
C

Trying to succeed when the righ
t ventricle fails
Michael A. McDonald and Heather J. Ross
Division of Cardiology, Peter Munk Cardiac Centre,
Toronto General Hospital, Toronto, Ontario, Canada

Correspondence to Heather Ross, MD, Toronto
General Hospital, NCSB 11-1203, 585 University
Avenue, Toronto, ON M5G 2N2, Canada
Tel: +1 416 340 3482; fax: +1 416 340 4134;
e-mail: heather.ross@uhn.on.ca

Current Opinion in Cardiology 2009,
24:239–245

Purpose of review

Compared with the left ventricle, studies of right ventricular failure as a distinct clinical

entity have lagged behind. Evolving appreciation of the prognostic significance of right

ventricular dysfunction in the heart failure population and advances in noninvasive

imaging have provided the impetus for recent investigation into the assessment and

management of right ventricular failure.

Recent findings

Pulmonary hypertension and attendant right ventricular dysfunction are prevalent in

patients with systolic and diastolic heart failure and are associated with poor survival.

Simple echocardiographic and MRI indices of right ventricular function relate to

prognosis and may also be useful in following response to therapy. Management of

acute and chronic right ventricular failure is largely empiric and is focused on treating the

underlying cause along with judicious use of diuretics and inotropes. The use of left

ventricular assist devices to help treat pulmonary hypertension in heart failure is an

emerging strategy in transplant-eligible patients.

Summary

Right ventricular failure is clinically significant and merits further dedicated study.

Parameters of right ventricular dysfunction can be assessed noninvasively. An approach

to the management of acute and chronic right ventricular failure should take into

consideration novel pharmacologic and device-based therapies.
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Introduction
The importance of right ventricular (RV) function in

pulmonary vascular disease, left-sided heart disease

and congenital heart disease is gaining increasing

appreciation. However, despite recent advances in ima-

ging and assessment, the pathophysiology of RV failure is

incompletely understood, and RV-specific therapies

remain elusive or unexplored. In contrast to left ventri-

cular failure, there has been a paucity of research on RV

failure as a distinct and separate entity per se; historically,

the guiding principles for assessing and managing RV

dysfunction have been extrapolated from studies of the

left ventricle (LV) [1–3]. However, further insight into

the fundamental anatomical and functional differences

between the two ventricles as well as their physiologic

interdependence highlights the inadequacy of this

approach. This review will discuss the importance of

RV failure especially as it relates to LV failure and will

outline the role of different empiric therapies and evol-

ving treatment strategies.
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Defining the issue
Right heart failure may be broadly defined as the inability

of the right ventricle to maintain adequate circulation

through the pulmonary vascular bed at normal central

venous pressures. This process is often insidious and

chronic as the RV is subjected to unfavorable loading

conditions over time [i.e. pulmonary arterial hypertension

(PAH)], or can occur acutely with precipitous hemody-

namic deterioration and end-organ injury [i.e. massive

pulmonary embolus with acute cor pulmonale, RV infarc-

tion, postcardiac transplant RV failure and RV failure

following left ventricular assist device (LVAD) implan-

tation].

Adverse changes in right-sided afterload, preload or right

ventricular contractility can result in RV decompensa-

tion, first characterized in 1974 [4] as a state of low cardiac

output with elevated right-sided (right atrial and central

venous) filling pressures. In isolated RV failure, pulmon-

ary capillary wedge pressure (PCWP) and left-sided
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Figure 1 Septal shift and exaggerated ventricular interdepen-

dence in right ventricular dysfunction

Because the RV is constrained by the pericardium (not shown), patho-
logically increased right ventricular filling pressures are transmitted to
the interventricular septum, which shifts towards the LV and distorts
the normal geometric relationship between the ventricles. This may
mechanically disadvantage the RV and adversely affect left ventricular
diastolic filling. LV, left ventricle; RV, right ventricle. Adapted from
[3].

Figure 2 Effect of increased afterload on right ventricular versus

left ventricular function
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Increased pulmonary artery pressures and RV afterload cause a marked
reduction in right-sided stroke volume and cardiac output. By compari-
son, LV performance is less sensitive to increased systemic arterial
pressure and afterload. LV, left ventricular; RV, right ventricular. Adapted
from [5].

Table 1 Classification of pulmonary hypertension

Category Examples

PAH Idiopathic
Familial
Congenital systemic pulmonary

shunts, connective tissue
disease

HIV
Toxins

Pulmonary hypertension with
left heart disease

Left-sided atrial or ventricular
disease (LV systolic or diastolic
dysfunction)

Left-sided valvular heart disease
Pulmonary hypertension

associated with lung
disease/hypoxia

Chronic obstructive lung disease
Interstitial lung disease
Sleep-disordered breathing

Pulmonary hypertension
due to chronic thrombotic
or embolic disease or both

Thromboembolic obstruction of
pulmonary arteries

Nonthrombotic obstruction of
pulmonary arteries

Miscellaneous Sarcoidosis
Histiocytosis X

LV, left ventricular; PAH, pulmonary arterial hypertension. Adapted from
[8].
filling pressures are low, and pulmonary edema is absent.

Chronic RV failure, with longstanding elevation of cen-

tral venous pressures, can lead to atrial arrhythmias,

peripheral edema, ascites and congestive dysfunction

of the liver, kidneys and gut. Persistent low cardiac

output due to an underfilled LV can precipitate classic

symptoms of exercise intolerance and end-organ hypo-

perfusion. The clinical situation may be further exacer-

bated as LV diastolic filling becomes compromised

through the mechanism of ventricular interdependence

in which the RV is ‘constrained’ by the pericardium, and

increased right-sided pressures cause the interventricular

septum to shift and impinge on the LV cavity and left

ventricular filling (Fig. 1).

Considerations in pulmonary hypertension

As shown in Fig. 2, RV function is very sensitive to

alterations in afterload [5,6], and RV failure is often seen

in the setting of pulmonary hypertension in which

increased pulmonary vascular resistance (PVR) is the

primary hemodynamic problem [7]. Ultimately, progress-

ive RV dysfunction in this setting may lead to diminish-

ing right-sided cardiac output and a decline in pulmonary

artery pressures; hence, the diagnosis of RV failure in the

setting of chronic pulmonary hypertension does not

require pulmonary artery pressures to remain elevated.

It may, therefore, be useful to consider the RV and

pulmonary arteries together as a single, functional, inter-

related unit [2].

The most recent classification of pulmonary hyperten-

sion centers on the underlying pathophysiologic process

and response to therapy [7,8]. Table 1 outlines this

current classification scheme. A detailed description of
opyright © Lippincott Williams & Wilkins. Unautho
the different types of pulmonary hypertension is beyond

the scope of this review; however, a distinction is made

between PAH characterized by resting mean pulmonary

artery pressure of more than 25 mmHg, PVR of more

than 3 Wood units and PCWP of less than 15 mmHg,

and pulmonary hypertension due to left-sided heart

disease characterized by elevated left atrial pressures.

Irrespective of the cause, right ventricular failure often

represents the final common pathway portending a poor

prognosis and may be a potential target for therapeutic

intervention.
rized reproduction of this article is prohibited.



C

Trying to succeed when the right ventricle fails McDonald and Ross 241
Acute and chronic right ventricular failure:
impact of the problem in left heart disease
The most common underlying cause of pulmonary

hypertension and RV failure is concomitant left-sided

heart disease [1]. Although the exact prevalence is poorly

defined [9], pulmonary hypertension is common in

heart failure patients and is associated with a poor

prognosis in ischemic and nonischemic cardiomyopathy

[9–11,12�].

Pulmonary hypertension in left ventricular dysfunction

Although previous work has been limited to patients with

poor left ventricular systolic function, Kjaergaard et al.
[12�] recently evaluated the prognostic significance of

elevated pulmonary pressures in a broad spectrum of

heart failure patients enrolled in the EchoCardiography

and Heart Outcome Study (ECHOS) [13]. Approxi-

mately 25% of the 388 patients in this cohort had pre-

served left ventricular function. Pulmonary artery pres-

sure was found to be an independent predictor of overall

mortality. In both low ejection fraction and preserved

ejection fraction subgroups, patients with pulmonary

systolic pressure at least 39 mmHg had significantly worse

survival [12�]. Although others have observed pulmonary

hypertension and RV failure in patients with preserved

left ventricular ejection fraction (LVEF) [14], this is the

first study to demonstrate the prognostic importance of

elevated pulmonary artery pressures in a contemporary

heart failure population that includes both systolic and

diastolic heart failure patients.

Concomitant right ventricular and left ventricular

dysfunction

By extension, RV dysfunction itself is a powerful and

independent predictor of short and long-term survival in

chronic LV systolic failure [10,15–18]. In studies

[10,16,18] of selected patients with ischemic or nonis-

chemic cardiomyopathy, RV dysfunction, usually defined

by right ventricular ejection fraction (RVEF) of less than

0.35, has been observed in more than 50%. Ghio et al. [10]

demonstrated the independent and additive effects of

RV dysfunction and pulmonary hypertension in a low

LVEF heart failure cohort. They also observed an inverse

relation between RVEF and mean pulmonary artery

pressures, suggesting that persistent elevation of pulmon-

ary pressures is pathophysiologically important, and that

RV dysfunction is not simply an epiphenomenon of the

left ventricular cardiomyopathic process [10]. Javaheri

et al. [19�] assessed the prognostic significance of

sleep-disordered breathing in patients with systolic heart

failure. In a multivariable analysis, central sleep apnea

and RV dysfunction were independent predictors of long-

term mortality, suggesting that sleep apnea is linked to

right ventricular dysfunction through chronic elevation of

pulmonary artery pressures [19�].
opyright © Lippincott Williams & Wilkins. Unauth
Right ventricular failure after left ventricular assist

device implantation

Acute RV dysfunction after LVAD implantation for end-

stage heart failure is an increasingly important issue. The

incidence of significant RV failure, typically defined as

inotrope support for more than 14 days, inhaled nitric

oxide (iNO) for at least 48 h or need for right ventricular

assist device (RVAD), is approximately 30–40% and is

associated with a perioperative mortality of nearly 40%

[20��,21,22]. A recent preoperative risk score for RV

failure post-LVAD implantation found that preoperative

vasopressor requirements and elevated serum aspartate

aminotransferase, bilirubin and creatinine were indepen-

dent predictors of RV failure [20��]. This study implies

that the end-organ effects of RV dysfunction add

prognostic value beyond hemodynamic measurements

taken in isolation. Moreover, anticipation and aggressive

measures to manage the RV in this situation are war-

ranted given the impact of RV failure on perioperative

mortality.
Towards better assessment of right
ventricular structure and function
Because management of RV failure is largely empiric, an

understanding of the unique anatomy and physiology of

the RV is essential. The RV is a thin-walled complex

three-dimensional structure designed for circulating high

volumes in a low-resistance system. Compared with the

LV, the bellows-like action of RV contraction against the

interventricular septum generates less stroke work, and

measures of RV performance are more load-dependent

[3,6]. Although RV function is greatly affected by changes

in afterload [5], chronic volume overload conditions such

as atrial septal defects and tricuspid and pulmonary

regurgitation are well tolerated, as is the Fontan circuit

in which the RV is noncontributory. The RV ultimately

fails, however, when PVR and right ventricular afterload

increase [3,23].

Noninvasive markers of right ventricular function

Given the relative complexity of RV structure and

function, there has been great interest in imaging the

RV and assessing various prognostically important

parameters. The valsartan in acute myocardial infarction

trial (VALIANT) echocardiographic (ECHO) study

assessed right ventricular function in postmyocardial

infarction (MI) heart failure patients using two-dimen-

sional right ventricular fractional area change (RVFAC)

[24�]. Higher rates of RV dysfunction after MI were

observed than had previously been reported, and this

was associated with a significantly increased risk of death,

heart failure and stroke, independent of LV function

[24�]. In chronic heart failure patients, blunted RV tissue

Doppler systolic velocity emerged as a novel predictor of

cardiac death or heart failure hospitalization, suggesting
orized reproduction of this article is prohibited.
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that this may be a more sensitive marker of RV dysfunc-

tion than conventional parameters, including RVEF or

RVFAC [25].

MRI imaging, currently the gold standard for assessment

of RV dimensions and volumes [2,26,27], offers tremen-

dous potential for evaluating RV function and perfusion

[2]. MRI assessment of RV isovolumic relaxation time, a

marker of RV diastolic function, has correlated well with

PVR, and improved following afterload reduction with

sildenafil [28�]. This suggests that RV diastolic function

and response to therapy can be assessed quantitatively

and noninvasively. RV volumes calculated from multi-

slice computed tomography (CT) scan imaging have

shown excellent correlation with MRI imaging, providing

an alternative modality for evaluating RV anatomy and

function [29].
Managing chronic right ventricular
dysfunction
Although no specific therapies exist for chronic RV fail-

ure, treatment is generally based on identifying and

correcting the underlying physiologic derangements.

Appropriate therapy for left-sided heart disease should

theoretically ameliorate chronically elevated PCWP and

RV dysfunction; however, data directly supporting this

are lacking. Carvedilol has been shown to increase both

RVEF and LVEF compared with placebo in small studies

[30,31] of systolic heart failure patients. A randomized

controlled trial of darbepoetin a, a recombinant erythro-

poietin analogue, in 32 patients with heart failure also

demonstrated improvements in LVEF and RVEF com-

pared with placebo over 3 months [32].

Diuretics are standard therapy for conditions of volume

overload. Despite the lack of evidence supporting

their use in RV failure, a combination of loop diuretics,

spironolactone and thiazides may be used to manage

peripheral edema, ascites and end-organ congestion.

Appropriate diuresis may have salutary effects on RV

loading conditions without negatively impacting left

ventricular preload and cardiac output. A pilot study

[33] comparing the hemodynamic effects of loop diuretics

found that torsemide effectively lowered central venous

pressure and PCWP, improved cardiac output and had

less neurohormonal activation than furosemide. These

novel findings need to be confirmed in large-scale

studies, but underscore the need to include pulmonary

vascular and RV functional parameters in physiologic

studies of heart failure.

Can therapies for pulmonary arterial hypertension be

extrapolated to heart failure patients?

In addition to chronically elevated filling pressures in

‘postcapillary’ pulmonary hypertension due to left heart
opyright © Lippincott Williams & Wilkins. Unautho
disease, many heart failure patients have superimposed

elevations in PVR with a relatively fixed component of

pulmonary hypertension due to an abnormal pulmonary

arterial vasoconstrictor response and structural remodel-

ing [9,34,35]. Conceptually, then, therapies for idiopathic

PAH may be effective for some patients with pulmonary

hypertension due to LV dysfunction. There are a number

of issues with this approach. For example, PAH trials of

prostacyclin analogues, endothelin receptor antagonists

and phosphodiesterase inhibitors have not looked at

long-term morbidity and mortality outcomes germane to

the heart failure population. As well, available literature on

prostacyclins and endothelin receptor antagonists in

patients with advanced heart failure suggests an adverse

effect on short-term mortality and worsening heart failure

[36–38]. In the endothelin antagonist bosentan for low-

ering cardiac events in heart failure (ENABLE) study [38],

the endothelin receptor antagonist bosentan showed no

effect on mortality, but was associated with an increased

risk of hospitalization for heart failure in patients with LV

systolic dysfunction.

In contrast, sildenafil, the prototypical phosphodiesterase

inhibitor approved for PAH, has generated appreciable

interest with respect to its potential efficacy in other types

of pulmonary hypertension. Emerging data indicate a

possible hemodynamic, functional and quality of life

benefit in patients with chronic thromboembolic pulmon-

ary hypertension [39], idiopathic pulmonary fibrosis [40]

and left-sided heart failure [41��,42]. Early studies [43,44]

of sildenafil in heart failure patients with pulmonary hy-

pertension demonstrated an improvement in exercise

capacity following a single dose. A randomized trial of

34 patients found that sildenafil use in this population

increased RVEF, cardiac output and exercise tolerance

and was associated with better quality of life [41��].

Although improvements in RV function in this study were

attributed to observed reductions in PVR, Nagendran et al.
[45��] have shown that phosphodiesterase inhibition with

sildenafil may result in augmented RV contractility, pro-

viding evidence for a right ventricular-specific inotrope

effect.

Mechanical solutions for pulmonary hypertension due

to left heart disease

In end-stage heart failure, irreversible pulmonary hyper-

tension remains a contraindication to transplantation as

it imposes an unacceptable risk of death from post-

operative RV failure [46,47]; the only treatment option,

historically, has been heart–lung transplantation.

Although sildenafil and other selective pulmonary vaso-

dilators offer some promise of improving hemodynamics

sufficiently to allow transplantation [42], experience

with LVADs as a bridge to transplant eligibility for

patients with severe pulmonary hypertension is growing.

Amelioration of ‘fixed’ pulmonary hypertension with
rized reproduction of this article is prohibited.
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LVADs has been described in a number of cases [35],

including 26 patients successfully bridged to transplan-

tation with outcomes similar to those transplanted without

antecedent pulmonary hypertension [48]. Patel et al. [49�]

also retrospectively assessed the incidence of RV dysfunc-

tion following implantation of the pulsatile HeartMate I

LVADs (Thoratec Corp., Pleasanton, California, USA)

versus the axial-flow HeartMate II devices. In this study,

both yielded comparable reductions in pulmonary press-

ures, although postoperative RV failure was common,

occurring in 35% of pulsatile and 41% of axial-flow devices.

This suggests that different approaches for unloading the

LV have similar potential to mechanically disadvantage

the RV, despite favorable effects on pulmonary hyperten-

sion and RV afterload.
Acute decompensated right ventricular failure
Management of patients with acute decompensated RV

failure is largely empiric and targeted towards treating

underlying precipitants while optimizing conditions of

RV preload, afterload and contractility.

Optimal preload

Irrespective of the cause of RV failure, adequate RV

preload may help maintain cardiac output via the

Frank–Starling mechanism. Excessive volume loading

in this setting can be detrimental, however, as pericardial

constraint may adversely affect left ventricular diastolic

filling via ventricular interdependence. Congestive hepa-

topathy, renal venous hypertension and gut edema lead

to progressive end-organ dysfunction, and elevated right

atrial pressures can precipitate supraventricular arrhyth-

mias that further exacerbate the problem. Pulmonary

artery catheterization may help guide resuscitative

efforts; if the syndrome of RV failure persists and

right-sided filling pressures remain above 12–15 mmHg,

diuresis, inotrope therapy and aggressive afterload

reduction are usually required [50], and renal replace-

ment therapy may become necessary.

Improving right ventricular contractility

Optimizing myocardial oxygen supply–demand balance

mandates aggressive treatment of underlying ischemia

[23]. In the face of persistently low cardiac output, dual

chamber (right atrium and RV) pacing may be helpful in

maintaining adequate heart rate or restoring atrioventri-

cular synchrony or both. Inotropes, including epineph-

rine, milrinone and dobutamine, are frequently needed to

augment contractility; however, milrinone and dobuta-

mine may worsen systemic hypotension, requiring the

addition of vasopressors [23,50,51]. Newer inotropes such

as levosimendan have demonstrated improvements in

parameters of RV function in animal models and early

human studies [52,53]; however, their routine use in

decompensated RV failure requires further investigation.
opyright © Lippincott Williams & Wilkins. Unauth
Optimal right ventricular afterload

Minimizing positive intrathoracic pressure in ventilated

patients and managing concomitant left ventricular dys-

function may have beneficial effects on RV afterload. In

addition to these general measures, administering pul-

monary artery vasodilators may be useful in the manage-

ment of RV failure. In patients with RV infarction and

cardiogenic shock, iNO has been shown to improve

hemodynamic measures [54]. Inhaled prostacyclin

analogues, iNO and oral sildenafil have all been used

to successfully manage pulmonary hypertension and RV

failure following cardiac surgery [55,56]. It remains to be

seen whether broader applicability of these therapies to

other patients with RV dysfunction will yield improve-

ments in physiologic and clinical outcomes.
Conclusion
Compared with the LV, studies of RV per se have lagged

behind, with a general paucity of data to inform clinical

decision-making. With the evolution of noninvasive ima-

ging and greater insight into the prognostic significance of

RV dysfunction, there are new opportunities to enrich our

assessment and treatment of patients across a spectrum of

cardiovascular disease. An approach to the management

of acute and chronic RV failure should take into

consideration novel pharmacologic and device-based

therapies.
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