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Acute heart failure (AHF) is a heterogeneous clinical syndrome 

including diverse phenotypes sharing similar presenting signs and 

symptoms.1 The diversity of aetiologies and precipitants of HF and 

their specific pathophysiologic mechanisms, may result in distinct 

clinical profiles requiring specific treatment approaches.

Pulmonary oedema (PO) is a common manifestation of AHF associated 

with a high-acuity presentation and significant haemodynamic 

abnormalities. PO is defined as alveolar or interstitial oedema verified 

by chest X-ray and/or with arterial oxygen saturation <90 % on room 

air accompanied by severe respiratory distress.2

Epidemiology
PO is the second most common clinical presentation of AHF syndromes 

(AHFS), though the prevalence and in-hospital mortality may exhibit 

substantial geographic variation (see Table 1).3–10 Moreover, overlapping 

features among AHF clinical profiles and/or the confounding presence 

of noncardiac comorbidities may lead to incomplete or inaccurate 

classification. These patients are often not included in clinical trials due 

to their disease severity and inability to wait for study medication to be 

initiated. PO may be a deadly clinical manifestation of HF (see Table 1) 

and recent experience11 suggests the vast majority of deaths occurred 

soon after admission. 

Pathophysiologic Mechanisms 
The pathogenesis of hydrostatic PO has been attributed predominantly 

to a difference in Starling forces12,13 (i.e. fluid extravasation attributable 

to an increased hydrostatic or reduced oncotic pressure gradient 

across the intact alveolo-capillary barrier). Furthermore, capacity 

of the lymphatic system to remove fluid from the interstitial space  

and to drain into the systemic veins is dependent on systemic venous 

pressure and the integrity of the lymphatics. The clinical picture of PO 

is dominated by pulmonary congestion due to an acutely increased 

afterload. Increases in afterload can be the primary mechanism 
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responsible of PO inducing acute cardiac dysfunction and pulmonary 

congestion, or can be secondary to large cardiac dysfunction (see 

Figure 1). 

In a recent study,14 the mechanism of PO was described as a 

consequence of acutely increased afterload in patients with decreased 

systolic and diastolic capacity to adapt to changes in loading in 

the presence of maintained right ventricular function. It has been 

hypothesized that PO patients respond to increased afterload with 

an increase in heart rate (HR) and peripheral vasoconstriction rather 

than an acute adaptation in cardiac dimensions.11 This suggests there 

are smaller cardiac dimensions and a higher HR and diastolic blood 

pressure (DBP) in PO patients compared with other profiles.11

Peripheral congestion and body weight increases are documented in 

a relatively small proportion of PO patients, suggesting that relative 

volume redistribution as opposed to an absolute increase in total body 

fluid may play a major role in the pathophysiology of the PO phenotype 

(see Figure 2). The concept of fluid redistribution in PO is further 

supported by the studies, which have documented that the majority 

Figure 1: Illustration of Pressure-dependent- and Pressure-independent Mechanisms Responsible for Pulmonary Oedema 
Formation and Resolution

Acute increase in afterload increases fluid transfer across alveolo-capillary membrane. Alveolar epithelial cells are involved in fluid formation and fluid clearance by regulation of sodium and 
chloride transfer via active signalling processes. Pulmonary oedema resolution depends on active sodium reabsorption as well as on capacity of intact lymphatics to drain fluids out of alveoli 
into systemic veins. LVEDP = left ventricular end diastolic pressure; PCWP = pulmonary capillary wedge pressure; SV = stroke volume. 
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Table 1: Prevalence, Demography, Clinical Presentation, In-Hospital Management, and In-Hospital Mortality Rate of 
Patients Admitted with Pulmonary Oedema in Recent European Heart Failure Registries

EHFS II3 
(2004–2005)

HF pilot4 
(2009–2010) 

RO-AHFS5 
(2008–2009)

ALARM HF6 
(20062007)

 AHEAD7  
(2006–2009)

OFICA8 
(2009)

PO prevalence (%) 16.2 13.3 28.7 37 18.4 38

Age (years) 71.2±11 72.7±11 70.9 ± 10.4 – 73.8 80

Male (%) 59.4 – 49.7 – 55.9 48

Ischemic etiology (%) 55 56.5 70.8 31.8 67.4 49

LVEF >45 % (%) 38.4 26.7 39 25.3 35 42

AFib (%) 28.1 26.3 25.1 24.7 21.4 –

SBP (mmHg) – 146±37 167.2±43.3 138.5+37.1 145 (95; 218) 130 (110–150)

HR (beats/minute) 100 97±24 103.4±25.3 109.5+25.2 98 (63; 141) 88 (73–104)

IV diuretics (%) 94 94.5 88.6 94.9 – –

IV vasodilators (%) 72.7 62.5 73.6 50.3 – –

IV inotropes (%) 29 14.6 18.4 25 20.1 8.8

NIMV (%) 20.5 – 1.8 10.8 9.2 15.4

IMV (%) 11 – 7 15.8 17.1 –

PO–ACM (%) 9.1 5.6 7.4 7.4 7.1 7.3

ACM = all-cause mortality; AFib = atrial fibrillation; AHEAD = Acute Heart Failure Database; ALARM-HF = Acute Heart Failure Global Survey of Standard Treatment;  
ESC-HF pilot = European Society of Cardiology – Heart Failure pilot study; EHFS II = European Heart Failure Survey II; HR = heart rate; IV = intravenous; LVEF = left ventricular ejection fraction; 
NIMV = noninvasive mechanical ventilation; OFICA = French Observational Survey on Acute Heart Failure; PO = pulmonary oedema; RO-AHFS = Romanian Acute Heart Failure Syndromes;  
SBP = systolic blood pressure.
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of patients gain little or no weight before heart failure hospitalization, 

despite the fact that filling pressures rise significantly.15–17 Sympathetically 

stimulated reduction in venous capacitance acts to shift volume out 

of the splanchnic vessels and increase the effective circulating blood 

volume,18 leading to increases in preload in the absence of any changes 

in total body weight.

Although pressure-related mechanisms were considered sufficient 

to explain PO, recent studies show that cardiogenic PO is critically 

regulated by active signalling processes (see Figure 1), suggesting that 

endothelial and alveolar responses may contribute critically to the 

formation of hydrostatic PO. Absorption of excess alveolar fluid is an 

active process (see Figure 1) that involves transport of sodium out of 

alveolar air spaces with water following the sodium osmotic gradient. 

Active transepithelial transport of sodium from the airspaces to the 

lung interstitial space is a primary mechanism driving alveolar fluid 

clearance. This mechanism depends on sodium uptake by amiloride-

sensitive sodium channels on the apical membrane of alveolar type 

II cells followed by extrusion of sodium on the basolateral surface by 

the Na-K-ATPase.19–22

A major part of cardiogenic PO formation results from active epithelial 

secretion of chlorine and secondary fluid flux into the alveolar space.23 

Transepithelial chlorine secretion is triggered by inhibition of epithelial 

sodium uptake and mediated via cystic fibrosis transmembrane 

conductance regulator (CFTR) and Na-K-2Cl-co-transporter 1 (NKCC1).23

Active sodium transport across the alveolar epithelium is also 

regulated via basolateral Na-K-ATPase and acute elevation of left atrial 

pressure inhibits active sodium transport by decreasing the number 

of Na-K-ATPase at the basolateral membrane of alveolar epithelial 

cells.22 Regulation of the Na-K-ATPase is elicited by stimulation of 

dopaminergic,24 β2 adrenergic receptors,25,26 and aldosterone, and 

inhibited by oabain-like compounds.22,24–26 Furthermore, recent data  

suggest that lung injury and barrier dysfunction may play a role in 

the formation and resolution of congestion and pulmonary oedema.26

Therapeutic Targets
As PO represents a medical emergency, treatment should be individually 

tailored to the urgency of the presentation, underlying pathophysiological 

mechanism, and acute haemodynamic characteristics. Clinical severity 

must be identified at the time of presentation, since the majority of the 

deaths occurred on the first day of admission.11 Systolic blood pressure 

(SBP) at presentation is one of the most cited predictors of in-hospital 

mortality in this subset of HF patients (see Table 2), and the recent 

guidelines recommend that patients with PO can be risk stratified even from 

the time of diagnosis and subjected to intense monitoring and treatments 

according to the value of SBP at admission.27 Beyond decongestion, rapid 

identification of precipitants and underlying aetiologies is a critical step 

in management of PO. As reported by registries, clinical scenario (acute 

myocardial infarction [AMI], cardiomyopathy) is predictive of short-term 

prognosis (see Table 2).

The immediate objectives of PO treatment are to improve 

symptoms, reestablish tissue oxygenation, and stabilize the patient’s 

haemodynamic condition. Rapid improvement of dyspnea constitutes 

a major treatment goal and offers an estimate of treatment efficacy. 

Although dyspnea is directly attributed to pulmonary congestion 

as result of acute increases in filling pressure, its mechanisms are 

multifactorial. Overall, imbalance between the neural output of the 

brain and the resulting work performed by the respiratory muscles 

may result in dyspnea.28,29 Sensation of dyspnea can be increased 

by vascular distension and interstitial oedema, which may directly 

stimulate pulmonary vascular nerve endings.30 Furthermore, an 

abrupt increase in pulmonary congestion directly leads to decreased 

pulmonary compliance, which further contributes to the tachypnea, 

tachycardia, and hypoxemia. Although, improved standardisation 

of dyspnea measurements has been proposed,31 a large area of 

uncertainty persists in terms of the factors associated with dyspnea 

relief.32 In spite of grading and scoring systems, in current clinical 

practice, evaluation of symptomatic improvement in the PO clinical 

profile is largely subjective and often based on clinician judgment.

The clinical picture of PO is dominated by pulmonary congestion along 

with acutely increased afterload. As relative volume redistribution plays a 

major role in the pathophysiology of the PO,13 the therapeutic strategies 

should focus on transitioning back into the venous reservoir. This aim  

can be achieved by: 1) reducing pulmonary capillary hydrostatic pressure; 

2) increasing lymphatic drainage by reducing systemic venous pressure; 

or 3) removing or displacing fluid from the alveoli (see Figure 1).

An increase of left ventricular (LV) filling pressure and imbalances 

in Starling forces may explain transfer of fluids across alveolar-

capillary membrane (see Figure 1). Further, the physiologic ability of 

alveolar epithelial cells to clear alveolar spaces from excess fluid is 

an active signalling process involving ion channels, mechanosensitive 

receptors, or adrenoreceptors.19,20,21,25 Very recent data suggest that 

targeting mechanisms that prevent barrier dysfunction26 and augment 

transepithelial sodium transport and enhance the clearance of alveolar 

oedema may lead to more effective prevention or treatment for PO.25,33

 

A search for the precipitant and underlying aetiology must be conducted 

early in the course of hospitalisation. It is important to identify 

Figure 2: A. Clinical Signs at Initial Clinical Presentation; 
B. Time Delay to Presentation in Terms of Symptom Onset

ADHF = acute decompensated heart failure; CS = cardiogenic shock; HTHF = hypertensive 
heart failure; PO = pulmonary oedema; RHF = right heart failure. Reproduced and modified 
from Chioncel et al., 2014.11 Figure 2 was originally published in the Journal of Cardiovascular 
Medicine as a publish-ahead-of-print version and may be subject to change upon final 
publication. It is reproduced here with the permission of Wolters Kluwer.
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those aetiologies that will not respond to conventional intravenous 

(IV) therapies, such as mechanical complications of AMI, valvular 

endocarditis, and prosthetic valve dysfunction. For these patients, 

mechanical circulatory support or rapid cardiac surgery may be life 

saving. Precipitant factors responsible for haemodynamic instability and 

the clinical presentation must also be identified and addressed.

Even if decreasing afterload is the main target for therapeutic 

intervention in PO patients, in some instances, hypoxemia may be 

too severe or may not be promptly improved by pharmacotherapies. 

Mechanical ventilation (MV), either invasive or noninvasive, when 

appropriately addressed, is an effective measure to correct hypoxemia 

by displacing fluid out of the alveoli. The need for MV, either invasive 

or noninvasive, must be anticipated in order to avoid waiting too long 

or in a place without the proper facilities. Noninvasive MV (NIMV) 

should be considered as adjunctive therapy in patients with PO who 

have severe respiratory distress and early initiation of NIMV may 

potentially correct metabolic abnormalities and reduce the proportion 

of patients requiring intubation.34

In particular circumstances, aggressive treatment of pulmonary 

congestion may alter the fine balance between end-diastolic pressure 

and end-diastolic volume, which will negatively impact cardiac output 

(CO), SBP, and end-organ perfusion (renal, coronary). As a result, some 

patients may experience worsening of ischemia, life-threatening 

arrhythmias, or a decline in renal function during hospitalisation. 

Consequently, in addition to decreasing pulmonary congestion, 

therapeutic strategies should prevent end-organ damage and not 

increase the risk for ischemia, propensity for cardiac arrhythmias, and/

or permanently alter intrarenal haemodynamics. 

Treatment 
Although, recent clinical registries3–8,11 have suggested the majority of 

patients admitted with PO rapidly improve as a result of conventional 

IV therapies, treatment of PO remains largely opinion-based as there 

is a general lack of good evidence to guide therapy.27 Moreover, most 

of the trial data are derived from an AHF population that does not 

resemble PO patients, and thus the data are not entirely generalisable 

to the PO clinical profile. 

Although multicenter, randomized, controlled trials have been 

conducted in patients with AHF, none of studied agents showed 

simultaneous benefit for symptomatic relief, haemodynamic 

improvement, preservation of end-organ function, and increased 

survival. Furthermore, with the exception of RELAX II35 and PRONTO,36 

the timing of the interventions was more than 24 hours after 

presentation, raising relevant questions about the applicability of the 

results to PO patients.

In clinical practice, acute management of PO is based on IV opiates, 

diuretics, vasodilators, inotropes, and MV. In approximately 70–80  % 

of cases, PO patients are treated with combinations of IV therapies.6,11 

Data from recent registries11 showed there is a specific pattern of 

utilisation of IV therapies (i.e. high doses for short duration), which may 

explain the patients’ in-hospital course and adverse outcomes.

Morphine
Morphine is commonly used in the treatment of PO, despite the lack of 

evidence supporting its efficacy. Morphine is given to cause systemic 

vasodilatation and alleviate the anxiety related to dyspnea (i.e. ‘air 

hunger’). In vivo experiments have confirmed that IV morphine results 

in significant reduction in systemic vascular resistance (SVR) and 

venous return.37,38 Morphine may induce respiratory depression39 that 

may worsen hypoxemia in a patient already hypoxicemic and altered 

cerebral perfusion, leading to intubation. Furthermore, data from 

Acute Coronary Syndrome (ACS) registries40 and from HF registries41 

suggest that morphine therapy was associated with an increase in 

mortality, need for intensive care unit (ICU) admission, and intubation.

The use of IV diuretics and vasodilators can decrease pulmonary 

congestion and avoid morphine’s adverse effects on respiratory drive. 

Morphine may be useful in some patients with PO in the setting of 

myocardial ischemia when analgesia is required, as morphine reduces 

anxiety and relieves the pain. 

Diuretics
Intravenous loop diuretics are an essential component of PO 

treatment, and recent guidelines27 consider IV diuretics as first-line 

therapy. Analysis of recent registries (see Table 1) shows that IV 

diuretics are administered to approximately 90  % of patients who 

are hospitalized for PO. Furosemide was the most commonly used 

diuretic. Loop diuretics inhibit reabsorption of NaCl and produce 

natriuresis and diuresis. The diuretic effect occurs 35–45 minutes 

after IV administration. They act by inhibiting the renal Na/2Cl/K 

co-transporter in the luminal membrane of the thick ascending limb 

of loop of Henle, which is responsible for the reabsorption of 35  % 

of filtered sodium.42 Of note, furosemide inhibits the same Na/2Cl/K 

Table 2: Prognostic Variables for All-cause Mortality in 
Pulmonary Oedema Patients

 

A. Independent Prognostic Factors Associated with In-hospital
Mortality in Observational Studies

POPS (n=276 patients)10

 –Low SBP at presentation

 –WBC count

 –AMI at presentation

 –Heart rate

ALARM-HF survey (n=1,820 patients)6

 –History of previous cardiovascular event

 –Cardiomyopathy 

 –Low LVEF

 –Low SBP

 –Serum creatinine at presentation

 –Treatment with diuretics

RO–AHFS study (n=924 patients)11

 –Need for inotrope 

 –Need for invasive MV

 –VFib, sVT during hospitalisation

 –Acute coronary syndromes at presentation

 –LBBB at admission

 –BUN at presentation

 –Age

B. Independent Prognostic Factors Associated with 7–days Mortality
in Clinical Trials

3CPO trial (n=1,062 pts)34

 –Ability to obey commands

 –Low SBP at presentation

 –Age

3CPO = 3 Interventions in Cardiogenic Pulmonary Oedema; AMI = acute myocardial 
infarction; BUN = blood urea nitrogen; LBBB = left bundle brunch block; LVEF = left ventricular 
ejection fraction; MV = mechanical ventilation; POPS = Pulmonary Oedema Prognostic Score; 
RBBB = right bundle brunch block; SBP = systolic blood pressure; sVT = sustained ventricular 
tachycardia; VFib = ventricular fibrillation; WBC = white blood cell count.
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co-transporter in alveolar epithelial cells altering transepithelial 

chloride secretion and increasing alveolar fluid clearance and 

oedema resolution.23

Furthermore, IV furosemide produces direct venodilation, an effect that 

can be seen as rapidly as 2–5 minutes after administration. The direct 

venodilation was inhibited by local indomethacin administration but 

not by blockade of nitric oxide (NO) synthesis, indicating that the direct 

vascular venodilation is dependent on local prostaglandin but not on 

NO production.43 The rapid reduction in venous return produced by 

furosemide usually occurs before diuresis and may be therapeutically 

relevant for obtaining symptomatic improvement in PO. However, the 

net venodilatory effect of furosemide is difficult to assess, since the 

decrease of circulating volume produced by furosemide is at the cost 

of neurohormonal activation.44 Historically, direct venodilation has been 

one argument for IV diuretic use in PO since the main pathophysiology 

of PO is represented by fluid redistribution rather than overall fluid 

accumulation. The efficacy of loop diuretic use is also balanced by 

limitations of diuretic resistance, neurohormonal activation, and 

worsening renal function (WRF).

One major concern with use of IV loop diuretic is the phenomenon 

of nephron adaptation, which occurs in patients previously exposed 

to long-term use of oral furosemide. Chronic furosemide treatment 

may induce ‘nephron adaptation’, respectively a reactive increase 

in active transcellular sodium transport capacity in the tubular 

segments situated distally to the site of action of furosemide.45 This 

may result in a reduced natriuretic response at conventional IV 

diuretic doses45,46 and possibly explain utilisation of higher doses of IV 

diuretics in PO patients. 

There are substantial variations in clinical practice concerning dosing, 

mode of administration, and duration of therapy, since there is very 

little Level A, Class I evidence available. A prospective trial comparing 

four strategies (high versus low dose; bolus versus continuous 

administration) showed no significant differences in terms of dyspnea 

improvement or 60-day outcomes.47 However, the high-dose strategy 

was associated to a trend with a trend toward greater dyspnea 

improvement at the cost of transient WRF that did not appear to 

have long-term consequences. Current guidelines27 recommend as 

the first IV furosemide dose to be 2.5 times the existing oral dose in 

PO patients already taking diuretic.

Vasodilators
According to recent guidelines,27 vasodilators may be considered 

as an adjuvant to diuretic therapy for dyspnea relief when SBP 

remains >110 mmHg. Interestingly, SBP is used as a safety signal 

and not as marker of efficacy. IV nitroglycerin (NTG) is primarily a 

venodilator that lowers preload and reduce pulmonary congestion.48 

The hemodynamic benefit of NTG is produced by activation of cyclic 

guanosine monophosphate (cGMP)-dependent protein kinases.49

NTG produces redistribution of blood from the central circulation into 

larger capacitance veins, decreasing pulmonary venous congestion 

and decreasing LV impedance, which results in a decrease in left 

atrial pressure.50 Concomitant high-dose nitrate therapy and low-dose 

IV furosemide51 was associated with a reduced need for intubation 

and a lower risk of other cardiovascular events compared with high-

dose IV furosemide in PO patients. Utilisation of IV nitrates in AHF is 

limited by reactive neurohormonal activation and tolerance. Nitrate 

tolerance,50 defined as a loss of hemodynamic effect despite dose 

escalation, may develop within hours, and may contribute to the 

pattern of IV nitrate utilisation observed in registries.

Nesiritide, a recombinant B-type natriuretic peptide (BNP) with 

vasodilatory properties, is associated to significant decrease of 

pulmonary capillary wedge pressure (PCWP).52,53 Compared with NTG, 

nesiritide resulted in significant decrease of filling pressure but there 

was no difference between nesiritide and NTG in terms of dyspnea 

improvement.54 In the pivotal ASCEND-HF trial,55 nesiritide showed 

moderate dyspnea improvement, but neutral effects on mortality 

and re-hospitalisations and was associated with an increase in rates 

of hypotension.

Relaxin is a hormone that induces NO activation of guanylate cyclase 

(GC) and triggers haemodynamic adaptive changes that occur during 

pregnancy. The recombinant human form, serelaxin, demonstrated 

potential hemodynamic benefits for AHF patients. In experimental 

studies,56,57 serelaxin decreased SVR concomitant to increase (CO) and 

renal blood flow. In a phase III placebo-controlled trial, which enrolled 

patients within 16 hours of presentation,58 serelaxin improved visual 

analog scale (VAS)-assessed dyspnea, but did not significantly improve 

dyspnea as measured by a Likert scale. In spite of the lack of benefit 

on in-hospital mortality, serelaxin significantly improved 180-day all-

cause mortality. A recent exploratory analysis of the mortality benefit 

in RELAX-AHF suggested serelaxin improved markers of cardiac, 

renal, and hepatic function early during AHF hospitalisation.59 Hence, 

improved dyspnea relief, preserved end-organ function, and less use of 

concomitant IV therapies may support improved long-term outcomes 

with novel agents in AHF.

Although, some studies have shown that soluble guanylyl cyclase 

(sGC) activators may offer organ-protective qualities,60,61 particularly 

for renal function, a recent study with cinaciguat suggested no clear 

symptomatic benefit of this therapy.62 In spite of decreasing PCWP, 

cinaciguat decreased SBP without improving dyspnea or cardiac index.

Clevipidine, an ultra-short-acting dihydropyridine calcium antagonist 

with a high degree of vascular selectivity, has been studied in 

hypertensive AHF in an open-label design study.36 Clevidipine was 

initiated very shortly after presentation (i.e. median time 149 minutes) 

and was associated with marked improvement of dyspnea, lower 

rates of ICU admissions, and reduced length of stay compared with 

usual care supporting a new model of intervening within the first few 

hours after presentation. 

Inotropes 
The majority of patients admitted with PO have pulmonary congestion 

related to high LV filling pressures. Although most are hypertensive or 

normotensive on admission, approximately 10–15  % of PO patients 

present with low SBP as a result of low CO6,11 and inotropic agents 

are required. Other PO patients may experience an unexpected and  

abrupt decrease of SBP during hospitalisation as result of aggressive 

treatment of pulmonary congestion or resolution of a reactive stress 

response. This subset subsequently requires IV inotropes to maintain 

CO and perfusion pressure. Low SBP at presentation or signs of 

tissue hypoperfusion, as well as need of inotropic therapies, were all 

variables associated with short-term mortality in registries enrolling 

PO patients (see Table 2). The most commonly used inotropes are 

sympatomimethic agents (i.e. dobutamine and dopamine). These 
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agents have been associated with adverse events such as ischemia, 

tachyarrhythmias, and hypotension, and may increase in-hospital 

and postdischarge mortality.63,64 However, as systemic hypoperfusion 

in the setting of low CO occurs, sympathomimetic agents remain 

a mainstay of therapy, despite their associated long-term adverse 

events, probably mediated through worsening myocardial injury. For 

sympathomimetic agents, previous treatment with beta-blockers may 

greatly influence the anticipated clinical response. Other inotropic 

agents, non-AmpC dependent, have been tested in clinical trials 

but with unfavourable results. The short-term use of milrinone, 

an IV inotrope with vasodilatory properties, has been associated  

with an increase in postdischarge mortality.65,66 The negative impact on 

mortality of these agents is considered to be related to myocardial injury 

as a result of a reduction in SBP and subsequently in coronary perfusion.

Levosimendan exerts positive inotropic effects by enhancing 

calcium sensitivity of the cardiac contractile elements and exerts 

direct peripheral vasodilator effects by blocking ATP-dependent 

potassium channels in vascular smooth muscle.67 These effects are 

not attenuated by concomitant treatment with beta-blockers and 

are sustained beyond the duration of the drug infusion because 

levosimendan has an active metabolite with a long half-life.1,63,64,66,67 

Levosimendan demonstrated a favorable haemodynamic profile in 

preclinical and clinical studies63 as it reduced PCWP and increased 

CO, suggesting potential benefit for patients with PO with low 

or normal SBP. However, when tested in rigorous randomized 

double-blind trials,68,69 levosimendan showed only modest clinical 

improvement, and was associated with hypotension, atrial and 

ventricular arrhythmias, and, in one trial, a trend toward an increase 

in early mortality.68

Istaroxime is a new agent with dual inotropic and lusitropic 

properties. Istaroxime inhibits Na/K ATPase and stimulates 

sarcoplasmic reticulum calcium ATPase.70 In patients hospitalized 

with HF, istaroxime decreased PCWP and improved diastolic function. 

Compared with sympathomimetic agents, istaroxime increased SBP 

and decreased HR and myocardial oxygen demand, characteristics 

suggesting a possible role in preventing myocardial injury.71 Although 

this agent was studied only in chronic HF: reduced ejection fraction 

(HFrEF), it seems to be an ideal agent for PO patients presenting with 

low or normal SBP.

Stresscopin, a corticotropin-releasing factor type 2 receptor (CRFR2) 

selective agonist,71 has intrinsic inotropic properties via stimulation 

of G-protein family. In a recent trial,72 stresscopin increased CO and 

decreased SVR without significantly affecting HR or SBP, highlighting 

its potential advantage over standard inotropic agents. However, 

there was a significant decrease in DBP, which could have an 

unfathomable effect on coronary perfusion pressure.72

Ventilation
The objectives of MV, either invasive or noninvasive, are to improve 

oxygenation, to reduce work of breathing, to move alveolar and 

interstitial fluids into capillaries, to reverse respiratory acidosis and 

hypercapnia, and finally to improve tissue perfusion. 

The decision to initiate MV must be anticipated and should be based 

on clinical judgment, considering the overall clinical picture, but 

should not be delayed until the patient is in extremis or has an altered 

level of consciousness.

Even if invasive MV is a life-saving therapy in the care of critically 

ill patients, it use must be balanced with the potential deleterious 

cardiac effects.73 In a PO patient with hypertension, a decrease in 

preload may be beneficial. However, in a hypotensive patient a 

decrease in preload may lead to a decrease in CO and SBP. Other 

potential complications need to be considered, such as barotrauma, 

and systemic infections.74 Although the use of invasive MV was 

predictive of ACM (see Table 2), the prognosis of PO patients treated 

with MV may depend more on the severity of the hemodynamic 

perturbation rather than the degree of respiratory failure.73

NIMV may be considered as adjunctive therapy in patients with PO 

who have severe respiratory distress or whose condition does not 

improve with pharmacologic therapy.34 In a randomized study75 early 

NIMV therapy for PO patients decreased the need for invasive MV and 

its attendant complications and appeared to augment the response 

to therapies. PO patients with early NIMV exhibited significantly less 

respiratory fatigue and translated in lower rate of tracheal intubation. 

The treatment delay relative to time of hospital presentation may have 

substantial consequences on patient outcomes such as mortality, 

need for subsequent tracheal intubation, or subsequent cardiovascular 

deterioration requiring further medical care. When NIMV fails to improve 

oxygenation and respiratory acidosis, or encephalopathy worsens, 

intubation should be considered without delay.

Therapies Targeting Alveolar Ion and Fluid  
Transport Pathways
Although these agents were studied only in experimental 

studies, their knowledge may be clinically relevant as some of IV 

therapies and particular HF background therapies, such as digoxin, 

mineralocorticoid receptor antagonists, and diuretics may interfere 

with function of these channels. 

Clinical studies show that impaired alveolar ionic and fluid transport 

mechanisms contribute to the development, severity, and outcome 

of PO in humans. 

β2-adrenergic receptor signalling is required for upregulation of 

alveolar epithelial active sodium transport in the setting of excess 

alveolar oedema. The positive, protective effects of β2-adrenergic 

receptor signalling on alveolar active sodium transport provide 

substantial support for the use of β2-adrenergic agonists to accelerate 

alveolar fluid clearance in patients with PO, and some evidence 

suggests that pharmacologic treatment with β2-adrenergic agonists 

facilitate recovery from experimental PO.25,26

Active sodium transport across the alveolar epithelium is controlled 

by basolateral Na-K-ATPase.19,22,25,76 Na-K-ATPase is positively regulated 

by GCs, aldosterone, catecholamines (β2 and dopaminergic), and 

growth hormones, and inhibited by oabain-like compounds and 

mechanical signalling induced by increased left atrial pressure.19,22,24,25,77 

In some experimental studies,78 aldosterone increased the Na-K-

ATPase function and accelerated the clearance of hydrostatic PO, 

suggesting that aldosterone may be used as a strategy to increase lung 

oedema clearance.

Transient receptor potential vanilloid receptor 4 (TRPV4) is as one 

of the most potent agents that inhibit pressure-induced alveolar 

permeability and it was identified as a promising therapeutic strategy 

for the treatment of PO.79,80–82 TRPV4 was linked to elevated pulmonary 
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vascular pressure-mediated Ca2+ uptake by lung endothelium and 

subsequent acute lung injury.80,83 TRPV4 is involved in multiple 

pathways81,82 including a role in lung vasomotor control, the 

inflammatory response, and its specific role in resolving PO should 

be carefully judged.

Conclusions
Patients with PO can be risk stratified from the time of initial 

presentation and diagnosis, and require intense therapy, which is often 

dictated by the their initial SBP at admission. However, stratification of 

patients may improve allocation of resources and focus intensity of 

care on patients most likely to benefit from early, aggressive therapy. 

Future research is required to develop innovative pharmacotherapies 

capable of relieving hemodynamic congestion while simultaneously 

preserving end-organ function. Targeting the epithelial alveolar cells 

and active signaling process that produces ion transfer and clearance 

of fluids from alveolar spaces may accelerate the resolution of PO and/

or decrease of the concomitant conventional IV therapies. n
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