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Abstract 

Background  Extubation during extracorporeal oxygenation (ECMO) in severe acute respiratory distress syndrome 
(ARDS) has not been well studied. Despite the potential benefits of this strategy, weaning from ECMO before libera‑
tion from invasive mechanical ventilation remains the most frequent approach. Our aim was to evaluate the safety 
and feasibility of a standardized approach for extubation during ECMO in patients with severe ARDS.

Results  We conducted a prospective observational study to assess the safety and feasibility of a standardized 
approach for extubation during ECMO in severe ARDS among 254 adult patients across 4 intensive care units (ICU) 
from 2 tertiary ECMO centers over 6 years. This consisted of a daily assessment of clinical and gas exchange crite‑
ria based on an Extracorporeal Life Support Organization guideline, with extubation during ECMO after validation 
by a dedicated intensive care medicine specialist. Fifty-four (21%) patients were extubated during ECMO, 167 (66%) 
did not reach the clinical criteria, and in 33 (13%) patients, gas exchange precluded extubation during ECMO. At 
ECMO initiation, there were fewer extrapulmonary organ dysfunctions (lower SOFA score [OR, 0.88; 95% CI, 0.79–0.98; 
P = .02] with similar PaO2/FiO2) when compared with patients not extubated during ECMO. Extubation during ECMO 
associated with shorter duration of invasive mechanical ventilation (7 (4–18) vs. 32 (18–54) days; P < .01) and of ECMO 
(12 (7–25) vs. 19 (10–41) days; P = .01). This was accompanied by a lower incidence of hemorrhagic shock (2 vs. 11%; 
P = .05), but more cannula-associated deep vein thrombosis (49 vs. 31%; P = .02) and failed extubation (20 vs. 6%; 
P < .01). There were no increased major adverse events. Extubation during ECMO is associated with a lower risk of all-
cause death, independently of measured confounding (adjusted logistic regression OR 0.23; 95% confidence interval 
0.08–0.69, P = .008).

Conclusions  A standardized approach was safe and feasible allowing extubation during ECMO in 21% of patients 
with severe ARDS, selecting patients who will have a shorter duration of invasive mechanical ventilation, ECMO 
course, and ICU stay, as well as fewer infectious complications, and high hospital survival.
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Background
In patients with severe acute respiratory distress syn-
drome (ARDS) failing invasive mechanical ventilation 
(IMV) and rescued with extracorporeal membrane 
oxygenation (ECMO), the best weaning strategy 
remains unknown [1–3]. Prioritizing weaning from 
IMV may significantly reduce ventilator-induced lung 
injury and ventilator-associated pneumonia, as well 
as the complications of sedation and patient decon-
ditioning [4]. However, deferring ECMO weaning 
could increase the risks of this invasive technique 
such as bleeding, thrombosis, hemolysis, and cannula-
related  infection [5–9]. Moreover, in awake patients 
with ECMO, specific risks such as accidental decan-
nulation and ECMO equipment failure must also be 
considered [10]. In that context, the Extracorporeal 
Life Support Organization (ELSO) published a guide-
line for endotracheal extubation in patients with res-
piratory failure receiving ECMO, with clinical and gas 
exchange criteria to select patients to be safely and 
successfully managed without IMV [11].

Despite the potential benefits of early liberation from 
IMV in severe ARDS, weaning from ECMO before lib-
eration from IMV remains the most frequent approach 
[1]. In a recent survey that included 253 ECMO cent-
ers worldwide, only one-third reported perform-
ing extubation during ECMO [2]. This latter strategy 
was considered mostly for other causes of respiratory 
failure such as end-stage respiratory disease awaiting 
lung transplantation [2], where there is evidence of the 
feasibility of an awake non-intubated approach dur-
ing ECMO [12–15]. Differently, spontaneous breath-
ing in severe ARDS could be more challenging due to 
spontaneous hyperventilation and strenuous respira-
tory muscle effort [4], lung derecruitment and collapse 
delirium, inability to handle pulmonary secretion [16], 
hemodynamic instability, and multiple organ failure 
[2].

To assess the safety and feasibility of a standard-
ized approach for extubation during ECMO in severe 
ARDS, we conducted a prospective observational 
study among adult patients across 4 ICUs from 2 ter-
tiary ECMO centers over 6  years. This consisted of a 
daily assessment of clinical and gas exchange criteria 
based on an Extracorporeal Life Support Organiza-
tion guideline [11], with extubation during ECMO 
after validation by a dedicated intensive care medicine 
specialist.

Methods
A prospective observational study of patients with 
severe ARDS rescued with ECMO in 2 European tertiary 
ECMO centers from January 2016 to July 2022 was car-
ried out. The institutional Ethics Committee reviewed 
and approved the study and waived the requirement for 
patient consent (Approval number: CES 205/2022). All 
the procedures followed in the study were by the ethical 
standards of the institutional responsible committee on 
human experimentation and with the Helsinki Declara-
tion of 1975, as most recently amended.

ECMO case volume, clinical criteria for ECMO con-
sideration, and ECMO technical considerations are 
described in detail in the supplemental data. The initial 
type of ECMO support was venovenous (VV), except 
for one trauma patient in the CTRL group with both 
lung and cardiac contusion and simultaneous severe res-
piratory failure and cardiogenic shock, in which veno-
venoarterial (VVA) ECMO was the initial type of ECMO 
support. The 2 centers have intensivist-led respiratory 
ECMO programs comprising dedicated intensive care 
medicine specialists that are responsible for: (i) the 
decision to initiate ECMO; (ii) coordination of ECMO 
patient retrieval from referring hospitals; (iii) perform-
ing percutaneous ECMO cannulation; (iv) daily moni-
toring and management of ECMO-related complications 
(e.g., circuit exchange for ECMO-related hemolysis); (v) 
the decision to wean from ECMO, and (vi) to perform 
ECMO decannulation. A team of ECMO Specialists on-
call 24/7 is responsible for (i) ECMO circuit priming; (ii) 
daily circuit maintenance (e.g., transmembrane pressure 
monitoring); (iii) ECMO circuit component exchange 
(e.g., oxygenator exchange), and (iv) ECMO circuit man-
agement during patient retrieval from referring hospitals. 
The nurse-to-ECMO patient ratio was 1:1 and was not 
modified in case of extubation during ECMO support.

A standardized approach for extubation 
during extracorporeal membrane oxygenation
After cannulation, a standardized approach for extuba-
tion during ECMO was performed (Fig.  1). Given that 
ECMO consideration required sustained clinical deterio-
ration despite optimal conventional treatment, including 
prone position unless contraindicated, prone positioning 
was not performed routinely after ECMO implantation. 
Following initial patient stabilization and optimization 
of ECMO support, weaning from neuromuscular block-
ing agents (NMB) and sedation was pursued to achieve 
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conscious sedation (Richmond Agitation-Sedation Scale 
(RASS) =  − 1/0) if all the following were absent: (i) cir-
culatory shock; (ii) significant bleeding, and (iii) acute 
brain injury. Conversion to VVA ECMO during VV 
ECMO support was considered for circulatory support 
in the setting of cardiovascular collapse complicating 
persistent severe respiratory failure. There were no cases 

of venoarterial (VA) ECMO, namely as initial ECMO 
circuit configuration in the setting of respiratory failure 
with associated septic shock, or as conversion from VV 
ECMO.

Whenever conscious sedation was successfully 
achieved, a daily assessment of clinical and gas exchange 
criteria based on the Extracorporeal Life Support 

N=87

N=209

GAS EXCHANGE 
CRITERIA

Cooperative patient + manageable 
secretions w/o artificial airway 

+ no airway obstruction 

EXT CTRL

Yes

Absence of shock, bleeding, or acute brain 
lesion

No

No

PF 150 w/ PEEP 10 cmH2O + 
pH > 7.35 w/ MV < 10 L/min & Sw < 6 L/min
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N=45

N=122
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N=4

N=6
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Fig. 1  Flowchart for extubation during extracorporeal membrane oxygenation (ECMO) in severe acute respiratory distress syndrome (ARDS). 
Following initial patient stabilization and optimization of ECMO support, conscious sedation was pursued in the absence of circulatory shock, 
significant bleeding, or acute brain injury. A daily assessment of clinical and gas exchange criteria based on an Extracorporeal Life Support 
Organization guideline [11] was then performed, with extubation during ECMO after validation by a dedicated intensive care medicine 
specialist. CTRL, group without extubation during ECMO; EXT, group with extubation during ECMO; IMV, invasive mechanical ventilation; MV, 
minute ventilation; PEEP, positive end-expiratory pressure; PF, the ratio between the partial pressure of oxygen in arterial blood (PaO2; mmHg) 
and the fraction of inspired oxygen (FiO2; %); Sw, ECMO sweep gas flow
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Organization (ELSO) guideline for ‘Endotracheal extu-
bation in patients with respiratory failure receiving 
venovenous ECMO’ [11] was performed. Readiness for 
endotracheal extubation was considered when: (i) the 
patient was cooperative enough not to be at significant 
risk for dislodgement of cannulas or other important 
catheters or devices; (ii) secretions were manageable 
without an artificial airway, and (iii) there was no airway 
obstruction. Regarding the gas exchange criteria, the fol-
lowing parameters had to be present: (i) the ratio of the 
PaO2 (arterial oxygen partial pressure obtained from an 
arterial blood gas) to the FiO2 (fraction of inspired oxy-
gen expressed as a decimal) (PF ratio) ≥ 150 with posi-
tive end-expiratory pressure (PEEP) ≤ 10 cmH2O, and 
(ii) pH > 7.35 with minute ventilation (MV) < 10  L/min 
under pressure support ventilation while receiving a 
sweep gas flow < 6 L/min. These criteria differed from the 
ELSO guideline [11] for the P/F ratio (≥ 150 vs. ≥ 200 in 
the ELSO guideline) and for the PEEP value (≤ 10 vs. ≤ 5 
cmH2O in the ELSO guideline). Whenever the prede-
fined clinical and gas exchange criteria were fulfilled, val-
idation by a dedicated intensive care medicine specialist 
from the ECMO Program was required before the final 
decision for extubation during ECMO was made.

After extubation during ECMO (EXT group) high-flow 
nasal cannula was initiated immediately after extubation 
with flow started at 40 L/min and FiO2 set to peripheral 
capillary oxygen saturation (SpO2) > 92%. Sweep gas flow 
was then titrated to avoid respiratory acidosis and to 
minimize the work of breathing, with a respiratory rate 
goal of 10–20 breaths per minute. Paracetamol was used 
for analgesia; whenever necessary, opioids (morphine or 
fentanyl), titrated to the lowest effective dose, were also 
administered. Dexmedetomidine was used for anxioly-
sis; whenever necessary, benzodiazepines, titrated to the 
lowest effective dose, were also administered. Fever con-
trol was pursued using non-steroidal anti-inflammatory 
drugs and/or metamizole unless contraindicated. When-
ever present, the non-productive cough was suppressed 
with codeine and titrated to the lowest effective dose.

No specific standardized criteria were used for reintu-
bation in the EXT group. Whenever a significant patient 
deterioration occurred after extubation during ECMO 
support, a dedicated intensive care medicine specialist 
from the ECMO Program was involved to exclude a lack 
of ECMO support optimization, being part of the deci-
sion to reintubate when indicated. In this group, trache-
ostomy was considered after failed extubation.

When significant improvement in native lung func-
tion was suspected (increased PF ratio with better lung 
aeration evaluated by chest X-ray or lung ultrasound), 
ECMO blood flow was stepwise reduced to 3.0 L/min. 
Sweep gas flow was then tapered to 1  L/min with close 

monitoring of respiratory rate and effort. After a 12–24 h 
period of clinical stability, the sweep gas flow was finally 
shut off for > 30 min. If blood gases remained stable (PF 
ratio ≥ 150, no respiratory effort, and absence of uncom-
pensated respiratory acidosis) the ECMO system was 
removed.

When the clinical and gas exchange criteria for extuba-
tion during ECMO were not met at the time of consistent 
native lung function improvement (increased PF ratio, 
improved respiratory system (RS) compliance, and bet-
ter lung aeration evaluated by chest X-ray or lung ultra-
sound), weaning from ECMO was prioritized (CTRL 
group). Invasive mechanical ventilation parameters 
were then progressively reduced to FiO2 ≤ 0.5, PEEP ≤ 10 
cmH2O, and plateau pressure (PPlat) ≤ 25 cmH2O. 
ECMO blood flow was then stepwise reduced to 3.0 L/
min. Thereafter sweep gas flow was tapered and finally 
shut off for > 30 min. If blood gases remained stable (PF 
ratio ≥ 150, MV < 10 L/min with no respiratory effort, 
and absence of uncompensated respiratory acidosis), the 
ECMO system was removed. In this group, tracheostomy 
was considered when no significant native lung function 
improvement was observed during the second week of 
ECMO support.

Data collection and statistical analysis
Statistical analysis methods used in the study are detailed 
in the supplemental data.

Results
Flowchart for extubation during ECMO in severe ARDS
Of the 254 patients with severe ARDS included in the 
study (Fig. 1), 54 (21%) met the clinical and gas exchange 
criteria and were extubated during ECMO (EXT group). 
Of the remaining 200 patients (CTRL group) 45 (18%) 
patients had a circulatory shock, significant bleeding, or 
acute brain injury contraindicating conscious sedation, 
122 (48%) patients did not reach the clinical criteria for 
extubation during ECMO, and 33 (13%) patients fulfilling 
the clinical criteria did not meet the gas exchange criteria 
for extubation during ECMO. Conversion to VVA ECMO 
was performed for circulatory support during VV ECMO 
in 5 patients due to: (i) acute cor pulmonale in 4 patients; 
(ii) cardiac tamponade complicating ECMO cannulation 
in one patient. All but one patient were from the CTRL 
group. In the patient from the EXT group, conversion to 
VVA ECMO was performed in the setting of acute cor 
pulmonale after reintubation.

Eleven patients (20%) failed extubation in the EXT 
group. The reasons for reintubation were: (i) excess pul-
monary secretions in 4 patients; (ii) respiratory muscle 
fatigue in 3 patients; (iii) upper airway obstruction in 2 
patients; (iv) refractory hypoxemia in 1 patient; and (v) 
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cardiac arrest in 1 patient. Of the 11 patients with failed 
extubation 5 died, while all patients successfully extu-
bated in the EXT group survived hospital discharge. 
In the CTRL group, ECMO weaning and decannu-
lation were achieved in 148 patients (74%), while 52 
(26%) patients died during ECMO. Of the 148 patients 
with ECMO decannulation in the CTRL group, 144 
(97%) were liberated from IMV and survived to hospital 
discharge.

Baseline patient characteristics
Patients included in the study were relatively young and 
mostly male. Cardiovascular risk factors were common, 
with hypertension more frequently present in the CTRL 
group (Table 1).

Most patients (90%) had a pulmonary type of ARDS, 
with viral pneumonia in 117 (46%) patients (82 (32%) 
of which had COVID-19-related pneumonia), bacterial 
pneumonia in 37 (15%) patients, and pneumonia without 
a specific pathogen detected in 36 (14%). Lung contusion 
was the cause of ARDS in 25 (10%) patients, 14 (6%) had 
extrapulmonary sepsis, while 25 (10%) patients had an 
ARDS of other etiology. No significant differences were 
detected in the ARDS type or etiology between groups.

Regarding the pre-ECMO course, no significant dif-
ferences were detected between groups in the time from 
hospital admission to ECMO initiation or in the dura-
tion of IMV before ECMO cannulation. Regarding pre-
ECMO management, the rate of NMB use and prone 
position was high (98 and 79%, respectively) and did not 
differ between groups.

Most patients (68%) were retrieved from referring hos-
pitals, with no significant differences between groups. 
EXT group had lower SAPS II and lower SOFA scores, 
but similar Murray scores. Hospital survival predicted by 
the Respiratory Extracorporeal Membrane Oxygenation 
Survival Prediction score (RESP score) was 76%, being 
similar in EXT and CTRL groups.

Ventilatory parameters and gas exchange 
before and during initial ECMO support
Pre-ECMO ventilator parameters and respiratory 
mechanics differed between groups: EXT group pre-
sented lower FiO2 and higher static RS compliance when 
compared with the CTRL group, with no significant 
differences in PEEP, tidal volume, minute ventilation, 
and plateau pressure (Additional file  1: Table  S1). After 
ECMO initiation (ECMO Day 1) FiO2 was still lower in 
the EXT group, but with no significant differences in 
the other ventilatory parameters. On the day of libera-
tion from IMV, the EXT group presented higher PEEP, 
but lower tidal volume, minute ventilation, and static RS 
compliance, when compared with CTRL.

No significant differences in gas exchange parameters 
such as PF ratio, partial pressure of carbon dioxide in 
arterial blood (PaCO2), and pH between EXT and CTRL 
groups pre-ECMO and at ECMO Day 1 (Additional 
file 1: Table S1). On the day of ECMO implantation, arte-
rial blood lactate was slightly higher in the CTRL group 

Table 1  Baseline characteristics

Data are presented as numbers (%) or median (interquartile range)

COVID-19 COVID-19-related pneumonia, CTRL group without extubation during 
ECMO, EXT group with extubation during ECMO, NMB neuromuscular blocking 
agents, RESP Score Respiratory Extracorporeal Membrane Oxygenation Survival 
Prediction score, SAPS II Simplified Acute Physiology Score II at ICU admission, 
SOFA Sequential Organ Failure Assessment score at ECMO cannulation, SPD 
specific pathogen detected; SOFA score was calculated in the last day before 
ECMO implantation

Characteristics All
(n = 254)

CTRL
(n = 200)

EXT
(n = 54)

P-value

Age (years) 51 (42–59) 52 (42–60) 50 (41–58) 0.29

Male gender 179 (70) 141 (70) 38 (70) 0.98

Comorbidities

 Hypertension 95 (37) 82 (41) 13 (24) 0.02

 Obesity 91 (36) 72 (36) 19 (35) 0.91

 Dyslipidemia 86 (34) 70 (35) 16 (30) 0.46

 Smoking 67 (26) 54 (27) 13 (24) 0.66

 Diabetes mellitus 42 (16) 35 (18) 7 (13) 0.43

 Alcoholism 32 (13) 29 (14) 3 (6) 0.08

Type of ARDS

 Pulmonary 227 (90) 176 (89) 51 (94) 0.23

 Extrapulmonary 25 (10) 22 (11) 3 (6)

ARDS etiology

 Viral pneumonia 117 (46) 91 (46) 26 (48) 0.78

 COVID-19 82 (32) 64 (32) 18 (33) 0.85

 Bacterial pneu‑
monia

37 (15) 28 (14) 9 (17) 0.62

 Pneumonia with‑
out SPD

36 (14) 28 (15) 8 (15) 0.88

 Lung contusion 25 (10) 19 (10) 6 (11) 0.72

 Extrapulmonary 
sepsis

14 (6) 12 (6) 2 (4) 0.74

 Other 25 (10) 22 (11) 3 (6) 0.23

Pre-ECMO course 
(days)

 Hospital to ECMO 4.0 (1.0–8.0) 4.0 (1.0–8.0) 4.0 (1.0–7.0) 0.33

 IMV to ECMO 2.5 (1.0–6.0) 3.0 (1.0–6.0) 2.0 (1.0–5.0) 0.07

Pre-ECMO manage‑
ment

 NMB 245 (98) 193 (97) 52 (98) 1.00

 Prone position 198 (79) 154 (78) 44 (83) 0.41

ECMO retrieval 173 (68) 134 (67) 39 (72) 0.46

SAPS II 46 (34–57) 49 (36–60) 39 (24–54)  < 0.01

SOFA 8.0 (5.0–11) 8.0 (6.0–12) 7.0 (4.0–9.0)  < 0.01

Murray score 3.3 (3.0–3.7) 3.3 (3.0–3.7) 3.3 (3.0–3.5) 0.21

RESP score 3.0 (1.0–5.0) 3.0 (1.0–5.0) 4.0 (1.0–5.0) 0.12
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when compared with the EXT group. Regarding ECMO 
support parameters, ECMO blood flow and sweep gas 
flow also did not differ between groups on ECMO Day 
1. ECMO blood flow also did not differ between groups 
on ECMO day 3 (CTRL group: 4.3 (3.9–4.6) vs. EXT 
group: 4.2 (3.9–4.5) L/min; P = 0.28) and on ECMO Day 
7 (CTRL group: 4.2 (3.8–4.7) vs. EXT group: 4.2 (3.8–4.7) 
L/min; P = 0.89). On the day of liberation from IMV, the 
EXT group presented a lower PF ratio and pH, and higher 
PaCO2 when compared with the CTRL group (Additional 
file 1: Table S2). In the EXT group, ECMO blood flow and 
sweep gas flow were lower on the day of decannulation 
when compared to the day of extubation. ECMO blood 

flow and sweep gas flow were also lower on the day of 
decannulation in the EXT group when compared to the 
CTRL group (Additional file 1: Table S2).

Given the significant differences observed between 
EXT and CTRL groups in some pre-ECMO character-
istics, a multivariate analysis was performed. Arterial 
hypertension, pre-ECMO FiO2, lactate, and SAPS II score 
were identified as relevant predictors of group (EXT vs. 
CTRL) assignment (Table 2).

ECMO‑associated complications and major adverse events
The incidence of nosocomial infections was high (68%), 
and significantly more frequent in the CTRL group 
(Table  3). Ventilator-associated pneumonia was the 
most frequent nosocomial infection, followed by the 
bloodstream, urinary tract, abdominal, and skin and 
soft-tissue infections, respectively. The incidence of ven-
tilator-associated pneumonia was higher in the CTRL 
group. Although this group also presented a higher 
incidence of bloodstream, urinary tract, abdominal and 
skin, and soft-tissue infections, it did not reach statisti-
cal significance. The lower incidence of nosocomial infec-
tion observed in the EXT group was accompanied by a 
shorter duration of antibiotic therapy in the ICU and 
more antibiotic-free days in the ICU (%).

Table 2  Logistic regression model including pre-ECMO variables 
describing independent associations with group assignment

Results are presented as odds ratio (OR) with correspondent 95% confidence 
interval. CTRL, group without extubation during ECMO; EXT, group with 
extubation during ECMO; SAPS II, Simplified Acute Physiology Score II at ICU 
admission; FiO2, fraction on inspired oxygen

Variables OR (95% CI) P-value

Lactate (log2-transformed) 0.44 (0.26–0.74) 0.002

Hypertension 0.46 (0.22–0.97) 0.041

FiO2 0.98 (0.96–0.99) 0.035

SAPS II 0.97 (0.95–0.99) 0.004

Table 3  ECMO-associated complications and major adverse events

Data are presented as numbers of cases (percentage). CTRL, group without extubation during ECMO; ECMO, extracorporeal membrane oxygenation; EXT, group with 
extubation during ECMO

All
(n = 254)

CTRL
(n = 200)

EXT
(n = 54)

P-value

Infectious complications

 Nosocomial infections 172 (68) 147 (74) 25 (46) < 0.01

  Ventilator-associated pneumonia 147 (58) 127 (64) 20 (37) < 0.01

  Bloodstream infection 59 (23) 51 (26) 8 (15) 0.10

  Urinary tract infection 43 (17) 37 (18) 6 (11) 0.20

  Abdominal infection 9 (4) 9 (5) 0 (0) 0.21

  Skin and soft-tissue infection 8 (3) 8 (4) 0 (0) 0.21

 Duration of antibiotic therapy in ICU (days) 16 (9–35) 20 (11–41) 7 (6–14)  < 0.01

 Antibiotic-free days in ICU (%) 35 (10–52) 29 (9–50) 42 (25–62) 0.01

Bleeding complications

 Hemorrhagic shock 22 (8.7) 21 (10.6) 1 (1.9) 0.05

 Intracerebral hemorrhage 5 (2.0) 3 (1.5) 2 (3.7) 0.29

Thrombotic complications

 Cannula-associated deep vein thrombosis 69 (36) 45 (31) 24 (49) 0.02

 Limb ischemia 3 (1.2) 3 (1.5) 0 (0) 0.49

 Ischemic stroke 1 (0.4) 1 (0.5) 0 (0) 1.00

Major adverse events

 Refractory hypoxemia 15 (5.9) 12 (6.0) 3 (5.6) 1.00

 Cardiac arrest 8 (3.2) 5 (2.5) 3 (5.6) 0.37

 Accidental decannulation 1 (0.4) 0 (0) 1 (1.9) 0.21
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Hemorrhagic shock was found in 11% of the CTRL 
group, with one case in the EXT group due to a non-fatal 
accidental ECMO decannulation of a 19-Fr and 15-cm-
long jugular return cannula. This adverse event occurred 
5 days after a failed extubation attempt when the patient 
was with IMV under light sedation. This was immediately 
handled with ECMO circuit clamping and local compres-
sion, conversion to femoro-femoral veno-venous ECMO 
configuration, and blood transfusion. The incidence of 
intracerebral hemorrhage was low (2.0%) and did not dif-
fer between groups.

Cannula-associated deep vein thrombosis was more 
frequent in the EXT group. No significant differ-
ences were found in the incidence of limb ischemia and 
ischemic stroke between groups. Before ECMO implan-
tation the EXT group presented higher platelet counts 
and shorter aPTT and PT values, with no significant dif-
ferences in D-dimers and fibrinogen levels, when com-
pared to the CTRL group (Additional file  1: Table  S3). 
During ECMO support (ECMO Day 1, 3, and 7) higher 
platelet counts were also consistently observed in the 
EXT group, while no significant differences in aPTT, PT, 
d-dimers, and fibrinogen levels were detected between 
groups.

Regarding major adverse events, the incidence of 
refractory hypoxemia, cardiac arrest, and accidental 
decannulation was low and did not significantly differ 
between groups.

Clinical outcomes
EXT group presented shorter ECMO runs, IMV dura-
tion, and ICU length of stay, even after adjustment for 
clinically relevant covariates (Table  4; Additional file  1: 
Table  S5). In this group, the delay between successful 
extubation and ECMO decannulation was 6 (4–10) days. 
Failed extubation rate was lower in the CTRL group, but 
the tracheostomy rate was higher. In this group, trache-
ostomy was performed mostly before ECMO weaning 
(78 vs. 22%), 21 (16–31) days after IMV initiation, and 
17 (11–25) days after ECMO implantation. In the EXT 
group, a tracheostomy was performed after extubation 
failure, except for one case in which a second extubation 
attempt was made. Regarding the health-related qual-
ity of life evaluated 3–6 months after hospital discharge, 
the EQ-5D-5L level summary score was significantly 
lower in the EXT group, while no significant differences 
were detected in the EQ-VAS score between groups. All-
cause mortality at 150-day follow-up was lower in EXT 
(Table 4).

The impact of EXT on key clinical outcomes was 
assessed using multiple approaches to control for con-
founding, namely standard unadjusted and adjusted 
logistic regression, least absolute shrinkage, and selection 

operator (LASSO) logistic regression and propensity-
score (PS) matching followed by standard logistic regres-
sion (Fig.  2). After PS matching (54 pairs), groups were 
well balanced for all variables included in the PS model, 
as appraised by absolute standardized bias < 10% (Addi-
tional file 1: Table S4).

EXT group was associated with a lower risk of 150-
day all-cause mortality (OR 0.23–0.32; p < 0.05), inde-
pendently of the key clinical covariates and confounding 
adjustment method (Fig. 2; Additional file 1: Fig. S1). EXT 
group associated with lower risk of nosocomial infec-
tion and VAP in the unadjusted analysis. However, these 
associations were highly dependent on the ICU length of 
stay, which was shorter in the EXT group (Table 4) and 
lost their statistical significance in the adjusted models 
(Fig.  2). Notably, EXT group was also associated with 
decreased risk of tracheostomy, independently of the 
adjustment method (Fig. 2).

Discussion
In the present study, the safety and feasibility of a stand-
ardized approach for extubation during ECMO in severe 
ARDS were evaluated. This consisted of a daily assess-
ment of clinical and gas exchange criteria based on an 
Extracorporeal Life Support Organization guideline 
[11], with extubation during ECMO after validation by a 
dedicated intensive care medicine specialist. Using this 
approach, 21% of patients with severe ARDS could be 
extubated during ECMO support.

To evaluate the safety of our standardized approach 
for extubation during ECMO in severe ARDS, we ana-
lyzed ECMO-related complications, major adverse 
events, nosocomial infections in the ICU, and main 
clinical outcomes. Extubation during ECMO did not 

Table 4  Clinical outcomes

Data are presented as numbers of cases (%) or median (interquartile range)

CTRL group without extubation during ECMO, EXT group with extubation during 
ECMO, EQ-5D-5L EuroQol-5 dimension self-assessed, health-related, quality of 
life questionnaire presented as a level summary score, EQ-VAS EuroQol vertical 
visual analog scale for self-rated health, ICU intensive care unit, LOS length of 
stay

All
(n = 254)

CTRL
(n = 200)

EXT
(n = 54)

P-value

ECMO duration (days) 17 (10–35) 19 (10–41) 12 (7–25) 0.01

IMV duration (days) 25 (13–46) 32 (18–54) 7 (4–18) < 0.01

Failed extubation (%) 24 (9.5) 13 (6.5) 11 (20.4)  < 0.01

Tracheostomy (%) 123 (48.6) 112 (56.3) 11 (20.4) < 0.01

ICU-LOS (days) 32 (18–56) 37 (22–63) 19 (13–32)  < 0.01

Hospital survival (%) 193 (76.0) 144 (72.0) 49 (90.7) < 0.01

EQ-5D-5L 9 (7–11) 10 (9–12) 8 (7–10) 0.03

EQ-VAS 75 (60–80) 75 (60–80) 75 (60–85) 0.63
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associate with an increased incidence of major adverse 
events. This could be related, at least in part, to the 
fact that extubation during ECMO was associated with 
shorter ECMO runs, a well-established determinant of 
ECMO-related complications [17]. Of note, one case of 
non-fatal accidental ECMO decannulation occurred in 
the EXT group, 5 days after a failed extubation attempt, 
when the patient was on IMV under light sedation. An 
accidental decannulation requiring emergent intuba-
tion and brief cardiopulmonary resuscitation was also 
reported in a case series on the use of ECMO instead 
of IMV in ARDS by Hoeper et  al. [10]. This under-
scores the importance of providing ECMO in centers 
with extensive experience for the immediate correct 
management of ECMO-related complications [18, 19]. 
Failed extubation rate was higher in the EXT group 
when compared with the CTRL group. Objective cri-
teria for patient extubation under ECMO support are 
not clearly established and are based on expert recom-
mendations from experienced centers [1, 2, 11, 20], and 
further studies are warranted to better define patient 
selection for this weaning strategy in severe ARDS. 
A higher incidence of cannula-associated deep vein 
thrombosis was observed in the EXT group. During 
ECMO support, higher platelets with similar systemic 

anticoagulation levels (as evaluated by the aPTT) could 
eventually have contributed, at least in part, to the 
higher rate of cannula-associated deep vein thrombosis 
observed in this group. In a recent experimental study, 
the reduction of platelets within an in vitro ECMO test 
circuit was associated with lower clot stability [21]. We 
did not collect individual patient data on the cannu-
lae caliber, so we cannot hypothesize if this could have 
contributed to the observed differences in deep vein 
thrombosis between groups. Regarding ECMO blood 
flow, it did not differ between groups during the first 
week of ECMO support, so it is unlikely that it has con-
tributed to the observed differences in cannula-associ-
ated deep vein thrombosis.

Despite the low level of systemic anticoagulation used 
in our study, the frequency of hemorrhagic shock in the 
CTRL group goes in line with the results of a systematic 
review and meta-analysis of complications and mortal-
ity of VV ECMO for refractory acute respiratory distress 
syndrome [5], in which significant bleeding was reported 
in 10.4% of cases. In a recent study, longer duration of 
ECMO support and lower platelet count were identified 
as independent risk factors for hemorrhage in adults on 
ECMO [22]. Both factors were observed in the CTRL 
group when compared with EXT group.

0.1 1

Odds Ratio (95% CI)

UnA
LR

Death

VAP

Nosocomial
Infection

Tracheostomy

P value

UnA LR LASSO PSM

0.002

0.083

0.176

0.046

0.0390.009<0.001

0.0480.107<0.001

0.001 0.104 0.116

0.0080.0080.007

LASSO
PSM

Fig. 2  Unadjusted (UnA) and adjusted study of clinical outcomes. Standard logistic regression (LR), least absolute shrinkage and selection operator 
(LASSO) logistic regression and logistic regression after propensity-score matching (PSM) were used to assess clinical outcomes in EXT group 
with CTRL group as reference, presented as odds ratio with their respective 95% confidence intervals. VAP, ventilator-associated pneumonia. 
Corresponding P-values are given on the right
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During ECMO support nosocomial infections, espe-
cially ventilator-associated pneumonia, are common 
and associated with worse outcomes [23, 24]. Extubation 
during ECMO was associated with a lower incidence of 
nosocomial infections in the ICU, namely ventilator-
associated pneumonia, with a corresponding shorter 
duration of antibiotic therapy and more antibiotic-free 
days in the ICU (%). This is likely related to the shorter 
IMV and ICU length of stay in this group, which are two 
main determinants of ICU-acquired infections [25, 26]. 
In two studies analyzing the feasibility of patient extuba-
tion during ECMO, mostly for cardiac support, a lower 
incidence of ventilator-associated pneumonia was also 
observed [27, 28]. Regarding patient outcome, extubation 
during ECMO was associated with higher hospital sur-
vival when compared with the CTRL group, which could 
further indicate the safety of our standardized approach 
for extubation during ECMO in severe ARDS.

Patients in the CTRL group presented higher SAPS II 
and SOFA scores at ECMO initiation, with no significant 
differences in PF ratio and Murray score, indicating more 
extrapulmonary organ dysfunctions when compared to 
the EXT group. This agrees with the ELSO guideline on 
extubation during ECMO in patients with respiratory 
failure [11] and the initial published experience [4, 10, 
29], in which readiness for extubation depends on the 
absence of circulatory shock or multi-organ failure, as 
well as on whether the patient is awake and cooperative.

Although patients extubated during ECMO had higher 
baseline static RS compliance, this was no longer appar-
ent after ECMO initiation and adjustment of IMV to 
lower tidal volumes. Importantly, in our study, ECMO 
support allowed stable and adequate arterial blood gases 
for extubation, even in the face of significantly reduced 
RS compliance and extensive bilateral pulmonary infil-
trates, typically observed in severe ARDS [30]. Recently, 
in a case report, Schmidt et al. were able to successfully 
treat COVID-19-associated severe ARDS with prolonged 
(41  days) ‘awake ECMO’ [31]. Before ECMO cannula-
tion the chest X-ray showed extensive bilateral pulmo-
nary infiltrates, with the chest computed tomography, 
performed on Day 20, still presenting extensive bilateral 
parenchymatous condensations. Analogously, extensive 
bilateral pulmonary infiltrates did not preclude success-
ful extubation before ECMO decannulation of 5 patients 
with COVID-19-associated severe ARDS [32]. Differ-
ences in RS compliance between CTRL and EXT groups 
on the day of liberation from IMV could not be explained 
solely by the reduction of ventilation during ECMO, 
being also affected by the different timing of extuba-
tion (7 (4–18) vs. 32 (18–54); P < 0.01), meaning prob-
ably a different ARDS phase. Moreover, the difficulty in 
measuring RS compliance during assisted breathing [33, 

34] should also be considered when interpreting these 
observed differences.

In our study, high-flow nasal oxygen was routinely used 
immediately after extubation during ECMO, with non-
invasive ventilation being restricted to selected patients 
with obesity or COPD. This was well tolerated, impor-
tantly contributing to the success of this weaning strat-
egy. High-flow nasal oxygen was also the preferred (66%) 
oxygen therapy modality for extubated ECMO patients 
in a retrospective study of 12 consecutive severe ARDS 
patients supported with ECMO [35]. Differently, in a pre-
vious study by Crotti et al. [16] spontaneously breathing 
in early ARDS on ECMO (mean duration of IMV was 
3  days) was found to be very difficult to manage, with 
high levels of PEEP through CPAP required to limit lung 
derecruitment and collapse. This was attributed to the 
huge degree of lung inflammation, parenchymal edema, 
and consequent alveolar collapse, with other organ dys-
functions and septic shock often complicating the clinical 
picture. In our study, spontaneous breathing was imple-
mented at a later stage of ARDS (mean duration of IMV 
was 7 days) and in the absence of significant extrapulmo-
nary organ dysfunctions, which could have contributed 
to favorable clinical outcomes. However, considering the 
recently published evidence in patients at high risk of 
extubation failure [36], as well as the median PEEP value 
at the time of extubation (8  cmH2O) in the EXT group, 
a routine strategy of cycles of noninvasive ventilation or 
CPAP with a high-flow nasal cannula, to avoid possible 
derecruitment after extubation (unless there are con-
traindications or the patient does not tolerate it), could 
have been of value to reduce extubation failure.

Health-related quality of life evaluated 3–6  months 
after hospital discharge, as evaluated by the EQ-5D-5L 
instrument, was significantly improved in the EXT group 
when compared with the CTRL group, suggesting that 
the weaning strategy of extubation during ECMO sup-
port in severe ARDS could associate with improved 
patient recovery. However, further research is needed 
to clarify the clinical significance of these results, given 
that in our study no differences were detected between 
groups at follow-up in patient self-rated health (as evalu-
ated by the EQ-VAS), the sample size is relatively small, 
there is no data on deconditioning such as limb mus-
cle strength [37], and there is no information regarding 
delirium/delirium screening, all considered relevant for 
the potential benefits of ’awake ECMO [4].

This study has several limitations that should be 
addressed. It is a two-center study over 6  years, which 
could limit its internal and external validity. The stud-
ied groups (EXT and CTRL groups) are not well-bal-
anced regarding baseline patient characteristics, which 
may have affected the group assignment and the clinical 
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outcomes. The observational design of the study does 
not infer causality, namely, it does not allow us to distin-
guish the impact on the clinical outcomes (e.g., mortal-
ity and nosocomial infections) of meeting the clinical and 
gas exchange criteria or being extubated during ECMO. 
Moreover, given that during the ECMO run the gas 
exchanges depend on the patient’s interactions with the 
extracorporeal support, it would have been necessary to 
measure oxygen consumption (VO2) and CO2 removal 
(VCO2) by the ventilator and by the ECMO circuit to 
understand the relative contribution of the native and the 
membrane lung to the gas exchanges during extubation. 
We also did not collect individual patient data on the 
timing of the first assessment for extubation after ECMO 
cannulation, which could have provided further informa-
tion on the usual management (such as prone position-
ing, neuromuscular blocker agents, and sedation) after 
ECMO implantation. Finally, our study did not evaluate 
the role of ECMO initiation in ARDS patients before 
endotracheal intubation. Although it has been previously 
shown to be feasible [10, 29, 38], a recent study on 18 
adults patients with COVID-19-associated severe ARDS 
from 4 German tertiary care ICUs did not recommend 
this ‘awake-ECMO’ approach, as a high rate of patients 
receiving ‘awake-ECMO’ were finally intubated (78%) 
and those subsequently intubated seem to have higher 
mortality than patients managed conventionally with 
IMV and ECMO [39].

Conclusions
A standardized approach was safe and feasible allowing 
extubation during ECMO in 21% of patients with severe 
ARDS, selecting patients who will have a shorter dura-
tion of invasive mechanical ventilation, ECMO course, 
and ICU stay, as well as fewer infectious complications, 
and high hospital survival. While it is recognized that an 
observational study does not imply causality, the favora-
ble outcomes observed in the present study could set 
the stage for further research and stimulate high-volume 
ECMO centers to consider in selected patients with 
severe ARDS the strategy of extubation during ECMO as 
an integral part of their treatment.
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