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Abstract: Cardiac patients are at high risk of weaning failure due to the abrupt burden to the cardiovascular 
system resulting from the transition from positive-pressure ventilation to spontaneous breathing. Similarly, 
numerous patients with borderline cardiac function, left ventricular diastolic dysfunction, chronic obstructive 
pulmonary disease, especially with associated fluid overload or cumulative positive fluid balance, are at high 
risk of weaning failure of cardiac origin. The diagnosis of weaning-induced pulmonary oedema (WiPO) relies 
on the measurement of elevated left ventricular filling pressure, or on the presence of a surrogate reflecting 
pulmonary or cardiac congestion. Plasma concentration of B-type natriuretic peptide and N-terminal 
proBNP, biological signs of hemoconcentration (increased circulating protein or hemoglobin levels), or 
measurement of extravascular pulmonary lung water using transpulmonary thermodilution have been proved 
valuable surrogates for the identification of weaning failure. Nevertheless, studies have not yet compared 
these indirect methods to precisely determine their respective diagnostic values for the identification 
of WiPO, especially in heart failure patients. In addition, none of these approaches directly assess left 
ventricular filling pressure and the mechanism of WiPO. In contrast, critical care echocardiography is 
ideally suited to establish the diagnosis of weaning failure of cardiac origin. It allows identifying the high-risk 
population, monitoring hemodynamically the patient at risk, depicting an abrupt increase of left ventricular 
filling pressure consistent with WiPO when the patient fails weaning, identifying the underlying mechanism 
of WiPO, and finally it allows tailoring the therapeutic management of the patient who failed weaning. 
The impact on patient-centered outcomes of such integrated management strategy based on critical care 
echocardiography deserves to be prospectively tested in a large population of patients at high risk of weaning 
failure of cardiac origin.
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Introduction

Weaning failure from the ventilator has been estimated 
to involve up to 42% of mechanical ly  venti lated 
patients, according to the definition used and underlying 
comorbidities (1). This clinical event is commonly defined 
as either the failure of a spontaneous breathing trial (SBT), 
or the need for tracheal reintubation within 48 h following 
extubation. Many factors contribute to weaning failure. 
Failure of extubation is associated with morbidity secondary 
to prolonged invasive mechanical ventilation and with high 

mortality rate (1).
Weaning from positive-pressure ventilation has been 

compared to an exercise stress test for the cardiovascular 
system (2). Cessation of positive-pressure ventilation 
induces abrupt hemodynamic changes and an increase in 
work of breathing which may ultimately result in increased 
pulmonary venous pressure with associated risk of weaning-
induced (hydrostatic) pulmonary oedema (WiPO) (3). 
Accordingly, inadequate cardiovascular response to 
spontaneous breathing is one of the leading mechanisms 
of SBT or extubation failure (1). Patients with underlying 
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left heart disease are at high risk of WiPO, irrespective 
of the indication of invasive mechanical ventilation (3). 
Nevertheless, occult cardiovascular insufficiency may also 
be a primary cause of weaning failure in critically ill patients 
without known cardiac disease (2).

The present manuscript will concisely summarize the 
mechanisms underlying weaning failure of cardiovascular 
origin, describe the diagnostic work-up, and illustrate 
the use of hemodynamic monitoring—especially with 
critical care echocardiography (CCE)—for guiding 
tailored therapeutic management in patients at high-
risk of unsuccessful weaning from the ventilator due to a 
cardiovascular failure during the transition from mechanical 
ventilation to spontaneous breathing.

Hemodynamic effects induced by the 
transition from positive-pressure ventilation to 
spontaneous breathing

The transfer of a patient from invasive mechanical 
ventilation to spontaneous breathing during a SBT or after 
extubation is associated with an abrupt increase of both 
the venous return to the heart and left ventricular (LV) 
afterload secondary to the inspiratory fall of intra-thoracic  
pressure (3). In addition, the conjunction of sudden 
increase in both the work of breathing and adrenergic 
tone may also raise myocardial oxygen consumption (3). 
Taken together, these hemodynamic effects may exert an 
excessive burden on the cardiovascular system and induce 
myocardial ischemia in predisposed patients, or even 
participate in weaning failure in many patients without 
known cardiac disease (2). Marked increase of pulmonary 
artery occlusion pressure (PAOP) has been measured using 
right heart catheterization during failure to wean patients 
with underlying left cardiac disease from the ventilator (3). 
This increase of PAOP is observed within a few minutes 
after the disconnection of the patient from the ventilator. 
Indeed, the abrupt increase of LV filling pressure results 
from acute changes of cardiac loading conditions and from 
potential myocardial ischemia induced by the transition 
from positive-pressure to spontaneous ventilation (4). 
The inability of the cardiovascular system to sustain the 
sudden additional workload of breathing in increasing 
cardiac output without rising LV filling pressure results in 
WiPO. This accounts for the increased risk of WiPO in 
heart failure patients (5), and explains the early occurrence 
of this frequent cause of weaning failure after the transfer 
from mechanical ventilation to spontaneous breathing (3). 

In patients with chronic obstructive pulmonary disease 
(COPD), the exaggerated inspiratory fall of intrathoracic 
pressure associated with the further increase of myocardial 
oxygen consumption due to the amplified increase in work 
of breathing tend to amplify the raise in LV filling pressure. 
Accordingly, these patients are also at high risk of weaning 
failure of cardiac origin (3).

Clinical settings and conduction of the SBT

Causes of failure to wean a patient from mechanical 
ventilation are numerous (6). Leading mechanisms of 
SBT failure are cardiovascular dysfunction or inability 
of the respiratory system to support the additional work 
of breathing (1). Heart failure has been shown to be 
responsible for up to 42% of unsuccessful SBT in a large 
cohort of medical ICU patients (7). Recently, WiPO was 
evidenced in 59% of weaning failure, and both cardiac 
disease and COPD were evidenced as main independent 
risk factors (8). Due to the aforementioned effects of the 
transition from mechanical to spontaneous ventilation on 
the cardiovascular system, weaning failure of cardiac origin 
typically occurs early during SBT, rather than later after 
extubation. Extubation failure after a successful SBT may 
be related to the same causes, but may also result from 
upper airway obstruction or from excessive secretions (1). 
With the exception of post-extubation laryngeal edema 
which occurs shortly after the tracheal tube removal (9), 
respiratory or neurologic causes of weaning failure typically 
develop later after extubation. A high index of suspicion 
of WiPO typically results from early failure of SBT in a 
patient with pre-existing left heart failure. Patients with 
COPD are also at high-risk of unsuccessful weaning 
of cardiac origin since the increase in airway resistance 
amplifies LV filling pressure raise during spontaneous 
breathing (3). Importantly, patients with more subtle 
or transient myocardial dysfunction may fail only when 
exposed to the additional workload of weaning (1). In the 
latter case, patients are not known at high risk of weaning 
failure of cardiac origin and should therefore be adequately 
identify to allow prompt diagnosis and adapted therapeutic 
management (10). Finally, Liu et al. (8) recently showed that 
93% of patients who exhibited WiPO had a negative passive 
leg rising, whereas this maneuver was always positive in 
patients who succeeded weaning. Dres et al. (11) lately 
confirmed that a negative passive leg rising was predictive of 
WiPO. Taken together, these results underline the pivotal 
contribution of cumulated hydric balance and potentially 
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associated volume overload reflected by a negative passive 
leg rising (i.e., the absence of preload dependence)  
in WiPO.

Since prolonged invasive mechanical ventilation is 
associated with significant morbidity and mortality, 
readiness to wean should be considered as early as possible 
in a stabilized patient (1), and subsequently assessed daily 
(12,13). Current recommendations advocate performing 
a 30-min SBT consisting in either a T-tube breathing 
or low levels of pressure support ventilation [typically  
5–8 cmH2O with or without a positive end-expiratory 
pressure (PEEP) of 5 cmH2O] (1). In heart failure patients, 
a low-pressure support and a low level of PEEP can have 
significant beneficial hemodynamic effects (5). In contrast, 
withdrawing even a low PEEP level can result in rapid 
worsening of LV function, increased filling pressures, and 
ultimately can precipitate the development of WiPO (4). 
In a small sample of patients who failed initially a 60-min 
T-piece trial while exhibiting a baseline median PAOP of 
15 mmHg (interquartile range: 12–18 mmHg), Cabello  
et al. (7) assessed the respiratory and hemodynamic 
responses to three types of SBTs performed in random 
order:  T-piece trial ,  pressure support ventilation  
(7 cmH2O) with low PEEP (5 cmH2O), and pressure 
support ventilation (7 cmH2O) without PEEP. All patients 
failed the T-piece trial, whereas 8 (57%) and 11 (79%) 
of them successfully completed the SBT using pressure 
support ventilation (7 cmH2O) without PEEP and with 
low PEEP (5 cmH2O), respectively. Interestingly, both the 
work of breathing and PAOP level increased to a higher 
extend in the absence of PEEP, with median values of 
PAOP reaching 20 to 21 mmHg (7). Taken together, these 
data suggest that SBT failure of cardiac origin is common 
in difficult-to-wean patients and that the T-piece trial elicits 
the greatest burden on respiratory and cardiocirculatory 
functions during SBT. Accordingly, the T-piece trial 
appears as a reasonable choice to unmask the development 
of LV heart failure during spontaneous breathing in patients 
with impaired cardiac function. Since heart failure patients 
require a higher threshold for extubation, a successful 
T-piece trial appears to sensitively assess their ability to 
tolerate fully unsupported spontaneous breathing (5,13). 
This strategy may be extended to any patient at high risk of 
weaning failure, such as suspected or documented marginal 
LV systolic function and/or LV diastolic dysfunction, 
especially in the presence of volume overload. In these 
patients, a failed T-piece trial indicates the need for 
further optimization of cardiac loading conditions prior to 

and after a planned extubation to prevent re-intubation. 
Hemodynamic assessment at the time of SBT failure is then 
crucial to best guide further therapeutic strategy in order to 
optimize the weaning process (10).

Diagnosing weaning failure of cardiac origin

Diagnosis is straightforward when a florid WiPO develops 
shortly after the initiation of a SBT in a cardiac patient. 
In contrast, weaning failure of cardiac origin may be 
more challenging to identify in the setting of previously 
unrecognized left heart disease (6). In addition, the 
precise mechanism of the cardiovascular failure requires 
a comprehensive hemodynamic assessment at the precise 
time of SBT failure (4). The diagnosis of WiPO historically 
relies on the measurement of an increased PAOP, with  
18 mmHg being widely considered as a classical cut-off 
value (3). Nevertheless, the increase of PAOP during SBT is 
fairly limited in patients without cardiac disease (3), and the 
use of right heart catheterization in ICU patients regularly 
diminishes over time due to its invasiveness and intrinsic 
limitations (14). Accordingly, the diagnosis of WiPO 
currently relies on non-invasive approaches, including 
transthoracic echocardiography, cardiac biomarkers, 
biological signs of hemoconcentration, or measurement of 
extravascular pulmonary lung water (6,15). Nevertheless, 
studies failed to assess and compare the respective diagnostic 
value of these various approaches to identify weaning failure 
of cardiac origin specifically in heart failure patients.

Transthoracic echocardiography

Critical care ultrasonography is best suited to precisely 
identify both the diagnosis and mechanism of weaning 
failure of cardiac origin, since it combines transthoracic 
echocardiography and chest ultrasonography which are 
portable, non-invasive, and easy-to-use imaging methods 
(10,16). In patients with acute respiratory failure, the 
echocardiographic diagnosis of cardiogenic pulmonary 
edema relies on the identification of elevated LV filling 
pressures which are usually associated with a LV diastolic 
dysfunction of variable severity, irrespective of systolic 
function (17). Accordingly, the same diagnostic approach 
applies for WiPO resulting in a failed SBT or in a failed 
extubation. Not surprisingly, patients with LV diastolic 
failure—especially of high grade—have a higher rate of 
SBT failure than patients with normal relaxation (18). 
Most of echocardiographic studies have emphasized the 
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important role of LV diastolic dysfunction rather than LV 
systolic failure during unsuccessful weaning (15).

Mitral pulse wave Doppler in conjunction with Tissue 
Doppler Imaging applied at the level of the mitral ring 
are commonly used to assess LV diastolic properties and 
resulting filling pressures. The derived index E/E’ (i.e., 
the maximal spectral Doppler velocity of early diastolic 
mitral inflow normalized by the maximal tissue Doppler 
velocity measured at the lateral and/or septal aspects of 
the mitral ring) is widely advocated to estimate LV filling 
pressure. Lateral E/E’ value ≤8 is consistent with a PAOP 
≤18 mmHg (19). In contrast, higher E/E’ values have 
been reported in patients who underwent unsuccessful 
SBT. Threshold values of E/E’ to predict SBT failure 
differ between studies (range: 7.8 to 14.5) due to distinct 
sites of E’ measurement (lateral, septal, or both aspects of 
mitral ring), different characteristics of study populations, 
and variable cumulative fluid balance at the time of SBT  
(20-22). We (23) and others (24) have previously showed 
that patients who failed SBT exhibited a significantly lower 
LV ejection fraction and higher E/E’ before the T-piece 
trial, when compared to those who were successfully 
weaned. Not surprisingly, E/E’ values tend to be higher 
during a T-piece trial than during a low-level pressure 
support trial without PEEP (10), the difference being not 
significant in a small study sample (25). During SBT, CCE 
studies uniformly reported an increase of LV filling pressure 
(i.e., higher E/E’ and/or E/A) (20,21,23,26,27). In a recent 
meta-analysis including 7 studies with a total of 433 patients, 
a higher baseline E/E’ ratio and an increase of LV filling 
pressure during SBT were significantly associated with 
weaning failure (18). Nevertheless, a marked heterogeneity 
among studies precluded the determination of a consistent 
and reliable E/E’ cutoff value to accurately predict weaning 
failure (18). Finally, Moschietto et al. (21) showed that E’ 
maximal velocity significantly increased during SBT in 
patients who were successfully weaned, whereas it failed 
to do so in patients who failed. This suggests that the 
inability to improve relaxation during the adrenergic release 
at the time of SBT may represent an important factor 
contributing to weaning failure of cardiac origin (21). In 
keeping with these results, Ruiz-Bailén et al. (28) recently 
showed that silent diastolic and systolic dysfunction could 
have a major impact on ventilator weaning in performing 
stress echocardiography in a population of cardiac patients 
who had been mechanically ventilated. In patients who 
failed weaning, dobutamine echocardiography disclosed 
an increased E/E’ ratio and a deterioration of LV systolic 

performance (reduced strain and strain rate), when 
compared to those who were successfully weaned (28).

Transthoracic echocardiography also allows clear 
depiction of alternative mechanisms of WiPO, such as 
SBT-induced or SBT-increased mitral regurgitation. 
Although not operant in cardiogenic pulmonary edema with 
preserved LV ejection fraction (29), the volume of ischemic 
mitral regurgitation may abruptly increase during exercise 
and changes in cardiac loading conditions in patients with 
LV systolic dysfunction (30). Similarly, the severity of mitral 
regurgitation tends to increase during SBT (26). These 
results have been elegantly confirmed in a recent study 
using ephedrine stress echocardiography in patients without 
apparent LV systolic or diastolic dysfunction, but functional 
moderate-to-severe mitral regurgitation (28). Effective 
regurgitant volume and orifice area significantly increased 
as a result of raised LV afterload, reflecting the potential 
contribution of transiently worsened mitral regurgitation 
during the weaning process (28). Occult mitral regurgitation 
is frequently encountered in patients with coronary 
artery disease (31). Since ischemic mitral insufficiency 
is a “dynamic” disease which severity may vary over  
time (30), regurgitant volume may worsen during weaning 
as a result of increased adrenergic tone and LV afterload, 
or even due to SBT-induced myocardial ischemia. Rarely, 
weaning pulmonary edema may be related to a severe mitral 
regurgitation secondary to a systolic anterior motion of the 
mitral valve in patients with hypertrophic cardiomyopathy. 
In this case, transthoracic echocardiography is diagnostic 
in depicting the association of a dynamic LV outflow tract 
obstruction and severe mitral regurgitation, whereas right 
cardiac catheterization leads to the erroneous diagnosis of 
left heart failure due to the presence of markedly elevated 
PAOP (32). Finally, transthoracic echocardiography is an 
unparalleled approach to identify associated cardiac disease 
at the origin of exaggerated raise in LV filling pressures 
during SBT (e.g., ischemic, hypertrophic or infiltrative 
cardiomyopathy). Although of great clinical value, CCE is 
operator-dependent, requires a specific training to reach 
advanced competency, and may be limited by inadequate 
image quality, especially in COPD patients.

Cardiac biomarkers

B-type natriuretic peptide (BNP) and N-terminal proBNP 
(NT-proBNP) are peptides which are released by the 
ventricular myocytes in response to stretch, hence any 
distention of ventricular walls secondary to increased 
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intra-cavitary pressure. Accordingly, numerous studies 
have evaluated the diagnostic accuracy of these peptides 
to predict weaning failure in measuring circulating 
levels prior to and during SBT (3,15). Mekontso-Dessap  
et al.  (33) showed that plasma BNP concentration 
before SBT was higher in patients with weaning failure. 
Nevertheless, no hemodynamic assessment was performed 
to ascertain the cardiac origin of weaning failure. Chien  
et  al .  (34) reported that SBT-induced increase of 
circulating BNP level predicted weaning failure, rather 
than baseline concentration. Similar results were reported 
for NT-proBNP and increased circulating level of the 
peptide was related to SBT-induced rise in LV filling  
pressure (26). Zapata et al. (35) showed that both BNP and 
NT-proBNP could predict weaning failure of cardiac origin 
(PAOP >18 mmHg or Doppler consistent with elevated 
LV filling pressure), and found that BNP performed 
better than NT-proBNP. In another study, an increase 
of BNP concentration exceeding 12% during SBT was 
shown predictive of WiPO with a sensitivity of 78% and a 
specificity of 78% (36). In contrast, Ait-Oufella et al. (37) 
reported significant increase of plasma BNP concentration 
during SBT, whether patients could be successfully weaned 
from the ventilator or not. Finally, Mekontso Dessap 
et al. (38) have shown that guiding fluid management 
of ventilated ICU patients based on daily measurement 
of plasma BNP concentration significantly reduced 
fluid balance and shortened the duration of mechanical 
ventilation, especially in the presence of LV dysfunction. 
Nevertheless, this therapeutic strategy was not tested in 
patients with WiPO.

Overall, the ability of BNP and NT-proBNP to 
accurately predict weaning failure of cardiac origin remains 
debated in the current literature. Since SBT is easy to 
perform and provides valuable clinical information on the 
ability of the patient to sustain spontaneous breathing, the 
additional diagnostic value of these peptide concentrations 
remains questionable (15). In addition, BNP and NT-
proBNP plasma concentrations can be significantly 
increased in the absence of left heart dysfunction 
(e.g., advanced age, sepsis, renal failure, pulmonary 
hypertension…). Whether routine measurement of BNP 
or NT-proBNP plasma concentration before SBT could 
be used as a screening tool to identify patients with severe 
global condition who are at high-risk of weaning failure 
due to underlying elevated cardiac filling pressure and who 
should therefore be monitored closely (e.g., transthoracic 

echocardiography) to best guide ventilator weaning remains 
to elucidate.

Biological markers of hemoconcentration

As a hydrostatic pulmonary edema, WiPO is thought to 
be associated with a transfer of hypo-oncotic fluid from 
pulmonary capillaries towards lung interstitium which may 
result in hemoconcentration (3). Anguel et al. (39) found 
that an increase of plasma protein concentration greater 
than 6% during SBT predicted WiPO with a sensitivity 
of 87% and a specificity of 95%. When compared to 
transthoracic echocardiography, Pottier et al. (40) reported 
the absence of additional value of biological markers of 
hemoconcentration (protein and hemoglobin levels) for 
the diagnosis of WiPO. Similar to cardiac biomarkers, this 
simple biological test fails to directly quantify the elevation 
of LV filling pressure and to identify potentially unsuspected 
related mechanisms (e.g., transient mitral regurgitation and/
or myocardial ischemia).

Increased extravascular lung water

In the absence of LV filling pressure assessment, the 
detection of extravascular lung water during a SBT allows 
linking a potential failure of the test to the development 
of WiPO (15). Lung ultrasonography has been validated 
for the diagnosis of interstitial pulmonary edema, when 
depicting B-lines (instead of A-lines) (10,16). A semi-
quantitative assessment of the severity of interstitial 
pulmonary edema has been proposed (41). The presence 
of pulmonary consolidation suggests underlying alveolar 
filling (42). Nevertheless, lung ultrasonography fails to 
distinguish between cardiogenic and inflammatory causes 
of pulmonary edema, irrespective of its severity (10). 
Accordingly, lung ultrasonography should be associated 
with echocardiography to ascertain that weaning failure is 
of cardiac origin (43).

Transpulmonary thermodilution allows measuring 
extravascular lung water using a specific algorithm. In 
difficult-to-wean patients, Dres et al. (36) showed that an 
increase of extravascular lung water greater or equal to 14% 
during a SBT indicated the development of a WiPO with a 
sensitivity of 67% and a specificity of 100%. Nevertheless, 
this approach requires the presence of both a dedicated 
femoral artery catheter and central venous line at the time 
of SBT, and fails to directly document the increase of LV 
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filling pressure and its underlying mechanism (15).

Use of critical care echocardiography for 
conducting SBT in high-risk patients

CCE is performed and interpreted at bedside by intensivists 
specifically trained to establish diagnoses and guide 
therapeutic management, especially in patients with 
cardiopulmonary compromise (44). Owing to its ease of 
use, portability, non-invasiveness, anatomical and functional 
real-time assessment, CCE is currently recommended as 
the first-line modality to assess patients with shock or with 
acute respiratory failure, and is more used as a monitoring 
rather than a diagnostic tool to better guide tailored 
management of unstable patients (45). According to image 
quality and indication, transesophageal echocardiography 
may represent a valuable adjunct in the diagnostic work-
up of a ventilated patient under sedation after a weaning 
failure, but it requires a specific training (46). This explains 
the pivotal role of CCE in the setting of patients at high 
risk of weaning failure of cardiac origin (Table 1).

Practically, CCE should be used systematically in cardiac 
patients before initiating the weaning process since this 
population is intrinsically at high risk of WiPO (5,48). 
In patients without known cardiac disease but presenting 
with a past medical history or comorbidities potentially 
consistent with borderline LV systolic function, abnormal 
LV diastolic properties, (severe) pulmonary hypertension, 
and/or positive cumulative fluid balance, CCE should be 
used as a screening tool to objectively identify those who 
are at high risk of weaning failure of cardiac origin (49,50). 
Before SBT, patients with a high E/E’ value, significant 
left-sided valvulopathy (especially mitral regurgitation), 
LV outflow tract obstruction, pulmonary hypertension, 
especially in the presence of a depressed LV systolic 
function or an underlying cardiomyopathy known to 
be associated with LV diastolic dysfunction should be 
closely monitored using CCE during the weaning process  
(Table 1). As for difficult-to-wean patients (13), the T-piece 
trial should then be chosen to increase the sensitivity of 
SBT in order to unmask a compensated heart failure under 
positive-pressure ventilation. In all these patients, CCE 
should be performed immediately prior to (i.e., typically 
under pressure support with ongoing ventilator settings) 
and during the SBT (typically a T-piece trial) to depict any 
significant increase of LV filling pressure, since there is no 
reliable threshold value of E/E’ that can be uniformly used 
to predict weaning failure (18). Practically, CCE assessment 

is performed using transthoracic echocardiography 
immediately before ventilator disconnection and after 15 
to 30 minutes of T-piece trial, or earlier in the presence of 
clinical signs of weaning failure (51). This hemodynamic 
assessment should be goal-oriented to be rapidly  
performed (51), focused on the semi-quantitative evaluation 
of LV filling pressure and systolic pulmonary pressure, and 
seek for any transient but relevant mitral regurgitation  
(Table 1). In an asymptomatic patient, the absence of (I) 
significant increase of E/E’, (II) substantial augmentation of 
systolic pulmonary artery pressure, (III) SBT-induced mitral 
regurgitation or worsening of its severity compared to 
baseline, and (IV) relevant regional wall motion abnormality 
or new-onset LV systolic dysfunction allows considering 
extubation with a low risk of failure. A significant increase 
of E’ maximal velocity reflecting improved LV relaxation 
during SBT could constitute an additional factor predicting 
a successful weaning (21). In contrast, early clinical failure 
(typically within a few minutes) of SBT should trigger a 
prompt CCE assessment to confirm the WiPO (elevated 
LV filling pressure) and to depict its precise mechanism (17). 
In this case, additional transesophageal echocardiographic 
assessment may be performed once the patient has been 
sedated and reconnected to the ventilator in the presence 
of suboptimal surface image quality (10,46). This new CCE 
evaluation allows tailoring medical therapy to optimally 
prepare the difficult-to-wean patient to a new SBT (52). It 
is then recommended to consider a new T-piece trial after 
24 hours of assist-control ventilation and adapted therapy, 
and subsequently on a daily basis (13).

Once the patient has been reconnected to the ventilator 
and switched to assist-control ventilation, the treatment 
of WiPO relies on the identification of its mechanism  
(Table 1). Volume overload (excessive preload) responsible 
for increased LV filling pressure should trigger diuretic 
therapy. Liu et al. (8) recently showed that patients with 
initial WiPO could subsequently be extubated successfully 
after fluid removal by diuretics and vasodilator therapy 
when passive leg rising became positive. Accordingly, 
authors suggest that correction of fluid overload should 
aim at reaching a state of preload dependency (8). 
Excessive afterload is suspected on the abrupt increase 
of systolic blood pressure contemporary to SBT-induced 
rise of LV filling pressure. Additional echocardiographic 
findings consistent with afterloaded left heart are the acute 
reduction of LV ejection fraction and the worsening of a 
pre-existing mitral regurgitation. In this case, intravenous 
administration of vasodilators should be initiated, including 
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Table 1 Use of critical care echocardiography in the setting of potential weaning failure of cardiac origin

Steps Aims Parameters

1. Identify the high-risk population in a 
stabilized ventilated patient*

Screen patients to determine the high 
risk of weaning failure of cardiac origin

Any cardiomyopathy or relevant valvulopathy

LV systolic function: ejection fraction

Left atrial size

LV diastolic properties and filling pressure: E/A, E/E’, 
E deceleration time
Systolic pulmonary artery pressure: maximal velocity 
of tricuspid regurgitation

2. Characterize baseline central 
hemodynamics and LV diastolic properties

Determine baseline hemodynamic 
profile as a reference

LV ejection fraction

LV outflow tract velocity time integral

Regional LV systolic function assessment (wall 
thickening)

E/A and E/E’ (lateral and septal)

Semi-quantitative assessment of mitral regurgitation

Maximal tricuspid regurgitation velocity

3. Assess SBT-induced hemodynamic 
changes

Depict a potential increase of LV filling 
pressure and other consequences of 
changes in cardiac loading conditions 
(use baseline values as reference)

Same as 2.

Significant increase of LV filling pressure requires 
adequate Doppler signal and variations of velocity 
greater than reproducibility of measurement which is 
less than 5% (47)

4. Identify weaning pulmonary edema and 
its mechanism

Depict elevated (increased as 
compared to baseline) LV filling 
pressure

New-onset or worsened LV systolic dysfunction

Disclose the precise underlying 
mechanism

New-onset or extension of LV regional wall motion 
abnormalities

Absence of increase or even decreased LV stroke 
volume

Increased E/A and E/E’

Worsened mitral regurgitation (central if functional, 
eccentric if ischemic, systolic anterior motion)**

Worsened pulmonary hypertension

5. Guide tailored therapy to best prepare 
patient for the next SBT

Document therapeutic efficacy 
(correction of the mechanism of initial 
weaning pulmonary edema)

Abnormality found at step 4. corrected or improved 
before scheduling the new SBT

6. Monitor closely the next SBT after 
optimization of etiologic treatment

Rule out any significant hemodynamic 
change during SBT

Same as 2. and 3.

*, see text for details; **, transesophageal echocardiography may be superior to the transthoracic approach for a precise diagnosis in a 
sedated patient under ventilation after SBT failure. LV, left ventricle; SBT, spontaneous breathing trial.
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using initial intravenous boluses to rapidly decrease systolic 
blood pressure, hence LV afterload. Nitrates appear as a 
reasonable choice if excessive afterload is associated with 
volume overload and/or new-onset regional wall motion 
abnormalities consistent with SBT-induced myocardial 
ischemia. When SBT-induced adrenergic release results 
in a systolic anterior motion of the mitral valve with 
associated acute and severe mitral regurgitation at the 
origin of a WiPO, beta-blockers are the treatment of  
choice (32). In contrast, Dobutamine could be deleterious in 
this clinical setting since it would amplify LV outflow tract 
dynamic obstruction and associated rise of filling pressure. 
Dobutamine is usually not indicated in weaning failure of 
cardiac origin because contemporary increase of PAOP is 
usually not associated with a decreased cardiac output (4,20). 
In addition, further adrenergic stimulation by a β1-agonist 
agent could be deleterious in increasing myocardial oxygen 
consumption with its inherent risk of myocardial ischemia 
in predisposed patients (3,15). Levosimendan has been 
successfully used in patients with a dilated cardiomyopathy 
who failed weaning (53),  but cannot be currently 
recommended. Once the mechanism of WiPO corrected or 
improved, the patients should be closely monitored using 
CCE during the next SBT (Table 1).

After extubation, careful optimization of loading 
conditions and liberal use of non-invasive positive-pressure 
ventilation are crucial to best prevent re-intubation (5). In 
ICU patients who were extubated after a successful SBT, 
Silva et al. (54) elegantly demonstrated that a combined 
thoracic ultrasound approach encompassing transthoracic 
echocardiography, lung and diaphragm ultrasound allowed 
predicting subsequent respiratory distress and accurately 
identified its mechanism (i.e., cardiac or respiratory origin). 
The identification of lung interstitial edema and elevated 
LV filling pressure were the strongest predictors of post-
extubation respiratory failure (54). Overall, a combined 
approach based on ultrasonography evaluation of the heart, 
the diaphragm, the pleura and the lung appear as a sound 
strategy to best guide tailored therapeutic management of 
patients at high risk of weaning failure (16).

Conclusions

Cardiac patients are at high-risk of weaning failure due to 
WiPO since the transition from positive-pressure invasive 
ventilation to spontaneous breathing may elicit an excessive 
burden on both the respiratory and cardiovascular systems. 
Numerous patients without known cardiac disease are also 

prone to weaning failure of cardiac origin due to marginal 
systolic function or LV diastolic dysfunction, especially 
when associated with a marked positive fluid balance. 
Although various approaches based on cardiac biomarkers, 
biological signs of hemoconcentration, or measurement 
of extravascular lung water have been proposed for the 
diagnosis of WiPO, CCE is the only non-invasive method 
which allows real-time identification of WiPO and of its 
underlying mechanism. Accordingly, CCE is ideally suited 
for detecting high-risk patients of weaning failure who 
should be monitored during and after the SBT, and to guide 
tailored therapy in those who failed. The impact on patient-
centered outcomes of such integrated management strategy 
deserves to be prospectively tested in a large population of 
patients at high risk of weaning failure of cardiac origin.
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