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Abstract 

Purpose: To assess the role of left ventricular overload and cumulated fluid balance in the development weaning‑
induced pulmonary edema (WIPO).

Methods: Ventilated patients in sinus rhythm with COPD and/or heart failure (ejection fraction ≤ 40%) were studied. 
Echocardiography was performed immediately before and during a 30‑min spontaneous breathing trial (SBT) using a 
T‑tube. Patients who failed were treated according to echocardiography results before undergoing a second SBT.

Results: Twelve of 59 patients failed SBT, all of them developing WIPO. Patients who succeeded SBT had lower 
body weight (− 2.5 kg [− 4.8; − 1] vs. + 0.75 kg [− 2.95;  + 5.57]: p = 0.02) and cumulative fluid balance (− 2326 ml 
[− 3715;  + 863] vs. + 143 ml [− 2654; + 4434]: p = 0.007) than those who developed WIPO. SBT‑induced central 
hemodynamic changes were more pronounced in patients who developed WIPO, with higher E wave velocity 
(122 cm/s [92; 159] vs. 93 cm/s [74; 109]: p = 0.017) and E/A ratio (2.1 [1.2; 3.6] vs. 0.9 [0.8; 1.4]: p = 0.001), and shorter 
E wave deceleration time (85 ms [72; 125] vs. 147 ms [103; 175]: p = 0.004). After echocardiography‑guided treat‑
ment, all patients who failed the first SBT were successfully extubated. Fluid balance was then negative (− 2224 ml 
[− 7056; + 100] vs. + 146 ml [− 2654; + 4434]: p = 0.005). Left ventricular filling pressures were lower (E/E′: 7.3 [5; 10.4] 
vs. 8.9 [5.9; 13.1]: p = 0.028); SBT‑induced increase in E wave velocity (+ 10.6% [− 2.7/ + 18] vs. + 25.6% [+ 12.7/ + 49]: 
p = 0.037) and of mitral regurgitation area were significantly smaller.

Conclusion: In high‑risk patients, WIPO appears related to overloaded left ventricle associated with excessive fluid 
balance. SBT‑induced central hemodynamic changes monitored by CCE help in guiding therapy for successful 
weaning.

Keywords: Ventilator weaning, Pulmonary edema, Water‑electrolyte balance, Echocardiography, Echocardiography 
Doppler

Introduction

Since prolonged invasive mechanical ventilation is asso-
ciated with increased morbidity and mortality, patients 
must be weaned from the ventilator as soon as possible 
[1]. Nevertheless, weaning failure rate ranges between 
26 and 42% [2]. Spontaneous breathing trial (SBT) has 
been compared to a physical exercise [3]. The transition 
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from positive to negative intrathoracic pressure alters 
unfavorably cardiac loading conditions, the net result 
being an abrupt increase in left ventricular (LV) filling 
pressures [4]. Accordingly, weaning pulmonary edema 
(WIPO) is a leading cause of weaning failure [5, 6], espe-
cially in high-risk patients with an underlying cardiopa-
thy, chronic obstructive pulmonary disease (COPD), or 
obesity [7].

Negative passive leg raise reflecting the absence of fluid 
responsiveness [7, 8] and high B-type natriuretic peptide 
(BNP) [9–12] or NT pro-BNP [9, 13] levels have been 
shown to be associated with an increased risk of weaning 
failure. In addition, guidance of fluid management based 
on daily measurement of plasma BNP concentration sig-
nificantly reduces fluid balance and shortens the dura-
tion of mechanical ventilation, especially in the presence 
of LV failure [14]. Taken together, these results underline 
the pivotal contribution of cumulated hydric balance and 
potentially associated volume overload in the develop-
ment of WIPO [15].

This study aimed at assessing the ability of critical care 
echocardiography (CCE) [16] to accurately track SBT-
induced central hemodynamic changes in patients at 
high risk of WIPO and its value for guiding therapy after 
a failed SBT due to WIPO.

Material and methods
This prospective, observational, single-center study was 
conducted in the Intensive Care Unit (ICU) of Limoges 
University Hospital over a 28-month period. The study 
was approved by the Ethics Committee of the Société 
de Réanimation de Langue Française which waived 
informed consent.

Patients
Patients were eligible if they fulfilled the following inclu-
sion criteria: (1) invasive mechanical ventilation for 
more than 48 h; (2) medical history of COPD [17] and/
or heart failure with a left ventricular ejection fraction 
(LVEF) ≤ 40%; (3) eligibility to perform a weaning trial, 
as previously described [2] (e-Appendix 1). Patients were 
not studied if they had at least one of the following crite-
ria: non-sinus rhythm, severe mitral valve disease, mitral 
valve replacement or repair, tracheostomy, or inadequate 
imaging quality for Doppler assessment.

In each patient, the following data were recorded on 
ICU admission: patient’s characteristics, reason for ICU 
admission, medical history, SAPS II [18] and SOFA [19] 
scores. Data recorded at each weaning trial are detailed 
in e-Appendix 1. After extubation, patients were followed 
until ICU discharge to record the need for re-intubation 
and its reason, and vital status.

Weaning trials
Weaning trial was considered on a daily basis in a 
patient under pressure support [1, 2]. In eligible 
patients, a 30-min SBT on a T-tube was performed with 
the oxygen flow set to obtain a  SpO2 ≥ 90% [2]. ST-seg-
ment was monitored continuously during SBT to detect 
potentially induced myocardial ischemia (Intellivue MP 
70, Philips Healthcare, Germany).

SBT failure was clinically diagnosed on previously 
defined criteria [2, 6], and WIPO was confirmed 
using chest X-ray or lung ultrasound (e-Appendix  1). 
Patients were then reconnected to the ventilator, and 
the treatment was modified according to clinical pres-
entation and CCE results [6, 20]: diuretics (LV over-
load reflected by increased E wave velocity and/or 
positive fluid balance), vasodilators including nitrates 
(hypertension, LV overload, ischemic cardiomyopa-
thy reflected by LV regional wall motion abnormality) 
and/or angiotensin converting enzyme (ACE) inhibitor 
(hypertension, LV diastolic dysfunction with elevated 
filling pressure, worsened mitral regurgitation), or 
beta-blockers (hypertrophic cardiomyopathy, dynamic 
obstruction > 30  mmHg measured with continuous 
wave Doppler) [21]. Elevated LV filling pressure was 
identified in the presence of grade II or III diastolic dys-
function [22]. Patients were then reassessed daily and 
underwent a new SBT when weaning criteria were sub-
sequently met. When SBT was clinically successful, the 
patient was extubated. Extubation failure was defined as 
the need for re-intubation within 48 h after extubation 
[2]. All cases of WIPO were independently confirmed 
off-line by two intensivists who separately reviewed the 
medical chart of patients who failed SBT, without hav-
ing access to CCE data (e-Appendix 1, e-Table 1).

Transthoracic echocardiography
In all patients, CCE was systematically performed 
immediately before and at the end of SBT (after 
30  min or earlier at the time of respiratory distress 
due to failed SBT, before reconnection to the ventila-
tor). This sequence was repeated during subsequent 
weaning trials, if any. CCE was also systematically per-
formed before re-intubation to determine the cardiac 
origin of extubation failure, or not. Parameters were 

Take‑home message 

In high‑risk patients, weaning‑induced pulmonary edema is related 
to left ventricular overload associated with excessive fluid balance. 
Critical care echocardiography allows guiding treatment for success‑
ful weaning.
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measured in triplicate and averaged, off-line, on de-
identified CCE images, by an independent and experi-
enced investigator who had no access to medical charts 
(e-Appendix 1).

Statistical analysis
Considering that WIPO is deemed responsible for 
approximately 60% of weaning failures [7] and the large 
range of weaning failure rate reported in high-risk 
patients [2], we estimated that 61 patients should be 
studied to reach 20% of WIPO-induced SBT failure with 
a precision of 10% and an alpha risk of 5%. Quantitative 
variables were expressed as medians with their 25th and 
75th percentiles and quantitative variables as percent-
ages. No use of previous value or interpolation rule was 
used in the presence of missing data. Hemodynamic 
parameters were compared individually between base-
line and the first SBT using paired samples Wilcoxon 
test. Patients were separated into two groups accord-
ing to the success or failure of SBT, and data were com-
pared between groups using a Mann–Whitney U test or 
a Chi-squared test. In the subset of patients who failed 
the first SBT but could be successfully extubated after the 
second weaning trial, individual parameters recorded at 
the time of the two SBTs were compared using a paired 
samples Wilcoxon test. Cutoff values of E wave velocity 

were identified to diagnose failed SBT due to WIPO, 
and alternatively to predict successful extubation, with a 
specificity > 90%. Statistical significance was defined as a 
p value < 0.05 (SPSS, Chicago, IL, USA).

Results
Study population
Of the 2852 patients admitted to our medical-surgical 
ICU during the study period, 2364 were mechanically 
ventilated (83%) and 361 had a COPD and/or heart fail-
ure (15%). Of them, 304 (84%) remained under invasive 
mechanical ventilation for more than 48 h but 114 died 
before ventilator weaning, 114 had a non-sinus rhythm, 
and 17 had exclusion criteria (Fig. 1). Finally, 59 patients 
were studied (39 men; median age 62  years [52–73]; 
SAPS2: 38.5 [30–53]; SOFA: 6 [4–9]). Forty-four patients 
(75%) had a documented heart failure, 21 patients (36%) 
had a COPD, 6 of them (10%) having both (Table 1). No 
significant ST-segment variations were recorded during 
SBTs.

First weaning trial
SBT was first performed after a median duration 
of mechanical ventilation of 96  h [54–171]. Forty-
seven patients succeeded SBT and were subsequently 
extubated, whereas the remaining 12 patients (20%) 

Fig. 1 Study flow chart. Abbreviations: ICU, intensive care unit; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection fraction; 
SBT, spontaneous breathing trial
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Table 1 Patients characteristics at inclusion according to the result of the first spontaneous breathing trial (SBT)

Results are expressed as medians (with 25th and 75th percentiles in parentheses), or as numbers (percentages in parentheses)

COPD chronic obstructive pulmonary disease, SAPS Simplified Acute Physiology score, SOFA sepsis-related organ failure assessment, ICU intensive care unit, PEEP 
positive end-expiratory pressure, RR respiratory rate

Study population
(n = 59)

SBT success
(n = 47)

SBT failure
(n = 12)

P value

Age, years 62 (52–73) 63 (52–73) 58 (45–70) 0.38

Gender, M/F 39/20 29/18 10/2 0.157

Heart failure with LVEF ≤ 40% (%) 44 (75) 35 (74) 9 (75) 0.97

COPD (%) 20 (36) 16 (34) 4 (33) 0.848

Reason for ICU admission

Acute pulmonary edema (%) 13 (22) 10 (21) 3 (25) 0.78

Cardiogenic shock (%) 7 (12) 6 (13) 1 (8) 0.67

Cardiorespiratory arrest (%) 7 (12) 6 (13) 1 (8) 0.78

Exacerbation of COPD (%) 6 (10) 5 (11) 1 (8) 0.81

Post cardiac surgery (%) 9 (15) 8 (17) 1 (8) 0.76

Other (%) 17 (29) 12 (26) 5 (41) 0.47

Medical history

Ischemic cardiomyopathy (%) 38 (53) 31 (66) 7 (58) 0.95

Dilated cardiomyopathy (%) 11 (19) 7 (28) 4 (33) 0.09

Hypertrophic cardiomyopathy (%) 6 (10) 6 (13) 0 (0) 0.22

Severe aortic valve disease (%) 0 (0) 0 (0) 0 (0) –

Severe pulmonary hypertension (%) 0 (0) 0 (0) 0 (0) –

Non severe valve disease (%) 8 (17) 6 (13) 2 (17) 0.62

Obesity (%) 13 (22) 10 (21) 3 (25) 0.64

Severity scores

SAPS 2 38.5 (30–53) 39 (30–53) 35.5 (23.5–51) 0.46

SOFA 6 (4–9) 6 (4–9) 6 (3–10) 0.72

Vital status

ICU mortality (%) 4 (7) 2 (4) 2 (17) 0.13

Therapy on inclusion

Bronchodilators (%) 9 (15) 7 (15) 2 (16) 0.765

Corticosteroids (%) 8 (14) 6 (13) 2 (16) 0.62

Furosemide (%) 25 (42) 20 (43) 5 (42) 0.82

Nitrates (%) 1 (2) 1 (2) 0 (0) 0.63

Catecholamines (%) 17 (29) 13 (28) 4 (33) 0.54

Respiratory parameters

FiO2, % 30 (30–40) 30 (30–40) 30 (30–37.5) 0.695

Pressure support level, cm  H2O 12 (10–14) 12 (10–14) 14 (11–15) 0.234

PEEP,  cmH2O 7 (4–10) 6 (4–10) 9 (7–10) 0.128

RR, breath/min 19 (16–24) 19 (16–22) 20 (16–20) 0.884

Duration of mechanical ventilation, h 110 (60–180) 96 (54–171) 127 (86–241) 0.30

SaO2, % 98 (96–99) 100 (96–100) 97 (96–99) 0.59

PaO2, mmHg 142 (81–234) 99 (85–108) 86 (85–120) 0.51

PaO2/FiO2 287 (235–351) 287 (228–353) 288 (241–340) 0.91

PaCO2, mmHg 42 (33–60) 36 (32–43) 35 (32–40) 0.55

Hydric balance

Weight difference (admission), kg − 2.0 (− 4.2/ + 1.2) − 2.5 (− 4.8/ + 1) 0.75 (− 2.95/ + 5.6) 0.02

Fluid balance (admission), ml − 2150 (− 3505/ + 1282) − 2326 (− 3715/ + 863) 146 (− 2654/ + 4434) 0.047



1375

developed WIPO and were maintained under mechani-
cal ventilation. Four of the 47 extubated patients (8.5%) 
developed weaning failure within 48 h after the planned 
extubation, but none was of cardiac origin (Fig. 1).

When compared to positive-pressure ventilation, E 
wave maximal velocity significantly increased (95 cm/s 
[75–115] vs. 85 cm/s [61–100]: p < 0.001), E wave decel-
eration time shortened (128  ms [89–163] vs. 147  ms 

[109–206]: p < 0.001), E/E’ ratio and peak velocity of tri-
cuspid regurgitation increased during SBT (Table 2).

When compared to patients who failed SBT, patients 
who passed SBT and were extubated had a negative fluid 
balance during hospitalization (-2326 ml [− 3715/ + 863] 
vs. + 146  ml [− 2654/ + 4434]: p = 0.047) and loss of 
body weight relative to admission (− 2.5 kg [− 4.8/− 1.0] 
vs. + 0.75  kg [− 2.95/ + 5.6]: p = 0.02). No other signifi-
cant difference was noted between clinical characteristics 

Table 2 Hemodynamic parameters and  echocardiographic findings obtained immediately before  and during  the first 
spontaneous breathing trial (SBT)

HR heart rate, sBP systolic blood pressure, dBP diastolic blood pressure, mBP mean blood pressure, DTE deceleration time of mitral E wave, MR mitral regurgitation, LA 
left atrium, LVEF left ventricular ejection fraction, LVOT left ventricular outflow tract, VTI velocity–time integral, TR tricuspid regurgitation

*Significant difference between parameters measured under positive pressure ventilation and during the weaning trial

General population
(n = 59)

SBT success
(n = 47)

SBT failure
(n = 12)

P value

Before SBT
Hemodynamic parameters

 HR, bpm 94 (82–108) 90 (80–103) 96 (86–113) 0.13

 sBP, mmHg 138 (130–151) 142 (130–153) 131 (108–138) 0.08

 dBP, mmHg 79 (71–87)* 78 (71–87) 81 (69–88) 0.65

 mBP, mmHg 97 (87–107)* 98 (88–107)* 92 (82–110) 0.61

Echocardiography findings

 E, cm/s 85 (61–100)* 83 (62–91) 101 (84–144) 0.046

 A, cm/s 85 (62–109) 86 (23–172) 58 (37–101) 0.025

 E/A 0.9 (0.8–1.4)* 0.9 (0.7–1.1) 1.7 (1.3–2.4) 0.001

 DTE, ms 147 (109–206)* 173 (128–213) 107 (94–129) 0.002

 E′ lateral, cm/s 9.9 (7.5–12.6) 9.9 (7.5–12.4) 9.8 (7–15.3) 0.66

 E/E′ 8.4 (5.7–11.3)* 9.1 (5.6–11) 9.2 (6.6–12.5) 0.32

 MR/LA area 0.18 (0.14–0.23) 0.2 (0.16–0.24) 0.15 (0.13–0.31) 0.87

 LVEF, % 35 (24–40) 35 (26–40) 24 (18–36) 0.083

 LVOT VTI, cm 16.1 (12.8–21) 16.6 (13.4–20.9) 14.6 (8.5–21.2) 0.295

 TR peak velocity, m/s 2.96 (2.66–3.38)* 2.87 (2.53–3.05) 3.39 (2.86–3.78) 0.047

During SBT
Hemodynamic parameters

 HR, bpm 102 (91–115) 96 (86–113) 131 (113–143)  < 0.0001

 sBP, mmHg 146 (125–158) 147 (125–157) 140 (118–168) 0.8

 dBP, mmHg 80 (70–95)* 80 (70–93) 80 (65–98) 0.98

 mBP, mmHg 104 (90–113)* 104 (93–113)* 111 (72–113) 0.95

Echocardiography findings

 E, cm/s 95 (75–115)* 93 (74–109) 122 (92–159) 0.017

 A, cm/s 83 (68–112) 88 (75–114) 60 (33–94) 0.012

 E/A 0.9 (0.8–1.8)* 0.88 (0.8–1.3) 2.1 (1.2–3.6) 0.001

 DTE, ms 128 (89–163)* 147 (103–175) 85 (72–125) 0.004

 E′ lateral, cm/s 10.6 (8–12.6) 10 (8.1–12.3) 11.4 (7–16.1) 0.26

 E/ E′ 9.5 (7.5–12.7)* 9.6 (7.2–12.7) 9.3 (7.8–16) 0.84

 MR/LA area 0.21 (0.15–0.3) 0.21 (0.14–0.24) 0.26 (0.17–0.4) 0.57

 LVEF, % 32 (22–42) 33 (24–46) 23 (13–33) 0.033

 LVOT VTI, cm 16.8 (12.8–20.7) 17.5 (14.1–20.8) 11.5 (7.7–19.2) 0.088

 TR peak velocity, m/s 3.18 (2.92–3.56)* 3.01 (2.73–3.3) 3.67 (3.15–4.15) 0.12
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of both groups, except for a higher heart rate in wean-
ing failure patients (Tables 1 and 2). Under positive pres-
sure ventilation, patients who failed SBT exhibited a 
higher E wave maximal velocity (101  cm/s [84–144] vs. 
83  cm/s [62–91]: p = 0.046), an increased E/A ratio (1.7 
[1.3–2.4] vs. 0.9 [0.7–1.1]: p = 0.001), a shorter E wave 
deceleration time (107  ms [94–129] vs. 173  ms [128–
213]: p = 0.002) and a higher tricuspid regurgitation peak 
velocity (3.39  m/s [2.86–3.78] vs. 2.87  m/s [2.53–3.05]: 
p = 0.047), while baseline LV ejection fraction tended 
to be lower (24% [18–36] vs. 35% [26–40]: p = 0.083). In 
contrast, no significant difference in the E’ wave maximal 
velocity and E/E’ ratio was noted (Table 2). During SBT, 
variations of Doppler parameters were more marked 
in patients who failed than in those who succeeded the 
weaning trial: higher increase in E wave maximal velocity 
(122 cm/s [92–159] vs. 93 cm/s [74–109]: p = 0.017) and 
of E/A ratio (2.1 [1.2–3.6] vs. 0.9 [0.8–1.4]: p = 0.001), and 
greater shortening of E wave deceleration time (85  ms 
[72–125] vs. 147 ms [103–175]: p = 0.004). Again, no sig-
nificant difference was observed for the E’ wave maximal 
velocity and E/E’ ratio (Table 2).

Second weaning trial
Of the 12 patients who failed the first SBT due to 
WIPO, two died before subsequent weaning trial. All 
10 remaining patients succeeded the second SBT and 
were successfully extubated without requiring re-
intubation until ICU discharge (Fig.  1). Median body 
weight significantly decreased between both SBTs rela-
tive to admission (− 5.0  kg [− 9.5; − 1.7)] vs. + 1.6  kg 
[− 2.1;  + 6.5]: p = 0.005) as did fluid balance (− 2224 ml 
[− 7056;  + 100)] vs. + 146 ml [− 2654; + 4434]: p = 0.005).

After the initial SBT failure, 9 of 10 patients received 
diuretics, 4 patients received ACE inhibitors, one patient 
received nitrates, and a single patient received beta-
blocker for LV outflow tract dynamic obstruction asso-
ciated with massive eccentric acute mitral regurgitation 
secondary to a systolic anterior motion of the mitral 
valve. Between both weaning trials, median duration of 
invasive mechanical ventilation reached 59 h [25.5–103]. 
Before the second SBT, E wave maximal velocity and 
E/E’ ratio were significantly lower than before the first 
SBT (84 cm/s [67–127] vs. 102 cm/s [85–149]: p = 0.017 
and 7.3 [5.0–10.4] vs. 8.9 [5.9–13.1]: p = 0.028, respec-
tively). During the second SBT, maximal E wave veloc-
ity, E/A and E/E′ ratios were lower than during the first 
weaning trial (100 cm/s [85–122] vs. 122 cm/s [93–168]: 
p = 0.009; 1.5 [0.9–2.3] vs. 2.5 [1.1–3.6]: p = 0.009; and 
7.7 [6.2–9.9] vs. 9.3 [7.5–12.6]: p = 0.047, respectively), 
and tricuspid regurgitation peak velocity tended to be 
lower (2.90 [2.69–3.37] vs. 3.67 [3.00–4.18]: p = 0.068) 
(Table 3). In addition, functional mitral regurgitation jet 

area normalized by left atrial area significantly decreased 
during the second SBT (0.11 [0.06–0.29] vs. 0.26 [0.20–
0.39]; p = 0.028) (Fig.  2). Beta-blocker dramatically 
reduced both the LV outflow tract obstruction and mitral 
regurgitation in the patient with hypertrophic cardiomy-
opathy. Finally, SBT-induced variation of E wave veloc-
ity significantly decreased during the second weaning 
attempt when compared to the initial failed SBT (+ 10.6% 
[− 2.7/ + 18.0] vs. + 25.6% [+ 12.7/ + 49.0]: p = 0.037) and 
was similar to that observed in patients who successfully 
passed the first weaning trial (+ 13.7% [− 6.4/ + 52.1]). 
Similar results were obtained for E/E’, the difference being 
not statistically significant (Fig.  3 and e-Table  2). Other 
Doppler indices were not significantly altered by SBT.

Proposed cutoff values
E velocity < 0.6 m/s both at baseline and during SBT had 
a 100% specificity and a 15% sensitivity to predict passed 
SBT. E velocity ≥ 0.6 m/s at baseline and E ≥ 1.2 m/s dur-
ing SBT had a 91% specificity and 67% sensitivity to iden-
tify failed SBT due to WIPO.

Discussion
We showed in the present study that high-risk patients 
who failed SBT due to WIPO exhibited echocar-
diographic findings consistent with LV overload (i.e., 
increased preload and afterload) together with excessive 
cumulated fluid balance. Worsened or acutely developed 
mitral regurgitation appeared as a contributing factor to 
SBT failure. CCE-guided therapy helped attending phy-
sicians to successfully extubate patients who previously 
failed SBT due to WIPO, after a mean of 2.5 days.

The 27% SBT failure rate observed in the present study 
is in keeping with that commonly reported in a high-risk 
population [2]. As previously reported [23], our patients 
who developed WIPO had significantly higher maximal 
E wave velocity and E/A ratio, shorter E wave decelera-
tion time, lower LVEF, and higher tricuspid regurgita-
tion peak velocity under positive-pressure ventilation, 
when compared to their counterparts. This presum-
ably reflects the incapacity of their cardiovascular sys-
tem to sustain SBT-induced abrupt increase in cardiac 
work load [3–6]. LV was abruptly overloaded by SBT as 
reflected by a significant rise of maximal E wave velocity 
and E/A ratio, a significant shortening of E wave decel-
eration time [23, 24], and augmented tricuspid regur-
gitation peak velocity used as a surrogate of systolic 
pulmonary artery pressure [25]. Not surprisingly, these 
changes were even more pronounced in the subset of our 
patients who failed SBT due to WIPO. E/E′, a routinely 
used indicator of LV filling pressure, was in the lower 
range at baseline presumably because a large propor-
tion of our high-risk patients received diuretics before 
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SBT (median hydric balance: + 146 mL). In addition, E/E′ 
failed to significantly increase during SBT because E′ also 
increased presumably in response to sympathetic stimu-
lation [26]. Maximal E wave velocity—which directly 
reflects the pressure gradient between the left atrium and 
the LV at early diastole—is the result of both LV loading 

conditions and relaxation properties [27]. Worsened 
functional mitral regurgitation during SBT may contrib-
ute to increase E wave velocity and subsequent weaning 
failure in response to augmented LV preload and after-
load [13]. The increase in both E wave maximal velocity 
and E/A ratio associated with the shortening of E wave 

Table 3 Hemodynamic parameters and  echocardiography findings in  the subset of  patients who failed the first SBT 
but succeeded the second weaning trial

HR heart rate, sBP systolic blood pressure, dBP diastolic blood pressure, mBP mean blood pressure, DTE deceleration time of mitral E wave, MR mitral regurgitation, LA 
left atrium, LVEF left ventricular ejection fraction, LVOT left ventricular outflow tract, VTI velocity–time integral, TR tricuspid regurgitation

*Significant difference between parameters measured under positive pressure ventilation and during the weaning trial

1st failed SBT
(n = 10)

2nd passed SBT
(n = 10)

P value

Before weaning trials
Hemodynamic parameters

 HR, bpm 107 (92–126)* 102 (91–114) 0.308

 sBP, mmHg 131 (108–142) 144 (120–160) 0.475

 dBP, mmHg 82 (68–90) 82 (77–91) 0.477

mBP, mmHg 92 (82–111) 102 (90–116) 0.312

Echocardiography parameters

 E, cm/s 102 (85–149) 84 (67–127) 0.017

 A, cm/s 58 (41–110) 62 (48–93) 0.88

 E/A 1.7 (1.2–2.7) 1.3 (0.8–2.1) 0.139

 DTE, ms 103 (92–134) 133 (103–184) 0.139

 E′ lateral, cm/s 11.1 (7.6–16.4) 13.5 (8.8–15.4) 0.646

 E/E′ 8.9 (5.9–13.1) 7.3 (5–10.4) 0.028

 MR/LA area 0.15 (0.14–0.2) 0.11 (0.06–0.17) 0.249

 LVEF, % 30 (20–36) 34 (27–38) 0.161

 LVOT VTI, cm 14.6 (9.3–22.6) 15.0 (10.9–19) 0.678

 TR peak velocity, m/s 3.43 (2.69–4.52) 3.2 (2.64–3.48) 0.285

During weaning  trials
Hemodynamic parameters

 HR, bpm 131 (112–138) 108 (99–111) 0.011

 sBP, mmHg 143 (125–168) 133 (113–156) 0.919

 dBP, mmHg 88 (63–99) 77 (70–78) 0.308

 mBP, mmHg 112 (72–115) 94 (85–106) 0.507

Echocardiography parameters

 E, cm/s 122 (93–168) 100 (85–122) 0.009

 A, cm/s 60 (34–103) 67 (48–93) 0.48

 E/A 2.5 (1.1–3.6) 1.5 (0.9–2.3) 0.009

 DTE, ms 81 (71–128) 130 (97–133) 0.093

 E′ lateral, cm/s 12.5 (8.9–16.4) 14.2 (8.5–15.6) 0.878

 E/E′ 9.3 (7.5–12.6) 7.7 (6.2–9.9) 0.047

 MR/LA area 0.26 (0.2–0.39) 0.11 (0.06–0.29) 0.028

 LVEF, % 26 (16–35) 29 (26–36) 0.401

 LVOT VTI, cm 14 (8.9–20.1) 15.5 (12.6–20) 0.263

 TR peak velocity, m/s 3.67 (3–4.18) 2.90 (2.69–3.37) 0.068

Hydric balance

 Weight difference (admission), kg  + 1.6 (− 2.1/ + 6.5) − 5.0 (− 9.5/− 1.7) 0.005

 Fluid balance (admission), ml  + 146 (− 2654/ + 4434) − 2224 (− 7056/ + 100) 0.005
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deceleration time concordantly reflect a significant rise of 
LV filling pressure [4], since these parameters are corre-
lated to the pulmonary capillary pressure in patients with 

LV systolic dysfunction [22, 27, 28], a large proportion of 
our study population. In light of the absence of significant 
ST-segment variations during SBTs, this suggests that 

Fig. 2 Variations of functional mitral regurgitation severity during spontaneous breathing trials (SBT) and effect of echocardiography‑guided 
therapy. Central functional mitral regurgitation at baseline (upper left, arrow) significantly increased during the failed spontaneous breathing trial 
(lower left panel, arrow). After a treatment associating diuretics and angiotensin converting enzyme inhibitors, the central mitral regurgitation 
which remained trivial at baseline (upper right panel, arrow) failed to significantly worsen during the second weaning trial (lower right panel, arrow), 
and the patient was successfully extubated

Fig. 3 Variations of E wave velocity and E/E′ induced by spontaneous breathing trials (SBT) in patients who succeed at the first attempt and in 
those who failed during the first weaning trial but then successfully passed the second SBT after an echocardiography‑guided therapy. Results are 
expressed in percentages of baseline values (positive‑pressure ventilation). *: despite a large SBT‑induced increase in E wave velocity during the 
second (successful) weaning trial in this patient, the absolute value of E wave was markedly lower when compared to the first (failed) SBT: baseline 
2 = 65 cm/s and SBT 2 = 103 cm/s vs. baseline 1 = 88 cm/s and SBT 1 = 122 cm/s
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the abrupt rise of LV filling pressure induced by SBT was 
related to LV overload rather than deteriorated LV relax-
ation or compliance of ischemic origin [4, 6]. This patho-
physiologic mechanism is also supported by the higher 
weight gain and cumulative fluid balance relative to ICU 
admission in patients who failed SBT [8–13]. Of note, 
with the exception of higher heart rate—a rather non-
specific sign—no clinical parameter was significantly 
associated with SBT failure in our patients. This under-
lines the additional value of monitoring central hemo-
dynamics using CCE during weaning trial in patients at 
high risk of WIPO [15, 29, 30].

In our high-risk patients who passed SBT, the absence 
of relevant central hemodynamic changes identified 
with CCE during the weaning trial confirmed the fea-
sibility of extubation. This diagnostic strategy was suc-
cessful since no extubation failure of cardiac origin was 
observed after tracheal tube withdrawal. In those who 
failed the first SBT, CCE was used to guide therapy 
according to a predefined therapeutic algorithm. Since 
a relevant increase in E wave velocity consistent with 
an overloaded LV was observed in most patients at the 
time of SBT failure, diuretics and vasodilators were pre-
dominantly used to reduce both LV preload and after-
load [31, 32]. A beta-blocker was used in a patient with 
a dynamic LV outflow tract obstruction and severe acute 
mitral regurgitation related to a systolic anterior motion 
of the mitral valve [33]. After these therapeutic changes, 
all patients who initially failed the first SBT could be sub-
sequently extubated successfully. Immediately before and 
during passed second SBT, maximal E wave velocity, E/A 
and E/E′ ratios, and tricuspid regurgitation peak velocity 
were lower than at the time of failed first weaning trial, 
whereas E wave deceleration time was prolonged. In our 
patients with relevant functional mitral insufficiency 
at baseline, the regurgitant volume reflected by the jet 
area significantly decreased between the two weaning 
trials. The resulting relative increase in E wave veloc-
ity induced by the weaning trial was significantly lower 
during the second (passed) SBT when compared to the 
first (failed) one. These changes suggest that CCE-guided 
therapy unloaded LV within a median delay of 2.5 days. 
The significant decrease in body weight and cumulated 
fluid balance relative to the first weaning trial suggest a 
link between LV overload and excessive fluid balance at 
the origin of WIPO. Volume overload has been associ-
ated with worse weaning outcome [34, 35].

The present results may not be reproducible using 
other types of weaning trial. Low-pressure support level 
without PEEP has been shown to induce less central 
hemodynamic variations than SBT using a T-piece [36]. 
In a recent meta-analysis, Sklar et al. [37] suggested that 
SBT using a T-piece best mimics changes in cardiac and 

respiratory loading conditions resulting from extuba-
tion. In our high-risk population, its use has presumably 
sensitized SBT to reveal WIPO. Since the precise cutoff 
value of LV filling pressure which would precipitate the 
development of WIPO is unknown for a given patient [4] 
and most Doppler indices are in the intermediate range 
at baseline [38, 39], the magnitude of SBT-induced vari-
ations should be precisely determined and interpreted 
in lights of clinical presentation, the patient being his 
own control. When compared to right-heart catheteriza-
tion which is considered the reference for the diagnosis 
of WIPO [4], CCE is less invasive, rapid to implement, 
easy to use, and depicts certain mechanisms of WIPO 
which are not accessible to conventional monitoring sys-
tems, such as LV outflow tract obstruction as in one of 
our patient. In this specific clinical setting, right heart 
catheterization typically depicts elevated pulmonary 
artery occlusion pressure and low cardiac index which 
may erroneously lead to diuretics, vasodilators or even 
inotropes therapy, all of them exacerbating the hemody-
namic burden [33].

This prospective study is limited by its strict eligibility 
criteria, excluding patients with non-sinus rhythm and 
selecting high-risk patients as reflected by the 100% prev-
alence of WIPO as a cause of SBT failure. Accordingly, 
the efficacy of CCE-based strategy of weaning needs to 
be confirmed in a broader population [40], using the 
herein proposed E wave cutoff values to guide volume 
depletion and vasodilators administration. The diagno-
sis of WIPO relied on both the clinical presentation and 
CCE findings, as advocated [6], rather than on invasive 
measurement of pulmonary artery occlusion pressure [4], 
and lung ultrasound was not systematically used. Never-
theless, this study is the first to establish a link between 
SBT-induced central hemodynamic changes, overloaded 
LV, positive fluid balance, and WIPO.

Conclusion
SBT failure due to WIPO appears related to overloaded 
LV, including the worsening or development of mitral 
regurgitation, associated with excessive cumulated fluid 
balance. SBT-induced central hemodynamic changes 
monitored by CCE helps guiding weaning of patients at 
high risk of WIPO.
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