved to the maximum
extent possible, and inotropic therapy has been
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employed, few additional interventions have estab-
lished efficacy.

In theory, bypassing the pulmonary circulation
might improve cardiac output in cases of elevated
right-ventricular afterload. Atrial septostomy has
been promoted as a potential therapy for RHF in
severe pulmonary hypertension, but, whereas
cardiac output may improve, systemic oxygenation
probably does not [36,37]. Selectively redirecting
deoxygenated venous blood from the pulmonary
artery to the lower half of the body via a left pul-
monary artery to descending thoracic aorta right to
left shunt (Potts anastomosis) has been used success-
fully in pediatric patients with chronic suprasyste-
mic pulmonary pressure, but, if pulmonary pressure
falls, left to right shunt develops, causing an increase
in pulmonary flow and worsened pulmonary hyper-
tension. To avoid this problem, Bui et al. [38] created
a Potts anastomosis with a one-way valve in a por-
cine experimental model of pulmonary hyperten-
sion to allow right to left flow only during episodic
increases in pulmonary artery pressure (such as
during exercise).

Because right-ventricular pressure overload
causes dyssynchronous contraction of the RV and
left ventricle with paradoxical septal motion contri-
buting to diminished cardiac output, it would seem
that some form of resynchronization therapy might
be beneficial, just as it is in left heart failure with a
wide QRS complex from left bundle branch block.
Preliminary data suggest just such a possibility [39&&].

The most promising new approach to RHF is the
use of mechanical assist devices. When RHF devel-
ops after left-ventricular assist device (LVAD)
implantation, several different devices have been
employed successfully using either surgical [40&]
or percutaneous [41] implantation. Percutaneously
implanted RVADs have also been used as single-
chamber device therapy in the setting of primary
right-ventricular contractile failure [42&]; whether
these devices are effective in right-ventricular pres-
sure overload failure is not yet established. RV to
systemic bypass might be more effective if the
bypassed blood were oxygenated. Spillner et al.
[43&] tested extracorporeal oxygenation using an
RVAD in an ovine model; the clinical feasibility of
a similar technique was demonstrated when used in
combination with a LVAD [44&].

Although only animal experimental data are
available so far, there are indications that activation
of proteases or apoptosis contributes to right-
ventricular contractile dysfunction in acute right-
ventricular pressure overload, and that certain
protease inhibitors attenuate this process [45,46&].
Whether or not these agents have clinical efficacy is
yet to be determined.

CONCLUSION
Right heart failure occurs when the RV of the heart
is unable to provide adequate blood flow through
the pulmonary circulation at a normal CVP. Careful
physical examination, imaging studies, and invasive
hemodynamic monitoring are key to identification
of reversible underlying causes of right-ventricular
contractile dysfunction or elevated right-ventricular
afterload. When optimization of preload fails,
judicious use of inotropic agents is effective. RVADs
are currently employed in some centers and show
promise for patients with medically refractory RHF.
Further data on the biochemical mechanisms of RHF
may lead to new medical therapies in the future.
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