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Abstract | Pulmonary hypertension (PH) with left-sided heart disease is defined, according to the latest Venice 
classification, as a Group 2 PH, which includes left-sided ventricular or atrial disease, and left-sided valvular 
diseases. These conditions are all associated with increased left ventricular filling pressure. Although PH 
with left-sided heart disease is a common entity, and long-term follow-up trials have provided firm recognition 
that development of left-sided PH carries a poor outcome, available data on incidence, pathophysiology, and 
therapy are sparse. Mitral stenosis was reported as the most frequent cause of PH several decades ago, but 
PH with left-sided heart disease is now usually caused by systemic hypertension and ischemic heart disease. 
In patients with these conditions, PH develops as a consequence of impaired left ventricular relaxation 
and distensibility. Chronic sustained elevation of cardiogenic blood pressure in pulmonary capillaries leads 
to a cascade of untoward retrograde anatomical and functional effects that represent specific targets for 
therapeutic intervention. The pathophysiological and clinical importance of the hemodynamic consequences of 
left-sided heart disease, starting with lung capillary injury and leading to right ventricular overload and failure, 
are discussed in this Review, focusing on PH as an evolving contributor to heart failure that may be amenable 
to novel interventions.
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Introduction
In 19981 and 20032 the WHO convened a panel of experts 
to develop a classification of pulmonary hypertension 
(PH) in order to provide guidelines for diagnosis and 
treatment. PH, identified as any condition with a mean 
pulmonary arterial pressure (mPAP) of ≥25 mmHg at 
rest, was classified into five major categories. The cat-
egory of patients with chronic elevated pulmonary cap-
illary wedge pressure (PCWP) secondary to left-sided 
valvular or myocardial diseases, who require treatment 
for improving left ventricular (LV) pump function or 
diastolic compliance, or for correcting valvular mechani-
cal defects, was indicated as having ‘pulmonary venous 
hypertension’ in the former classification, and ‘non-
pulmonary arterial hypertension with left heart disease’, 
or Group 2 PH, in the latter classification. In the origi-
nal nomenclature from 1998,1 this form of PH had been 
classified as ‘passive pulmonary arterial hypertension’ 
because it originates from raised pulmonary vein and 
capillary pressures that are associated with a concomi-
tant increase in pulmonary artery perfusion pressure.3 
The category of disease with elevated left-sided cardiac 
filling pressure is perhaps the most common PH scen-
ario, and pulmonary complications of acute and/or 
chronic increases in LV filling pressure are a primary 
cause of increased morbidity and mortality in patients 
with a failing heart.4,5 The prevalence of PH as a conse-
quence of LV failure is undefined, however, with a wide 

range of estimates reported in the literature depending 
on the severity of LV dysfunction and the cut-off used 
to define PH.

Decades ago, mitral valve disease was the primary 
cause of PH with left-sided heart disease. Currently, 
common cardiac-related causes of increased LV filling 
pressure in referral clinical practice are systemic hyper-
tension and ischemic heart disease, in which PH devel-
ops as a direct consequence of impaired LV relaxation 
and distensibility. Heart failure with preserved LV ejec-
tion fraction (HFpEF) is increasingly recognized as the 
predominant cause of left-sided PH in both acute6 and 
chronic forms7–11 associated with left-sided heart disease. 
Accordingly, the 2009 Dana Point updates of PH recog-
nize HFpEF as the most frequent cause of left-sided PH.12 
In this Review, we focus on the pathophysiology and 
clinical correlates of the retrograde pulmonary hemo-
dynamic consequences of PH in left-sided heart disease, 
from lung capillary injury to right ventricular overload 
and failure.

Pathophysiology of left-sided PH
Pressure-induced injury of lung capillaries
Excessive pressure elevation in the pulmonary capillaries 
has an adverse effect on the alveolar–capillary unit. When 
pressure elevation in the pulmonary venous circulation is 
sustained, the arterioles and pulmonary arteries are sub-
jected to both structural and functional changes. This 
type of change occurs at an even earlier stage in the capil-
laries. Injury to the alveolar–capillary barrier as a result 
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of hydrostatic pressure elevation is of pathophysio logical 
importance, mainly in view of its acute clinical correlates, 
such as alveolar edema. However, the multistep adaptive 
process that is triggered by excessive pressure elevation 
and involves the microcirculation and the alveolar wall, 
together with its clinical manifestations, is mostly over-
looked.13 The resistance of capillaries to a rise in hydro-
static pressure is partly challenged by the thin walls of the 
alveolar–capillary unit, which are a basic requirement for 
gas diffusion. The alveolar–capillary unit consists of an 
alveolar epithelial layer made up of cells that provide both 
mechanical (type I) and metabolic (type II) support, the 
interstitial space, and the capillary endothelium. The cap-
illary endothelium is permeable to ions and small mol-
ecules, but is almost impermeable to proteins,14 whereas 
the alveolar epithelium is resistant to the transition of 
small ions and allows passage of water and solutes from 
the alveolar lumen to the interstitium.15 Owing to differ-
ences in interstitial composition, one side of the alveolar–
capillary membrane is thinner than the other by a direct 
fusion of the basement membrane of the alveolar epithe-
lium and the vascular endothelium, whereas the thicker 
portion of the membrane has a greater collagen content. 
As a result of this configuration, gas diffusion is facilitated 
through the thinnest part of the membrane, and the inter-
stitium is shielded from electrolyte and fluid overflow.

West et al. investigated the structural changes induced 
by a progressive rise in the pulmonary capillary pres-
sure, and coined the term ‘alveolar capillary stress failure’ 
to describe the fragmentation of the alveolar–capillary 
membrane components during mechanical injury.16 
Tsukimoto et al. studied the sequential disruption of the 
capillary endothelial and alveolar epithelial layers during 
a stepwise increase in hydrostatic pressure, reproducing 
the transition from interstitial leakage of protein (low-
permeability stage) to alveolar lumen leakage of protein 
and erythrocytes (high-permeability stage of pulmonary 
edema).17 A number of animal studies that have focused 
on the biological features of alveolar stress failure provide 
evidence that mechanisms other than mechanical injury 
may determine capillary stress.18–20 Remarkably, vascular 
perfusion of 0.5 ml/min–1/kg–1 saline solution for 180 min 
in the rabbit pulmonary artery was associated with a 44% 
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portion of fluid accumulating in the interstitial space, 
ultrastructural changes, and impairment of gas transfer.18 
Development of hydraulic edema leads to activation of 
metalloproteinases,19 which degrade matrix proteo glycan 
and alter the composition of the plasma membrane, 
causing increased endothelial membrane fluidity. The 
weakened tensile strength of the membrane potentiates 
endothelial stress failure.20

These findings might explain the acute rise in pulmo-
nary hydrostatic pressure and pulmonary edema seen 
in humans, even if the pathophysiological correlates of 
alveolar–capillary stress failure in patients with cardiac 
disease have not been extensively investigated. In a study 
of 53 patients with acute cardiogenic pulmonary edema, 
injury of the alveolar–capillary barrier was associated 
with increased levels of plasma pulmonary surfactant-
associated proteins A and B and tumor necrosis factor.21 
Persistence of elevated levels of tumor necrosis factor 
after pulmonary edema resolution may reflect pulmonary 
inflammation and explains why fluid accumulation can 
persist despite resolution of hydrostatic stress failure.

Pressure elevation and capillary remodeling
Stress failure is an acute reversible phenomenon,17 
whereas the alveolar–capillary membrane can undergo 
a remodeling process during chronic capillary pressure 
elevation that might not be reversible. Animal models of 
pacing-induced cardiomyopathy have shown alveolar–
capillary membrane thickening as a result of excessive 
deposition of type IV collagen (the main component 
of the membrane lamina densa).22 This feature is remi-
niscent of the extracellular matrix thickening reported 
in patients with mitral stenosis and pulmonary venous 
pressure elevation,23,24 in whom this feature accounts for 
the structural changes observed. An increase in collagen 
content can be triggered by local growth factors, such as 
angiotensin II, and might be a safety mechanism against 
excessive fluid leakage from the alveolar–capillary mem-
brane.25 The increase in lung interstitial connective tissue 
associated with chronic capillary hydrostatic overload 
results in increased extravascular fluid storage owing to 
increased production of an extracellular matrix compo-
nent (mainly glycosaminoglycans) that has the potential 
to absorb and accommodate fluid in the interstitium. At 
least in cases of a subcritical rise in persistent left atrial 
pressure, this compensatory mechanism could prove 
beneficial by constraining fluid in the perivascular space 
without limiting gas diffusion.26 Alveolar hypoxia may 
substantially affect the composition of the extracellular 
matrix by increasing the expression of genes that encode 
extracellular matrix proteins.13

These structural modifications generally increase the 
impedance to gas transfer.13 In patients with heart failure, 
assessment of lung diffusion capacity by measuring the 
alveolar membrane conductance component enables 
quantification of the anatomical and functional integrity 
of the alveolar–capillary unit, which provides prognostic 
insights.27 Transition from stress failure to remodeling is 
an essential step in the development of PH, and the true 
reversibility of this process is unknown. The pathophysio-
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Figure 1 | Elevation in left atrial pressure and proposed sequence of events that lead 
to capillary stress failure and alveolar membrane remodeling. Development of acute 
PH as a result of an increase in left atrial pressure leads to alveolar stress failure, a 
process that disrupts the functional properties of the alveolar–capillary unit, but is 
reversible. In chronic PH, a superimposition of additional factors other than 
mechanical stress, such as neurohumoral, cytotoxic, hypoxic, and genetic factors, 
injure lung capillaries and alveolar spaces further, which triggers a process of alveolar 
remodeling that ultimately leads to gas exchange impairment. Abbreviations: ET1, 
endothelin-1; PH, pulmonary hypertension; TNF, tumor necrosis factor.

logical transition from capillary injury to alveolar stress 
failure, capillary remodeling, and impairment of gas dif-
fusion have been consistently demonstrated in animal 
models, but they are still to be definitively confirmed in 
humans. A proposed sequence of events is illustrated in 
Figure 1.

Vessel response to chronic pressure elevation
Increased intraluminal pressure promotes hypertrophy 
and fibrous changes in the pulmonary arteries and veins. 
The main changes are medial hypertrophy of the mus-
cular branches with peripheral extension of the smooth 
muscle coat into the smaller intra-acinar branches, which 
results in a ‘muscularization’ of arterioles. Pressure-
induced disruption of the endothelium can be viewed as 
a trigger step that makes it possible for serum proteins 
to enter the vessel wall and activate endogenous vascular 
serine elastase and matrix metalloproteinases. The induc-
tion of endogenous vascular serine elastase is a basic 
mechanism of the hypertrophic process28 and, together 
with the release of growth factors and glycoproteins 
(tenascin-C and fibronectin), stimulates smooth muscle 
growth and migration. The activation of endogenous 
vascular serine elastase and matrix metalloproteinases 
disrupt the elastic lamina and elicit elastin synthesis.

Pulmonary vein ‘arterialization’ takes place when 
medial hypertrophy becomes prominent. Pulmonary 
vascular structural changes elicited by elevated venous 
pressure can be quite variable across individuals, which 
indicates a role for individual variability of genetic 
factors.29 Regression of structural remodeling after 
venous pressure lowering as, for example, after cardiac 
transplantation, is generally not complete; however, in 
patients evaluated for cardiac transplantation, improve-
ment in pulmonary hemodynamics following provoca-
tive vasodilator therapy carries a good prognosis.30

Plexiform lesions are generally not observed in patients 
with pulmonary pressure elevation owing to left-sided 
heart disease. Nonetheless, in the subset of patients 
who develop reactive pulmonary vasoconstriction with 
marked elevation in pulmonary arterial diastolic pres-
sure (beyond that which is necessary to maintain cardiac 
output), more severe arterial changes have been reported, 
including neointima formation.29 This change has been 
studied extensively in patients with mitral stenosis, but 
is less well characterized in patients with LV failure. 
These patients are likely to have a permissive genotype 
that becomes dominant when they are exposed to high 
pulmonary vascular resistance.31

Impaired pulmonary vascular smooth muscle relax-
ation as a retrograde effect of left-sided heart disease 
is predominantly due to endothelial dysfunction. The 
endothelium seems to have an integral part in mediating 
the functional alterations of the pulmonary vasculature. 
In the pulmonary circulation, the endothelium- mediated 
local control of vasomotility is primarily based on a bal-
anced release of nitric oxide (NO) and endothelin-1 
(ET1); evidence suggests that raised pulmonary pressure 
owing to left-sided heart disease is critically sensitive to 
imbalance of these two opposing systems.32,33

Studies with blockade of NO synthesis suggest that 
endothelium-derived NO is a basic determinant of the 
baseline pulmonary vascular tone, and a mediator of the 
dilating response to endothelium activation. In healthy 
individuals, systemic infusion of NG-monomethyl-
l-arginine (l-NMMA), an analog of l-arginine that 
inhibits NO synthase, raises pulmonary artery pres-
sure,34 enhances hypoxia-induced pulmonary vaso-
constriction,35 and inhibits the lung diffusion of carbon 
monoxide by lowering the alveolar–capillary membrane 
conductance.36 In patients with HF, infusion of l-NMMA 
in the pulmonary circuit causes a dose-dependent vaso-
constriction, which is partially attenuated by acetyl-
choline.33 Human and animal studies suggest that 
NO-mediated pulmonary vasodilatation is impaired in 
left-sided heart disease. Pother et al. assessed pulmonary 
artery diameter with intravascular ultrasonography and 
reported vessel dilatation when acetylcholine was infused 
in patients with LV dysfunction and normal pulmonary 
artery pressure, but dilatation was refractory when the 
baseline pressure was elevated.37 Data that support atten-
uation or loss of NO-dependent vasodilatation as a basic 
contributor to pressure elevation have also been provided 
by recording pulmonary blood flow velocity during 
intrapulmonary infusion of l-NMMA.33 In healthy 
indivi duals and in patients with LV dysfunction with 
normal pulmonary vascular resistance, l-NMMA elic-
ited a conspicuous vasoconstrictor response. This effect 
was attenuated when l-NMMA was infused in patients 
with HF and PH. Notably, vasoconstriction was similar 
in the three groups in response to phenylephrine.

Reversible
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Alveolar-capillary
stress failure

Lung capillaries and alveolar
remodeling

Impairment to gas exchange
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Left atrial pressure
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ET1, a potent vasoconstrictor and platelet-aggregating 
peptide, is stored in pulmonary endothelium and is active 
on two types of receptors: ETA, which promotes vaso-
constriction and cellular growth, and ETB whose vascular 
effects may be either constricting (smooth muscle acti-
vity) or dilating (endothelial cell activity).38 However, the 
net effect of ET1 on pulmonary vessels is constriction,39 
with the ratio of ETA to ETB receptors in human resistance 
and conduit pulmonary vessels being approximately 9:1. 
ET1 might also induce pulmonary vascular remodeling 
by promoting proliferation and hypertrophy of vascular 
smooth muscle cells and collagen synthesis. Pulmonary 
vascular endothelial cells obtained from patients with 
HF and elevated pulmonary pressure show high ET1 
expression.40 Increased plasma ET1 expression has been 
repeatedly shown in experimental models41 and human 
patients with HF,42 and is a powerful predictor of mortal-
ity.43 Despite this evidence, when ET1 receptor antago-
nists have been assessed in clinical trials of patients with 
LV dysfunction, they have repeatedly failed to demon-
strate a sustained clinical benefit.44

Pulmonary hemodynamics
Passive PH
Left-sided PH is described as passive in the early stages, 
to indicate that the elevation of pulmonary arterial 
systolic pressure (PASP) is solely the consequence of 
increased LV filling pressure (PCWP ≥15 mmHg) and 
of a transpulmonary gradient (difference between mPAP 
and PCWP) within normal range (5–9 mmHg), and that 
no component of the PH is derived from abnormalities 
intrinsic to the pulmonary arterial bed. This stage is 
generally referred to as reversible. Studies by Drazner 
et al. investigating a large number of heart transplant 
candidates found a good correlation between PASP and 
PCWP.45 A reduction in PASP was strongly dependent on 
a PCWP reduction, which implies that left-sided filling 
pressures largely determine pulmonary artery pressure 
in HF. Notably, the same group of investigators reported 
a similar behavior in patients with HFpEF,46 suggesting 
that PH is not invariably related to the degree of LV sys-
tolic dysfunction. Evidence also exists for a relationship 
between PASP and indices of LV diastolic function and 
degree of functional mitral regurgitation as derived from 
Doppler echocardiography.47

Reactive PH
As the pulmonary venous pressure continues to increase, 
a large number of patients with HF develop pulmonary 
vascular disease with vasoconstriction and remodeling of 
the pulmonary arterial bed caused by the chronically ele-
vated PCWP. In terms of hemodynamics, these changes 
include elevated PCWP and mPAP, with an augmented 
transpulmonary gradient (>15 mmHg) and usually 
elevated pulmonary vascular resistance. This ‘intrinsic’ 
form of PH may be either reversible or permanent. In the 
latter case, mPAP does not normalize following allevia-
tion of the high downstream pressure, which is a fixed 
arterial component of PH. At this stage, both functional 
and structural abnormalities of the pulmonary vascular 

bed are presumed to exist, and histological changes 
in the vasculature of affected patients may not be dis-
tinguishable from those of patients with precapillary 
PH. An approach proposed in the past to differentiate 
between a passive transmission of the left-sided filling 
pressures and remodeling of the pulmonary venules is 
the incorporation of the diastolic PAP–PCWP gradient 
into the diagnostic work-up of affected patients.48 Use of 
this gradient would avoid the marked flow-dependency 
and pressure-dependency of the mPAP–PCWP gradi-
ent, which can result in a misleading diagnosis of PH.49 
Notably, PCWP might not reflect the true downstream 
pressure in the presence of increased pulmonary venous 
resistance. In this case, the pulmonary arterial occluding 
pressure provides a more accurate estimate of left atrial 
pressure.50

The degree of change in vessel structure and vascu-
lar resistance in response to venous hypertension varies 
widely, which means that the natural evolution of PH is 
very different across the spectrum of patients with HF. 
Specifically, uncertainty exists on the exact time frame of 
the transition from pulmonary hemodynamic reversibil-
ity to irreversibility. The assumption that development 
of a fixed component is closely related to the severity of 
HF has been challenged by the observation that marked 
elevation in mPAP may develop in mild or moderate LV 
dysfunction. In this setting, regardless of whether the 
PH is reversible or fixed, the elevation in PASP would be 
considered out of proportion to the underlying causes of 
HF. Although a precise pathophysiological and clinical 
characterization of this stage is missing because of a lack 
of specifically designed large studies, pharmacological 
and hemodynamic tests of vasoreactivity may help to dis-
tinguish reversible and irreversible structural obstructive 
remodeling of the pulmonary resistance vessels.

An important example of ‘out of proportion’ PH has 
been reported by Lam et al. in a population-based study 
of PH in patients with HF with preserved LVEF and 
systemic hypertension.11 In most hypertensive patients 
symptomatic for HF, an upward shift of the relationship 
between PASP and PCWP was observed, with a higher 
PASP for a similar PCWP than among hypertensive 
asymptomatic individuals, which provides the first evi-
dence of the considerable precapillary pulmonary arterial 
contribution to PH in HFpEF. These findings, although 
intriguing, might be weakened by the use of echo-
cardiography to assess PASP and PCWP, which relies on 
a discernible tricuspid regurgitant jet that was not detect-
able in 13% of patients with HFpEF in this study.11

Right ventricular overload and failure
The right ventricle empties its volume into a very 
low-impedance circulation. In the absence of cardiac 
or pulmonary disease, it has an almost passive role in 
the maintenance of stroke output according to venous 
return and preload. Whereas the normal left ventricle 
can accommodate an acute increase in afterload with 
little or no change in stroke output, the right ventricle 
is quite sensitive to changes in afterload, and responds 
to acute increases in pressure or impedance to ejection 
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with a considerable fall in stroke volume.51 However, the 
right ventricle can activate mechanisms of adaptation to 
a sustained increase in stroke work that enable it to main-
tain a constant output against excessive ejection imped-
ance. The main adaptive mechanism is the development 
of hypertrophy. In patients with severe mitral stenosis, 
massive right ventricular hypertrophy is able to maintain 
a pulmonary artery systolic pressure similar to or higher 
than the systemic pressure. When the excess of afterload 
is long-standing, the right ventricle dilatates, with pro-
gressive transformation of the normal crescent shape 
into a more spherical structure, which leads to tricus-
pid incompetence. The dilated right ventricle increases 
output through the Frank-Starling mechanism. Once 
all mechanisms of contractile reserve are exhausted, 
systemic pressure begins to fall, with a sudden and irre-
versible decrease in right ventricular contractile func-
tion. This sequence of events was first described in 1954 
by Guyton et al. who proposed a model of progressive 
constriction of the pulmonary artery until right ventricu-
lar contractile reserve became exhausted.52 Hypertrophy 
usually decreases right ventricular subendocardial per-
fusion; dilatation results in increased wall stress, which 
enhances the myocardial oxygen need, and, if the peri-
cardium is intact, in compromised LV filling. This effect 
is due to leftward shift of the septum, increase or further 
increase (in the case of LV dilatation) in intrapericardial 
pressure, reducing the transmural filling pressure, which 
represents the true preload of the ventricle.53

When the left ventricle is failing, pulmonary vein and 
capillary pressures are raised and generally lead to the 
pulmonary artery perfusion pressure to rise correspond-
ingly. Alveolar and microvascular injury, remodeling 
of the pulmonary arteries and veins, changes in their 
reactivity to vasoconstrictor stimuli, and alteration in 
endothelial function are considered to be additional and 

principal causes of PH in patients with HF. The ‘restric-
tive’ pattern of pulmonary function and the impeded 
alveolar–capillary gas exchange can affect the pulmonary 
circulation by alveolar hypoxia.4 Finally, the rise in PAP 
may further worsen structural damage to the smaller 
branches of the pulmonary circulation and serve as a 
stimulus for the development of medial hypertrophy.

Occurrence of right-sided ventricular dysfunction and 
tricuspid regurgitation are undesirable in HF, as they 
compromise the ventricular forward output and facili-
tate edema formation by raising the right atrial pressure. 
Other often underestimated but no less important conse-
quences of right atrial pressure elevation include an effect 
against lung lymphatic drainage and interstitial fluid 
accumulation, which can further increase the resistance 
to right ventricular ejection and the cardiac extramural 
pressure. This effect potentially impairs atrial distention 
and release of atrial natriuretic peptides, and increases 
renal venous pressure, with a consequent reduction in 
the pressure driving filtration through the kidney, which 
impairs renal Na+ excretion.54 A progressive right ven-
tricular overload can trigger positive feedback loops that 
might hasten HF evolution towards refractoriness.55,56

More than two-thirds of patients with deterioration of 
LV systolic function have secondary pulmonary pressure 
elevation and impaired right ventricular performance.57 

Development of right ventricular failure is an impor-
tant hallmark of worse prognosis, increasing mortality 
risk more than twofold compared with that in patients 
with similar LV function and preserved right ventricu-
lar performance.57 Table 1 reports studies assessing the 
usefulness of right ventricular dysfunction and failure 
in patients with left-sided PH in prediction of clinical 
events.57–66 For all these considerations, right ventricular 
unloading deserves specific attention as an important 
therapeutic option in left-sided PH.

Table 1 | Predictive value of RV dysfunction and failure in CHF patients with left-sided pulmonary hypertension

Study Number  
of patients

NYHA class RV dysfunction 
measures

Main findings

Polak et al.58 34 II–IV RVEF ≤35 23% event-free survival in CHF patients with 
depressed RV function vs 71% event-free survival 
in CHF patients without RV dysfunction at 2 years

Di Salvo et al.59 67 II–IV RVEF ≤35 RV dysfunction predictor of survival at 2 years

Sun et al.60 100 III–IV RV area/LV area >0.5 RV dilatation predictor of survival at 2 years

Gavazzi et al.61 142 II–IV RVEF ≤20 RV dysfunction predictor of survival at 2 years

Gorcsan et al.62 16 IV RV pressure–volume 
loop and RV contractile 
reserve assessment

RV contractile reserve predictor of short-term 
adverse events

De Groote et al.63 205 II–III RVEF ≤35 RV dysfunction independent predictor of survival

Ghio et al.57 377 III–IV RVEF ≤35 Incremental value of RV dysfunction and PAP in 
survival prediction

Meluzin et al.64 140 II–IV RVMPI >120 RVMPI predictor of survival

Field et al.65 77 III–IV RVMPI RVMPI predictor of survival and increased risk for 
every 0.1 unit increase

Meyer et al.66 2,708 II–III RVEF RVEF <20% predictor of survival and hospitalization

Abbreviations: CHF, chronic heart failure; LV, left ventricular; PAP, pulmonary artery pressure; RV, right ventricular; RVEF, right ventricular ejection fraction; 
RVMPI, right ventricular myocardial performance index.
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Clinical features of left-sided PH
Diagnosis and assessment
Distinctive clinical signs and symptoms of left-sided PH 
are orthopnea and paroxysmal nocturnal dyspnea, which 
are generally not features of other types of PH.30 Clinical 
tests often reveal findings suggestive of left-sided PH. A 
chest X-ray can show pulmonary vascular congestion, 
pleural effusion and, eventually, pulmonary edema. An 
electrocardiogram may show LV hypertrophy rather 
than right ventricular hypertrophy. High-resolution 
chest CT can be helpful because it can reveal a mosaic 
perfusion pattern and ground-glass opacities consis-
tent with chronic pulmonary edema. Invasive measures 
of LV end-diastolic pressure, left atrial pressure, and 
PCWP are required to definitively secure the diagnosis 
of elevated LV filling pressure and pulmonary venous 
hypertension.

Although the burden of HFpEF has been increasingly 
appreciated as one of the main causes of left-sided PH,7–9 
the natural evolution and clinical impact of PH mani-
festations in this condition have not been systematically 
investigated in randomized clinical trials. The HFpEF 
population includes predominantly elderly patients with 
systemic hypertension and LV hypertrophy, coronary 
artery disease, or diabetes and obesity. Given the current 
epidemic increase of this population, readily available 
noninvasive variables suggestive of increased LV filling 
pressure, abnormal LV relaxation, or preserved ejection 
fraction have become extremely important, especially 
in the presence of clinical suspicion of PH of cardiac 
origin.67 Essential in the evaluation of these patients are 
physical examination, chest radiography, and echocar-
diography. Biomarkers are not always sensitive enough 
to differentiate between systolic and diastolic HF. Several 
ultrasonography findings might be suggestive of HFpEF, 
such as the presence of a dilated left atrium, abnormal 
Doppler estimates of mitral and pulmonary venous flow 
velocity, and mitral tissue Doppler velocities. Standard 
Doppler flow indices are determined both by left atrial 
pressure and by LV relaxation, and might overestimate 
LV filling pressure, since they cannot separate the effects 
of LV relaxation from those of preload. Tissue Doppler 
velocities are highly related to LV relaxation and may be 
combined with standard Doppler flow indices in order 
to separate these confounding factors. Accordingly, 
the most reliable correlate of LV end-diastolic pres-
sure and left atrial pressure is the combination of early 
mitral flow velocity (E) with early mitral tissue Doppler 
velocity (E1).68 The use of the E/E1 ratio as a reliable 
estimate of left atrial pressure has been validated in 
heterogeneous groups of patients with cardiac disease 
undergoing right heart catheterization.68 In patients 
with impaired relaxation and elevated left atrial pres-
sure, E is elevated, but E1 is reduced and an E/E1 ratio 
>15 is almost invariably associated with a mean left atrial 
pressure >15 mmHg.68 Although echocardiography pro-
vides important and quite often definitive information 
to ascertain the diagnosis of HFpEF, invasive hemody-
namic assessment with LV pressure–volume loop analy-
sis might still be required.69 Studies assessing pulmonary 

hemodynamics in patients with HFpEF are primarily 
limited to echocardiography. A report on the combined 
assessment of echocardiography-derived and invasive 
pulmonary hemodynamics has provided evidence for 
a precise and comprehensive clinical evaluation when 
these approaches are used together.70

Interesting evidence shows that, in addition to diastolic 
impairment, an important determinant of PH in patients 
with LV dysfunction is the extent of functional mitral 
regurgitation, namely the size of the mitral valve regurgi-
tant orifice.47 An increased regurgitant mitral area is also 
a strong predictor of increased pulmonary pressure and 
development of acute pulmonary edema in patients with 
functional mitral regurgitation due to ischemic heart 
disease.71 A role of mitral insufficiency as a contributory 
factor for the development of PH is also suspected in 
patients with HFpEF, although this relationship has not 
yet been addressed in properly designed trials.72

Volume or exercise challenges can unmask cases of left-
sided PH that are not detectable at rest due to unload-
ing and diuretic therapies. A vasodilator73 or inotropic74 
challenge during diagnostic cardiac catheterization is 
useful for evaluating changes in PCWP during cardiac 
output increase. A classic clinical example of exercise-
induced increase in PCWP in patients with HFpEF was 
reported by Kitzman et al. in a group of selected patients 
with severe clinical HF, but with normal systolic func-
tion and LV concentric hypertrophy.75 Compared with 
age-matched and gender-matched controls, patients with 
HFpEF showed no increase in their LV end-diastolic 
volumes and had a marked PCWP increase to hydro-
static capillary pressures >25 mmHg. In another report, 
406 unselected consecutive patients referred for unex-
plained dyspnea due to various causes of PH underwent 
invasive hemodynamic assessment.76 Interestingly, 48% 
of patients developed exercise-induced PH owing to LV 
failure, and LV diastolic dysfunction represented one of 
the largest categories of unexplained exertional dyspnea. 
Assessment of functional mitral regurgitation might also 
be appropriate during exercise testing, given the very 
likely possibility that patients with no or minimal mitral 
regurgitation at rest develop severe insufficiency during 
exercise, which is another important clinical determinant 
of left-sided PH.47,77

Clinical correlates of left-sided PH
Exertional dyspnea is the most common symptom of 
left-sided PH as a result of several pathophysiologi-
cal impairments that can be revealed by the analysis of 
gas exchange during exercise with cardiopulmonary 
testing.78 The pulmonary vasculature considerably influ-
ences exercise capacity in HF patients with secondary 
PH. Pulmonary vascular resistance can remain elevated 
throughout a maximal exercise test, which imposes an 
increased load to the right ventricle; a positive correlation 
between right ventricular ejection fraction and peak VO2 
(maximal oxygen uptake) is present in patients referred 
for cardiac transplantation.78 Of note, patients with HF 
display a number of ventilatory abnormalities that are, at 
least in part, related to the development of left-sided PH. 
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In patients with stable HF, an impaired exercise ventila-
tion efficiency, as assessed by the steepness of the rela-
tionship between ventilation and CO2 production rate 
(VE/VCO2 slope), is related to pulmonary vasoconstric-
tion, elevated PASP,79 pulmonary vascular tone, and RV 
function.80 This observation has important implications, 
considering the established strong predictive value of the 
VE/VCO2 slope for adverse clinical events in both sys-
tolic and diastolic HF.81,82 Remarkably, some patients with 
LV dysfunction exhibit an oscillatory ventilatory pattern 
during exercise. This phenomenon is characterized by a 
cyclic increase and decrease of expired gases, and carries 
an unfavorable prognosis83 that correlates with pulmo-
nary hemodynamics, especially PCWP, which may disap-
pear after correction of pulmonary vasoconstriction with 
nitroprusside infusion.84

The relationship between sleep-disordered breathing 
and pulmonary hemodynamics in HF is being increas-
ingly recognized. In HF patients with elevated PCWP, 
the incidence of central sleep apnea is frequent, and a 
strong relationship exists between PCWP, hypocapnia, 
and central apnea severity.85

Morbidity and mortality
The extent of left-sided PH is an important determi-
nant of morbidity and mortality in patients with HF. An 
increased mortality and hospitalization rate is reported 
in HF patients with PH determined by echocardiog-
raphy,86 and PASP is an independent predictor of the 
need for cardiac transplantation.87 At least two-thirds 
of patients with severe systolic LV dysfunction have PH 
with associated right ventricular failure, and mortality 
associated with biventricular failure is twofold higher 
than isolated LV failure.57 Observations obtained from 
2,008 patients enrolled in the BEST trial have highlighted 
a right ventricular ejection fraction <20% as an indepen-
dent predictor of mortality and hospitalization for HF.66 
Development of right ventricular failure might also be 
an important concern for patients who received a heart 
transplant, and data from the International Society of 
Heart Transplantation registry indicate that right ven-
tricular dysfunction accounts for 50% of all cardiac 
complications and 19% of early deaths in this patient 
population.88

Therapeutic approaches
Pharmacological agents
Early experience with drugs currently used for patients 
with other categories of pulmonary arterial hypertension 
that target the pulmonary vasculature and right ventric-
ular ejection impedance has been quite disappointing. 
These poor results might be caused by the use of selective 
pulmonary vasodilators in patients with elevated PCWP, 
which substantially raises the likelihood of rapid clinical 
deterioration, possibly owing to an abrupt increase in 
right ventricular output in the setting of a lowered pul-
monary capillary and venous pressure. Clinical studies 
assessing drugs used in the long-term treatment of pul-
monary arterial hypertension in patients with HF are 
summarized in Table 2.

Prostaglandins
Prostaglandins are powerful vasodilators and a corner-
stone therapy for the treatment of precapillary pulmo-
nary arterial hypertension. Initial observations obtained 
in left-sided PH with acute administration of intravenous 
prostacyclin documented a decrease in PCWP and pul-
monary vascular resistance, and an increase in cardiac 
index; however, these effects were paralleled by a drop in 
systemic arterial pressure and resistance, with a conse-
quent rise in plasma concentrations of epinephrine, nor-
epinephrine, renin, and aldosterone.89 A small number 
of nonrandomized trials have shown a trend towards 
improved outcomes through intermittent infusion of 
prostaglandin E1.90 Epoprostenol added to conven-
tional therapy improved performance of the 6 min walk 
test distance.91 In patients undergoing assessment for 
cardiac transplantation, inhaled iloprost—a prostacyclin 
analog—improved arterial pressure, PCWP, and vascu-
lar resistance.92 In the Flolan International Randomized 
Trial (FIRST), however, in which patients with advanced 
HF were treated with intravenous epoprostenol, a strong 
trend towards decreased survival was reported in treated 
patients despite improvement in PCWP and cardiac 
index. These results led to the trial being prematurely 
terminated.93 A positive inotropic effect of epoprostenol 
was postulated as a potential cause of increased mortal-
ity. Importantly, PH with left-sided heart disease was not 
a prespecified inclusion criterium in this trial.

ET1 receptor blockers
ET1 is one of the most potent natural vasoconstrictors, 
with a crucial role in the regulation of vascular tone. 
Benefits of ET1 receptor antagonists, however, seem to 
be confined to experimental models. In animals, non-
selective and selective ET1 antagonists improved cardiac 
remodeling and survival.94 Blockade of the ET1 receptor 
subtype ETA in a dog model, in which HF was induced 
by rapid ventricular pacing, decreased pulmonary vas-
cular resistance whereas an ETB antagonist produced the 
opposite effect.95

Acute and short-term effects of intravenous nonse-
lective ET1 blockade with bosentan in humans included 
a reduction in mPAP, right atrial pressure, PCWP, and 
pulmonary vascular resistance, as well as an increased 
cardiac and stroke volume index without changes in heart 
rate.96 Nonetheless, a series of large-scale trials assessing 
the effects of bosentan in patients with chronic HF had 
discouraging results.97–102 In the Endothelin Antagonist 
Bosentan for Lowering Cardiac Events in Heart Failure 
(ENABLE) study,97 treatment with bosentan increased 
the risk of worsening HF. Packer et al. found that use of 
bosentan caused an increased risk of HF during the first 
month of treatment, but a decreased risk of HF during 
the fourth, fifth, and sixth months of therapy compared 
with placebo.98 The major noncardiac adverse effects of 
bosentan included an increase in serum transaminases 
(in 15.6% of patients), and a decrease in hemoglobin.98 
In the only long-term trial in which left-sided PH was a 
prespecified end point, patients receiving bosentan expe-
rienced more serious adverse events than controls.99
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Short-term administration of darusentan improved 
cardiac index in the Heart Failure ET(A) Receptor 
Blockade Trial (HEAT),100 but did not change PCWP, 
pulmonary vascular resistance, or right atrial pressure. 
Of note, a trend towards increased mortality and early 
exacerbation of HF was observed. In the EndothelinA 
Receptor Antagonist Trial in Heart Failure (EARTH),101 
blockade of ET1 with darusentan did not improve 
outcomes in patients with chronic HF. Tezosentan, 
a short-acting intravenous ET1 receptor antagonist, 
did not reduce the incidence of death or worsening of 
HF.102 Initial results with the selective ETA antagonist 

sitaxentan were promising concerning pulmonary 
hemo dynamics.103 According to the present evidence, 
therefore, no clinical support exists for the use of non-
selective and selective ET1 antagonists in the treatment 
of LV failure and left-sided PH.

Inhaled nitric oxide
Owing to the involvement of NO in the regulation 
of pulmonary vessel tone and motility, strategies for 
manipu lating NO activity in the lung circulation are of 
considerable interest. Inhaled NO diffuses rapidly across 
the alveolar–capillary membrane into the smooth muscle 

Table 2 | Studies assessing treatment in CHF patients with left-sided pulmonary hypertension

Study and 
number of 
patients

Study design Therapy Population Findings and outcome

Serra et al.90

(n = 22)
Prospective, controlled, 
nonrandomized study

PGE1 10 ng/kg/min IV 
infusion for a total of 24 h 
over 3 consecutive days 
every 3 months

Advanced HF, 
NYHA class III–IV

PASP decrease from 57.7 mmHg to 48.8 mmHg 
(P <0.01)
Signi"cant improvement in LVEF and in NYHA class
36-month survival: 72.7% in the PGE1 group and 56% 
in the control group (NS)

Sueta et al.91

(n = 33)
Prospective, controlled, 
nonrandomized study

Prostacyclin continuous IV 
infusion for 12 weeks

Advanced HF, 
NYHA class III–IV

Increase in 6 min walk test distance

Califf et al.93

FIRST (n = 471)
Prospective, controlled, 
nonrandomized study

Epoprostenol 4 ng/kg/min 
IV infusion for 2 years

Advanced HF, 
NYHA class III–IV

No improvement in quality of life and increased 
mortality

ENABLE97

(n = 1,600)
Prospective, placebo-
controlled, randomized study

Bosentan 62.5 mg twice 
daily for 4 weeks, then 
125 mg twice daily for 
1.5 years

Advanced HF, 
NYHA class III–IV

Early risk of worsening HF necessitating hospitalization 
as a consequence of #uid retention

Packer et al.98

REACH-1
(n = 370)

Double-blind, placebo-
controlled, randomized study

Bosentan 500 mg twice 
a week

Advanced HF, 
NYHA class III–IV 

Terminated early owing to detection of liver function 
test abnormalities in the treated group 

Lüscher 
et al.100

HEAT (n = 157)

Double-blind, placebo-
controlled, randomized study

Randomization to either 
30, 100, or 300 mg 
darusentan or placebo 
for 3 weeks

Advanced HF, 
NYHA class III

Increase in cardiac index (P <0.0001 versus placebo)
PCWP, PAP, PVR, and right atrial pressure unchanged
Heart rate, MAP, and plasma catecholamine levels 
unaltered, but SVR decreased signi"cantly (P = 0.0001)
Higher doses were associated with a higher incidence 
of adverse events (including death), particularly early 
exacerbation of CHF without further bene"t as 
compared with moderate doses

Kaluski et al.99

(n = 84)
Multicenter, double-blind, 
placebo-controlled, 
randomized study

Bosentan 8–125 mg twice 
daily for 20 weeks

Advanced HF, 
NYHA class III–IV
Systolic PAP >40 mmHg

No differences in systolic PAP changes
Patients in the bosentan arm experienced a higher 
incidence of serious adverse events

Anand et al.101

EARTH 
(n = 642)

Parallel, placebo-controlled, 
randomized study

Randomization to either 
10, 25, 50, 100, or 300 mg 
darusentan or placebo

Advanced HF, 
NYHA class II–IV

No changes on LV remodeling

Givertz et al.103

(n = 48)
Multicenter, double-blind, 
placebo-controlled, 
randomized trial

Randomization to either 
1.5, 3, or 6 mg/kg 
sitaxsentan or placebo as 
IV infusion over 15 min

Advanced HF, 
NYHA class III–IV

Signi"cant decrease in PASP, PVR, mPAP, and right 
atrial pressure
No effect on heart rate, MAP, PCWP, cardiac index, or 
SVR

Guazzi et al.118

(n = 16)
Double-blind, placebo-
controlled, randomized study

Oral sildena"l 50 mg three 
times a day for 6 months

Stable CHF 
with moderate PH

Signi"cant decrease in PASP (P <0.01)

Lewis et al.119

(n = 13)
Double-blind, placebo-
controlled, randomized study

Oral sildena"l 25 mg to 
50 mg three times a day for 
3 months

Stable CHF 
with moderate PH

Signi"cant decrease in resting and exercise PVR 
without changes in PCWP (P = 0.008)

Behling et al.120

(n = 19)
Double-blind, placebo-
controlled, randomized study

Oral sildena"l 50 mg three 
times a day for 3 months

Stable CHF 
with moderate PH

Signi"cant decrease in PASP (P = 0.003)

Tedford et al.121

(n = 57)
Placebo-controlled, 
randomized study

Oral sildena"l 75 mg three 
times a day for 3 months

Advanced HF with 
moderate to severe PH

Signi"cant decrease in mPAP and PVR (P <0.05)

Abbreviations: CHF, chronic heart failure; HF, heart failure; IV, intravenous; LV, left ventricular; LVEF, LV ejection fraction; MAP, mean arterial pressure; mPAP, mean PAP; NS, nonsignificant; PAP, 
pulmonary arterial pressure; PASP, pulmonary arterial systolic pressure; PCWP, pulmonary capillary wedge pressure; PGE1, prostaglandin E1; PH, pulmonary hypertension; PVR, pulmonary 
vascular resistance; SVR, systemic vascular resistance.
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of pulmonary vessels, and concentrations from 5–80 ppm 
have been tested for the treatment of advanced left-sided 
PH, especially after LV assist device (LVAD) placement 
and after transplantation. In patients with a LVAD, 
inhaled NO reduces PAP and increases LVAD flow.104 In 
post-transplant PH management, inhaled NO induced 
a selective decrease in pulmonary vascular resistance, 
whereas intravenous prostacyclin, prostaglandin E1, 
and sodium nitroprusside did not; no changes in sys-
temic resistance were observed with NO treatment.105 
In contrast to these favorable results, other investigators 
reported that NO treatment did not significantly change 
PAP and led to a rise in PCWP, which was possibly due 
to an increased preload of a poorly compliant left ven-
tricle.106,107 This condition has been observed to lead to 
development of acute alveolar edema in some cases.108 
Because of its short half-life, NO has to be administered 
continuously, and even short interruptions might cause 
a sudden rebound of PH, leading to a decrease in cardiac 
output and systemic hypotension.109

PDE5 inhibitors
Interest in the use of phosphodiesterase-5 (PDE5) inhibi-
tors as a means to improve the NO pathway in the lung 
has been increasing. PDE5 is the predominant isoenzyme 
that metabolizes cyclic 3'-5'-guanosine monophosphate 
(cGMP)—the second messenger of the NO pathway—
which is highly expressed in the smooth muscle cells of 
pulmonary arteries and veins of the normal lung. PDE5 
activity is increased in several experimental models of 
PH.110 Interestingly, inhibition of PDE5 with sildena-
fil restores a normal cGMP transpulmonary gradi-
ent in patients with HF and high pulmonary vascular 
resistance.111

Sildenafil is effective in various forms of human PH, 
such as idiopathic PH, PH associated with repaired con-
genital systemic-to-pulmonary shunts, and PH second-
ary to diseases of the connective tissue; sildenafil is also 
an approved treatment for Group 1 pulmonary arterial 
hypertension.112 In contrast to other pulmonary vasodila-
tors, evidence is accumulating that PDE5 inhibitors have 
a valuable role as right ventricular unloading agents in 
HF.113 Indeed, in patients with left-sided PH of varying 
severity, both acute (25 mg or 50 mg)111,114–117 and chronic 
(75 mg or 150 mg per day)118–121 oral sildenafil therapy is 
well tolerated. In these patients, sildenafil showed a spe-
cific pulmonary vascular selectivity (decrease in PASP 
and pulmonary vascular resistance) without substantial 
changes in systemic arterial pressure and resistance. 
No cases of pulmonary edema have been reported in 
these studies. The improvement in alveolar–capillary 
membrane conductance achieved with sildenafil in 
this category of patients is noteworthy, as it indicates 
an important role for NO in the facilitation of alveolar 
gas conductance.116 Sildenafil might also eliminate or 
attenuate a component of alveolar hypoxia and improve 
functional capacity in HF. Three studies have specifically 
addressed the hemodynamic and functional effects of 
chronic sildenafil therapy in patients with stable HF 
already receiving an optimal drug treatment.112-116 A 

sustained lowering effect on PAP and pulmonary vascu-
lar resistance was observed, as well as an improvement in 
peak aerobic capacity and ventilation efficiency, as docu-
mented by a reduced VE/VCO2 slope.112–116 Sildenafil has 
also been investigated in patients with severe HF with 
persistent PAP elevation, despite LV unloading with 
implantation of LVADs.121 After 2–4 weeks of PDE5 inhi-
bition with sildenafil, a ~50% reduction in pulmonary 
vascular resistance and a ~30% decrease in mPAP were 
observed. According to one report, nitrate combined 
with sildenafil exerted synergistic pulmonary vasodi-
lating activity without adverse systemic hemodynamic 
consequences in patients with advanced HF, high PAP, 
and low systemic arterial pressure.122 Finally, in patients 
with severe PH unresponsive to the acute vasoreactivity 
test with prostaglandin E1, sildenafil promoted revers-
ibility,111 indicating that PDE5 inhibition would be of 
help in the assessment of true irreversible pulmonary 
hypertensive states.

The clinical experience on inhibition of PDE5 with 
sildenafil in left-sided PH has been gained in patients 
with systolic HF who had primarily mild to moderate 
PH. No studies have been performed in patients with 
HFpEF or in other relevant clinical conditions, such as 
valvular heart diseases and acute HF. Nonetheless, the 
use of PDE5 inhibitors as right ventricular unloading 
agents in HF is currently an open and promising field 
of investigation. A better appreciation of the potential 
benefits derived from the use of this class of compounds 
will be likely to enable advancements in the control of HF 
with respect to the retrograde effects of left-sided PH.

Nonpharmacological agents
Cardiac resynchronization therapy
Cardiac resynchronization therapy (CRT) is a class IIa 
level of evidence B therapy in systolic HF.123 Most of the 
studies investigating the benefits of CRT in patients with 
HF have focused on the systemic hemodynamic and LV 
reverse remodeling effects of this approach.124 Substantial 
improvement in pulmonary hemodynamics has been 
noted in some studies.125,126 In a single case report of a 
patient with advanced HF and pulmonary vasoreactivity 
tests documenting fixed PH and unchanged pulmonary 
vascular resistance, CRT therapy modulated pulmonary 
hemodynamics to the point in which the patient became 
eligible for cardiac transplantation.125 In 56 patients 
with end-stage HF, Blecker et al. reported a reversal of 
right ventricular remodeling and a decrease in PAP in 
patients receiving CRT therapy.126 This finding was par-
tially reproduced by Shalaby et al., who documented the 
utility of noninvasive PASP monitoring for the clinical 
and prognostic follow-up of HF patients with left-sided 
PH and CRT device implantation.127

LV assist devices
LVADs are an important therapeutic resource as a 
‘bridge’ to heart transplantation. When pharmacologi-
cal interventions fail to decrease pulmonary vascular 
resistance sufficiently to allow for heart transplantation, 
LVAD implantation may definitively promote reverse 
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Conclusions
PH with left-sided heart disease is a common clinical 
entity that usually develops as a consequence of impaired 
LV relaxation and distensibility. Elevated pressure leads 
to a cascade of adverse anatomical and functional effects 
on the pulmonary capillaries, arterial and venous circu-
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with left-sided heart disease is an important determinant 
of morbidity and mortality, and patients with this condi-
tion have an increased risk of developing right ventricular 
failure. Developing novel therapeutic interventions aimed 
at targeting left-sided PH is an important challenge for 

the clinician. Promising results have been seen with the 
use of PDE5 inhibitors owing to their strong selectivity for 
targeting the NO pathway in the pulmonary circulation. 
At present, however, precise guidelines on the most bene-
ficial and cost-effective strategies for the treatment of PH 
with left-sided heart disease are still to be provided.

Review criteria

A search was performed in MEDLINE and PubMed for 
original articles published between 1950 and 2009 
that focused on left-sided pulmonary hypertension and 
heart failure. The search terms used were “pulmonary 
hypertension”, “secondary pulmonary hypertension”, 
“post-capillary pulmonary hypertension”, “systolic heart 
failure”, and “diastolic heart failure”. The literature 
search was limited to full-text articles in the English 
language. We also searched the reference lists of 
identified articles for further papers, as well as published 
abstracts from international scientific conferences.

REVIEWS



NATURE REVIEWS | CARDIOLOGY  ADVANCE ONLINE PUBLICATION | 11

38. Yanagisawa, M. et al. A novel potent 
vasoconstrictor peptide produced by vascular 
endothelial cells. Nature 332, 411–415 (1988).

39. Fukuroda, T. et al. Endothelin receptor subtypes 
in human versus rabbit pulmonary arteries. 
J. Appl. Physiol. 76, 1976–1982 (1994).

40. Giaid, A. et al. Expression of endothelin-1 in the 
lungs of patients with pulmonary hypertension. 
N. Engl. J. Med. 328, 1732–1739 (1993).

41. Ray, L. et al. Early increase in pulmonary 
vascular reactivity with overexpression of 
endothelin-1 and vascular endothelial growth 
factor in canine experimental heart failure. Exp. 
Physiol. 93, 434–442 (2008).

42. Cody, R. J., Haas, G. J., Binkley, P. F., Capers, Q. & 
Kelley, R. Plasma endothelin correlates with the 
extent of pulmonary hypertension in patients 
with chronic congestive heart failure. Circulation 
85, 504–509 (1992).

43. Hülsmann, M. et al. Value of cardiopulmonary 
exercise testing and big endothelin plasma 
levels to predict short-term prognosis of patients 
with chronic heart failure. J. Am. Coll. Cardiol. 32, 
1695–1700 (1998).

44. Rich, S. & McLaughlin, V. V. Endothelin receptor 
blockers in cardiovascular disease. Circulation 
108, 2184–2190 (2003).

45. Drazner, M. H. et al. Relationship between right 
and left-sided filling pressures in 1000 patients 
with advanced heart failure. J. Heart Lung 
Transplant. 18, 1126–1132 (1999).

46. Drazner, M. H. et al. The relationship of right- and 
left-sided filling pressures in patients with heart 
failure and a preserved ejection fraction. Circ. 
Heart Fail. 3, 202–206 (2010).

47. Enriquez-Sarano, M., Rossi, A., Seward, J. B., 
Bailey, K. R. & Tajik, A. J. Determinants of 
pulmonary hypertension in left ventricular 
dysfunction. J. Am. Coll. Cardiol. 29, 153–159 
(1997).

48. Buchbinder, N. & Ganz, W. Hemodynamic 
monitoring: invasive techniques. Anesthesiology 
45, 146–155 (1976).

49. Chemla, D., Castelain, V., Hervé, P., 
Lecarpentier, Y. & Brimioulle, S. Haemodynamic 
evaluation of pulmonary hypertension. 
Eur. Respir. J. 20, 1314–1331 (2002).

50. Kafi, S. A., Mélot, C., Vachiéry, J. L., 
Brimioulle, S. & Naeije, R. Partitioning of 
pulmonary vascular resistance in primary 
pulmonary hypertension. J. Am. Coll. Cardiol. 31, 
1372–1376 (1998).

51. Klinger, J. R. & Hill, N. S. Right ventricular 
dysfunction in chronic obstructive pulmonary 
disease. Chest 99, 715–723 (1991).

52. Guyton, A. C., Lindsey, A. W. & Gilluly, J. J. The 
limits of right ventricular compensation following 
acute increase in pulmonary circulatory 
resistance. Circ. Res. 2, 326–332 (1954).

53. Guazzi, M. et al. How the left and right sides of 
the heart, as well as pulmonary venous 
drainage, adapt to an increasing degree of 
head-up tilting in hypertrophic cardiomyopathy: 
differences from the normal heart. J. Am. Coll. 
Cardiol. 36, 185–193 (2000).

54. Skorecki, K. L., Winaver, J. & Abassi, Z. in The 
Kidney 8th edn Ch. 12 (ed. Brenner, B. M.) 398–
458 (Saunders, Philadelphia, 2008).

55. Marenzi, G. et al. Interrelation of humoral 
factors, hemodynamics, and fluid and salt 
metabolism in congestive heart failure: effects 
of extracorporeal ultrafiltration. Am. J. Med. 94, 
49–56 (1993).

56. Guazzi, M. D. et al. Apparent paradox of 
neurohumoral axis inhibition after body fluid 
volume depletion in patients with chronic 
congestive heart failure and water retention. Br. 
Heart J. 72, 534–539 (1994).

57. Ghio, S. et al. Independent and additive 
prognostic value of right ventricular systolic 
function and pulmonary artery pressure in 
patients with chronic heart failure. J. Am. Coll. 
Cardiol. 37, 183–188 (2001).

58. Polak, J. F., Holman, B. L., Wynne, J. & Colucci, 
W. S. Right ventricular ejection fraction: an 
indicator of increased mortality in patients with 
congestive heart failure associated with 
coronary artery disease. J. Am. Coll. Cardiol. 2, 
217–224 (1983).

59. Di Salvo, T. G., Mathier, M., Semigran, M. J. & 
Dec, G. W. Preserved right ventricular ejection 
fraction predicts exercise capacity and survival 
in advanced heart failure. J. Am. Coll. Cardiol. 25, 
1143–1153 (1995).

60. Sun, J. P. et al. Comparison of mortality rates and 
progression of left ventricular dysfunction in 
patients with idiopathic dilated cardiomyopathy 
and dilated versus nondilated right ventricular 
cavities. Am. J. Cardiol. 80, 1583–1587 (1997).

61. Gavazzi, A. et al. Value of right ventricular 
ejection fraction in predicting short-term 
prognosis of patients with severe chronic heart 
failure. J. Heart Lung Transplant. 16, 774–785 
(1997).

62. Gorcsan, J. 3rd, Murali, S., Counihan, P. J., 
Mandarino, W. A. & Kormos, R. L. Right 
ventricular performance and contractile reserve 
in patients with severe heart failure. 
Assessment by pressure-area relations and 
association with outcome. Circulation 94,  
3190–3197 (1996).

63. de Groote, P. et al. Right ventricular ejection 
fraction is an independent predictor of survival 
in patients with moderate heart failure. J. Am. 
Coll. Cardiol. 32, 948–954 (1998).

64. Meluzin, J. et al. Prognostic importance of 
various echocardiographic right ventricular 
functional parameters in patients with 
symptomatic heart failure. J. Am. Soc. 
Echocardiogr. 18, 435–444 (2005).

65. Field, M. E. et al. Right ventricular dysfunction 
and adverse outcome in patients with advanced 
heart failure. J. Card. Fail. 12, 616–620 (2006).

66. Meyer, P. et al. Effects of right ventricular ejection 
fraction on outcomes in chronic systolic heart 
failure. Circulation 121, 252–258 (2010).

67. Lester, S. J. et al. Unlocking the mysteries of 
diastolic function: deciphering the Rosetta 
Stone 10 years later. J. Am. Coll. Cardiol. 51, 
679–689 (2008).

68. Nagueh, S. F., Middleton, K. J., Kopelen, H. A., 
Zoghbi, W. A. & Quiñones, M. A. Doppler tissue 
imaging: a noninvasive technique for evaluation 
of left ventricular relaxation and estimation of 
filling pressures. J. Am. Coll. Cardiol. 30,  
1527–1533 (1997).

69. Lam, C. S. Heart failure with preserved ejection 
fraction: invasive solution to diagnostic 
confusion? J. Am. Coll. Cardiol. 55, 1711–1712 
(2010).

70. Fiack, C. A. & Farber, H. W. Pulmonary 
hypertension associated with left ventricular 
diastolic dysfunction. J. Heart Lung Transplant. 
29, 230–231 (2010).

71. Piérard, L. A. & Lancellotti, P. The role of 
ischemic mitral regurgitation in the 
pathogenesis of acute pulmonary edema. 
N. Engl. J. Med. 351, 1627–1634 (2004).

72. Guazzi, M. Pulmonary hypertension in heart 
failure with preserved ejection fraction any 
pathophysiological role of mitral regurgitation. 
J. Am. Coll. Cardiol. 54, 1191–1192 (2009).

73. Costard-Jäckle, A. & Fowler, M. B. Influence of 
preoperative pulmonary artery pressure on 
mortality after heart transplantation: testing of 
potential reversibility of pulmonary hypertension 

with nitroprusside is useful in defining a high 
risk group. J. Am. Coll. Cardiol. 19, 48–54 (1992).

74. Givertz, M. M., Hare, J. M., Loh, E., Gauthier, D. F. 
& Colucci, W. S. Effect of bolus milrinone on 
hemodynamic variables and pulmonary vascular 
resistance in patients with severe left ventricular 
dysfunction: a rapid test for reversibility of 
pulmonary hypertension. J. Am. Coll. Cardiol. 28, 
1775–1780 (1996).

75. Kitzman, D. W., Higginbotham, M. B., Cobb, F. R., 
Sheikh, K. H. & Sullivan, M. J. Exercise 
intolerance in patients with heart failure and 
preserved left ventricular systolic function: 
failure of the Frank-Starling mechanism. J. Am. 
Coll. Cardiol. 17, 1065–1072 (1991).

76. Tolle, J. J., Waxman, A. B., Van Horn, T. L., 
Pappagianopoulos, P. P. & Systrom, D. M. 
Exercise-induced pulmonary arterial 
hypertension. Circulation 118, 2183–2189 
(2008).

77. Tumminello, G., Lancellotti, P., Lempereur, M., 
D’Orio, V. & Pierard, L. A. Determinants of 
pulmonary artery hypertension at rest and 
during exercise in patients with heart failure. 
Eur. Heart J. 28, 569–574 (2007).

78. Butler, J., Chomsky, D. B. & Wilson, J. R. 
Pulmonary hypertension and exercise 
intolerance in patients with heart failure. J. Am. 
Coll. Cardiol. 34, 1802–1806 (1999).

79. Reindl, I. et al. Impaired ventilatory efficiency in 
chronic heart failure: possible role of pulmonary 
vasoconstriction. Am. Heart J. 136, 778–785 
(1998).

80. Lewis, G. D., Shah, R. V., Pappagianopolas, P. P., 
Systrom, D. M. & Semigran, M. J. Determinants 
of ventilatory efficiency in heart failure: the role 
of right ventricular performance and pulmonary 
vascular tone. Circ. Heart Fail. 1, 227–233 
(2008).

81. Guazzi, M., Myers, J. & Arena, R. Cardiopulmonary 
exercise testing in the clinical and prognostic 
assessment of diastolic heart failure. J. Am. Coll. 
Cardiol. 46, 1883–1890 (2005).

82. Arena, R. et al. Development of a ventilatory 
classification system in patients with heart 
failure. Circulation 115, 2410–2417 (2007).

83. Guazzi, M. et al. Exercise oscillatory ventilation 
may predict sudden cardiac death in heart 
failure patients. J. Am. Coll. Cardiol. 50, 299–308 
(2007).

84. Olson, T. P. et al. Effects of acute changes in 
pulmonary wedge pressure on periodic breathing 
at rest in heart failure patients. Am. Heart J. 
153, 104.e1–104.e7 (2007).

85. Solin, P. et al. Influence of pulmonary capillary 
wedge pressure on central apnea in heart 
failure. Circulation 99, 1574–1579 (1999).

86. Abramson, S. V. et al. Pulmonary hypertension 
predicts mortality and morbidity in patients with 
dilated cardiomyopathy. Ann. Intern. Med. 116, 
888–895 (1992).

87. Rickenbacher, P. R. et al. Transplant candidates 
with severe left ventricular dysfunction managed 
with medical treatment: characteristics and 
survival. J. Am. Coll. Cardiol. 27, 1192–1197 
(1996).

88. Hosenpud, J. D., Bennett, L. E., Keck, B. M., 
Boucek, M. M. & Novick, R. J. The Registry of the 
International Society for Heart and Lung 
Transplantation: seventeenth official 
report—2000. J. Heart Lung Transplant. 19, 
909–931 (2000).

89. Yui, Y., Nakajima, H., Kawai, C. & Murakami, T. 
Prostacyclin therapy in patients with congestive 
heart failure. Am. J. Cardiol. 50, 320–324 
(1982).

90. Serra, W., Musiari, L., Ardissino, D., Gherli, T. & 
Montanari, A. Benefit of prostaglandin infusion 

REVIEWS



12 | ADVANCE ONLINE PUBLICATION www.nature.com/nrcardio

in severe heart failure: preliminary clinical 
experience of repetitive administration. Int. J. 
Cardiol. doi:10.1016/j.ijcard.2008.12.173.

91. Sueta, C. A. et al. Safety and efficacy of 
epoprostenol in patients with severe congestive 
heart failure. Epoprostenol Multicenter Research 
Group. Am. J. Cardiol. 75, 34A–43A (1995).

92. Sablotzki, A. et al. Iloprost improves 
hemodynamics in patients with severe chronic 
cardiac failure and secondary pulmonary 
hypertension. Can. J. Anaesth. 49, 1076–1080 
(2002).

93. Califf, R. M. et al. A randomized controlled trial of 
epoprostenol therapy for severe congestive 
heart failure: The Flolan International 
Randomized Survival Trial (FIRST). Am. Heart J. 
134, 44–54 (1997).

94. Mulder, P. et al. Role of endogenous endothelin in 
chronic heart failure: effect of long-term 
treatment with an endothelin antagonist on 
survival, hemodynamics, and cardiac 
remodeling. Circulation 96, 1976–1982 (1997).

95. Wada, A. et al. Comparison of the effects of 
selective endothelin ETA and ETB receptor 
antagonists in congestive heart failure. J. Am. 
Coll. Cardiol. 30, 1385–1392 (1997).

96. Sütsch, G. et al. Short-term oral endothelin-
receptor antagonist therapy in conventionally 
treated patients with symptomatic severe 
chronic heart failure. Circulation 98, 2262–2268 
(1998).

97. Kalra, P. R., Moon, J. C. & Coats, A. J. Do results 
of the ENABLE (Endothelin Antagonist Bosentan 
for Lowering Cardiac Events in Heart Failure) 
study spell the end for non-selective endothelin 
antagonism in heart failure? Int. J. Cardiol. 85, 
195–197 (2002).

98. Packer, M. et al. Clinical effects of endothelin 
receptor antagonism with bosentan in patients 
with severe chronic heart failure: results of a 
pilot study. J. Card. Fail. 11, 12–20 (2005).

99. Kaluski, E. et al. Clinical and hemodynamic 
effects of bosentan dose optimization in 
symptomatic heart failure patients with severe 
systolic dysfunction, associated with secondary 
pulmonary hypertension—a multi-center 
randomized study. Cardiology 109, 273–280 
(2008).

100. Lüscher, T. F. et al. Hemodynamic and 
neurohumoral effects of selective endothelin A 
(ET(A)) receptor blockade in chronic heart failure: 
the Heart Failure ET(A) Receptor Blockade Trial 
(HEAT). Circulation 106, 2666–2672 (2002).

101. Anand, I. et al. Long-term effects of darusentan 
on left-ventricular remodelling and clinical 
outcomes in the EndothelinA Receptor 
Antagonist Trial in Heart Failure (EARTH): 
randomised, double-blind, placebo-controlled 
trial. Lancet 364, 347–354 (2004).

102. McMurray, J. J. et al. Effects of tezosentan on 
symptoms and clinical outcomes in patients with 
acute heart failure: the VERITAS randomized 
controlled trials. JAMA 298, 2009–2019 (2007).

103. Givertz, M. M. et al. Acute endothelin A receptor 
blockade causes selective pulmonary 
vasodilation in patients with chronic heart 

failure. Circulation 101, 2922–2927 (2000).
104. Argenziano, M. et al. Randomized, double-blind 

trial of inhaled nitric oxide in LVAD recipients with 
pulmonary hypertension. Ann. Thorac. Surg. 65, 
340–345 (1998).

105. Kieler-Jensen, N., Lundin, S. & Ricksten, S. E. 
Vasodilator therapy after heart transplantation: 
effects of inhaled nitric oxide and intravenous 
prostacyclin, prostaglandin E1, and sodium 
nitroprusside. J. Heart Lung Transplant. 14,  
436–443 (1995).

106. Hare, J. M. et al. Influence of inhaled nitric oxide 
on systemic flow and ventricular filling pressure 
in patients receiving mechanical circulatory 
assistance. Circulation 95, 2250–2253 (1997).

107. Kieler-Jensen, N. et al. Inhaled nitric oxide in the 
evaluation of heart transplant candidates with 
elevated pulmonary vascular resistance. J. Heart 
Lung Transplant. 13, 366–375 (1994).

108. Bocchi, E. A. et al. Inhaled nitric oxide leading to 
pulmonary edema in stable severe heart failure. 
Am. J. Cardiol. 74, 70–72 (1994).

109. Miller, O. I., Tang, S. F., Keech, A. & Celermajer, 
D. S. Rebound pulmonary hypertension on 
withdrawal from inhaled nitric oxide. Lancet 346, 
51–52 (1995).

110. Murray, F., MacLean, M. R. & Pyne, N. J. 
Increased expression of the cGMP-inhibited 
cAMP-specific (PDE3) and cGMP binding cGMP-
specific (PDE5) phosphodiesterases in models 
of pulmonary hypertension. Br. J. Pharmacol. 
137, 1187–1194 (2002).

111. Melenovsky, V. et al. Transpulmonary B-type 
natriuretic peptide uptake and cyclic guanosine 
monophosphate release in heart failure and 
pulmonary hypertension: the effects of 
sildenafil. J. Am. Coll. Cardiol. 54, 595–600 
(2009).

112. Galiè, N. et al. Sildenafil citrate therapy for 
pulmonary arterial hypertension. N. Engl. J. Med. 
353, 2148–2157 (2005).

113. Guazzi, M. Clinical use of phosphodiesterase-5 
inhibitors in chronic heart failure. Circ. Heart Fail. 
1, 272–280 (2008).

114. Alaeddini, J. et al. Efficacy and safety of 
sildenafil in the evaluation of pulmonary 
hypertension in severe heart failure. Am. J. 
Cardiol. 94, 1475–1477 (2004).

115. Lepore, J. J. et al. Hemodynamic effects of 
sildenafil in patients with congestive heart 
failure and pulmonary hypertension: combined 
administration with inhaled nitric oxide. Chest 
127, 1647–1653 (2005).

116. Guazzi, M., Tumminello, G., Di Marco, F., 
Fiorentini, C. & Guazzi, M. D. The effects of 
phosphodiesterase-5 inhibition with sildenafil on 
pulmonary hemodynamics and diffusion 
capacity, exercise ventilatory efficiency, and 
oxygen uptake kinetics in chronic heart failure. 
J. Am. Coll. Cardiol. 44, 2339–2348 (2004).

117. Lewis, G. D. et al. Sildenafil improves exercise 
hemodynamics and oxygen uptake in patients 
with systolic heart failure. Circulation 115, 
59–66 (2007).

118. Guazzi, M., Samaja, M., Arena, R., Vicenzi, M. & 
Guazzi, M. D. Long-term use of sildenafil in the 

therapeutic management of heart failure. J. Am. 
Coll. Cardiol. 50, 2136–2144 (2007).

119. Lewis, G. D. et al. Sildenafil improves exercise 
capacity and quality of life in patients with 
systolic heart failure and secondary pulmonary 
hypertension. Circulation 116, 1555–1562 
(2007).

120. Behling, A. et al. Effects of 5'-phosphodiesterase 
four-week long inhibition with sildenafil in 
patients with chronic heart failure: a double-
blind, placebo-controlled clinical trial. J. Card. 
Fail. 14, 189–197 (2008).

121. Tedford, R. J. et al. PDE5A inhibitor treatment of 
persistent pulmonary hypertension after 
mechanical circulatory support. Circ. Heart Fail. 
1, 213–219 (2008).

122. Stehlik, J. & Movsesian, M. A. Combined use of 
PDE5 inhibitors and nitrates in the treatment of 
pulmonary arterial hypertension in patients with 
heart failure. J. Card. Fail. 15, 31–34 (2009).

123. Hunt, S. A. et al. 2009 focused update 
incorporated into the ACC/AHA 2005 Guidelines 
for the Diagnosis and Management of Heart 
Failure in Adults: a report of the American 
College of Cardiology Foundation/American 
Heart Association Task Force on Practice 
Guidelines: developed in collaboration with the 
International Society for Heart and Lung 
Transplantation. Circulation 119, e391–e479 
(2009).

124. Verhaert, D. et al. Long-term reverse remodeling 
with cardiac resynchronization therapy: results 
of extended echocardiographic follow-up. J. Am. 
Coll. Cardiol. 55, 1788–1795 (2010).

125. Healey, J. S., Davies, R. A. & Tang, A. S. 
Improvement of apparently fixed pulmonary 
hypertension with cardiac resynchronization 
therapy. J. Heart Lung Transplant. 23, 650–652 
(2004).

126. Bleeker, G. B. et al. Left ventricular dyssynchrony 
predicts right ventricular remodeling after 
cardiac resynchronization therapy. J. Am. Coll. 
Cardiol. 46, 2264–2269 (2005).

127. Shalaby, A., Voigt, A., El-Saed, A. & Saba, S. 
Usefulness of pulmonary artery pressure by 
echocardiography to predict outcome in patients 
receiving cardiac resynchronization therapy heart 
failure. Am. J. Cardiol. 101, 238–241 (2008).

128. Zimpfer, D. et al. Left ventricular assist devices 
decrease fixed pulmonary hypertension in 
cardiac transplant candidates. J. Thorac. 
Cardiovasc. Surg. 133, 689–695 (2007).

129. Etz, C. D. et al. Medically refractory pulmonary 
hypertension: treatment with nonpulsatile left 
ventricular assist devices. Ann. Thorac. Surg. 83, 
1697–1705 (2007).

Acknowledgments
This work was supported by a grant from the Monzino 
Foundation.

Author contributions
M. Guazzi and R. Arena contributed to discussion of 
content for the article, researched data to include in 
the manuscript, reviewed and edited the manuscript 
before submission, and revised the manuscript in 
response to the peer-reviewers’ comments.

REVIEWS


