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Abstract 

Purpose:  Limited data are available on venovenous extracorporeal membrane oxygenation (ECMO) in patients with 
severe hypoxemic respiratory failure from coronavirus disease 2019 (COVID-19).

Methods:  We examined the clinical features and outcomes of 190 patients treated with ECMO within 14 days of ICU 
admission, using data from a multicenter cohort study of 5122 critically ill adults with COVID-19 admitted to 68 hospi‑
tals across the United States. To estimate the effect of ECMO on mortality, we emulated a target trial of ECMO receipt 
versus no ECMO receipt within 7 days of ICU admission among mechanically ventilated patients with severe hypox‑
emia (PaO2/FiO2 < 100). Patients were followed until hospital discharge, death, or a minimum of 60 days. We adjusted 
for confounding using a multivariable Cox model.

Results:  Among the 190 patients treated with ECMO, the median age was 49 years (IQR 41–58), 137 (72.1%) were men, 
and the median PaO2/FiO2 prior to ECMO initiation was 72 (IQR 61–90). At 60 days, 63 patients (33.2%) had died, 94 (49.5%) 
were discharged, and 33 (17.4%) remained hospitalized. Among the 1297 patients eligible for the target trial emulation, 45 
of the 130 (34.6%) who received ECMO died, and 553 of the 1167 (47.4%) who did not receive ECMO died. In the primary 
analysis, patients who received ECMO had lower mortality than those who did not (HR 0.55; 95% CI 0.41–0.74). Results 
were similar in a secondary analysis limited to patients with PaO2/FiO2 < 80 (HR 0.55; 95% CI 0.40–0.77).

Conclusion:  In select patients with severe respiratory failure from COVID-19, ECMO may reduce mortality.
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Introduction

Coronavirus disease 2019 (COVID-19) has caused nearly 
1.5 million deaths globally as of November 29, 2020 [1]. 
Treatment of patients with severe hypoxemic respira-
tory failure from COVID-19 includes conventional thera-
pies established for acute respiratory distress syndrome 
(ARDS), including invasive mechanical ventilation with 
lung protective strategies, prone positioning, neuromus-
cular blockade, and inhaled pulmonary vasodilators [2, 
3]. For patients who experience progressive respiratory 
failure despite these conventional therapies, venovenous 
extracorporeal membrane oxygenation (ECMO) may be 
considered to support gas exchange and minimize ven-
tilator-induced lung injury [4, 5]. ECMO has been used 
for decades in the treatment of severe ARDS of various 
etiologies. Recent clinical trials evaluated the efficacy and 
safety of ECMO in severe ARDS [6, 7], with a survival 
benefit demonstrated in a meta-analysis [8].

Early reports from China, Europe, and the United 
States on the use of ECMO in patients with respira-
tory failure from COVID-19 have been limited by mod-
est sample sizes and short follow-up [9–17]. More 
recent studies report larger numbers of patients who 
received ECMO, yet still suffer from lack of a compara-
tive non-ECMO control group [18, 19]. Additional data 
are urgently needed to inform the potential efficacy and 
safety of ECMO in critically ill adults with severe respira-
tory failure from COVID-19.

To address this knowledge gap, we used data from a 
multicenter cohort study of critically ill patients with 
COVID-19 admitted to intensive care units (ICUs) across 
the United States to describe the clinical characteristics, 
physiologic parameters, complications, and outcomes 
of patients who initiated treatment with ECMO in the 
first 14 days of ICU admission. To estimate the effect of 
ECMO on survival in patients with COVID-19, we emu-
lated a target trial in which patients with severe hypox-
emic respiratory failure were categorized as having 
initiated or not initiated ECMO in the first 7 days of ICU 
admission.

Methods
Study design and oversight
We used data from the Study of the Treatment and Out-
comes in Critically Ill Patients with COVID-19 (STOP-
COVID), a multicenter cohort study that enrolled 
consecutive adults (≥ 18 years old) with laboratory-con-
firmed COVID-19 admitted to participating ICUs at 68 
geographically diverse hospitals across the United States 
[20]. The study was approved with a waiver of informed 
consent by the Institutional Review Board at each partici-
pating site.

Study sites and patient population
A total of 55 of the 68 participating hospitals in STOP-
COVID were capable of treating patients with ECMO 
(Table  E1). We included patients with COVID-19 who 
were admitted to an ICU at one of these 55 ECMO-capa-
ble participating hospitals between March 1 and July 1, 
2020 (Fig. E1). Patients were considered to have received 
ECMO if they underwent cannulation for venovenous 
ECMO within 14 days following ICU admission (patients 
receiving venoarterial or veno-arterial-venous ECMO 
were excluded). We followed patients until hospital dis-
charge, death, or September 1, 2020. All patients who 
remained hospitalized at the time of analysis had a mini-
mum of 60 days of follow-up.

Data collection
Study personnel at each site collected data by manual 
chart review and used a standardized case report form 
to enter data using a secure, web-based platform [21]. 
Data included baseline information on demographics, 
coexisting conditions, symptoms, home medications, 
and vital signs on ICU admission, as well as daily data 
following ICU admission on laboratory and physiologic 
parameters (including the ratio of the partial pressure 
of arterial oxygen over the fraction of inspired oxygen 
[PaO2/FiO2]), medications, non-medication treatments, 
organ support, and outcome data on ICU and hospital 
length of stay and death. Among patients who received 
ECMO, additional data were collected on respiratory 
mechanics and ventilator parameters pre- and post-
ECMO cannulation. Definitions of variables are pro-
vided in Table E2.

Statistical analysis for descriptive cohort
To describe baseline characteristics, treatment, and out-
comes in patients who received ECMO within 14  days 
of ICU admission, continuous variables are expressed as 
median and interquartile range and categorical variables 
are presented as count and percentage. Among patients 
who received ECMO, differences between 60-day sur-
vivors and non-survivors were analyzed with a t test or 
Mann–Whitney U test for continuous data and with a 
Chi-square or Fisher’s Exact test for categorical data, 

Take‑home message 

In this multicenter cohort study of critically ill adults with COVID-19, 
190 of 5122 patients (3.7%) received ECMO, 127 (66.8%) of whom 
survived to hospital discharge or 60 days. After accounting for dif‑
ferences between groups, patients with severe hypoxemia (PaO2/
FiO2 < 100) who received ECMO in the first 7 days of ICU admission 
had lower in-hospital mortality than patients who did not (hazard 
ratio 0.55; 95% CI 0.41–0.74).
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as appropriate. Patients who were discharged prior to 
60 days were considered to be alive at 60 days.

Eligibility criteria for the emulated trial
To estimate the effect of ECMO on survival, we emu-
lated a target trial comparing patients who initiated 
ECMO in the first 7  days of ICU admission to those 
who did not. Seven days was chosen as the time period 
for treatment assignment to provide greater homogene-
ity between patients, to allow for more follow-up time, 
and to be consistent with major trial exclusion criteria 
and consensus guidelines [2, 6, 7, 22]. To emulate the 
eligibility criteria of a clinical trial of ECMO in patients 
with severe ARDS [23], we included patients with a 
PaO2/FiO2 ratio < 100  mmHg while receiving invasive 
mechanical ventilation, and we excluded patients if they 
had any of the following characteristics: over 70  years 
old; malignancy treated in the prior year; treatment with 
venoarterial ECMO; or admission to an ICU at a hospi-
tal incapable of providing ECMO. PaO2/FiO2 ratio was 
assessed as the lowest PaO2 value (with the correspond-
ing FiO2 value) on the day of ECMO initiation/non-initi-
ation or the day prior.

Target trial emulation
The primary analysis compares the survival among 
ECMO initiators versus ECMO non-initiators. On day 
1 of ICU admission, patients were categorized in the 
ECMO group if they received ECMO and were catego-
rized in the non-ECMO group if they did not receive 
ECMO. We repeated this procedure on days 2 through 
7 for eligible patients who had not previously received 
ECMO. This approach eliminates the immortal time 
bias that would result from comparing patients initiating 
ECMO at a later time point (e.g., ICU day 5) to patients 
who did not receive ECMO at an earlier time point (e.g., 
ICU day 1) [24]. Patients were followed from the date of 
ECMO initiation or non-initiation until death, hospital 
discharge, or the end of follow-up, whichever occurred 
first. Hazard ratios (HRs) and 95% confidence intervals 
(CIs) were estimated using a Cox model. The final esti-
mates of the effect of ECMO on survival were obtained 
by pooling the data from the emulation of the nested tar-
get trials on days 1 through seven of ICU admission.

Multivariable adjustment for confounding
We adjusted for confounding using a multivariable Cox 
model. The following covariates were prespecified based 
on clinical judgment and prior knowledge [20], as they 
were felt to potentially be associated with both ECMO 
receipt and with survival: age (18–49; 50–59; 60–70); sex; 
race (White; non-White); body mass index (< 40; ≥ 40; 
unknown); hypertension; diabetes mellitus; coronary 

artery disease; congestive heart failure; chronic obstruc-
tive pulmonary disease (COPD); PaO2/FiO2 ratio (< 80; 
80–99 mmHg); shock (defined as receipt of at least one 
vasopressor); suspected or confirmed secondary infec-
tion; the renal, liver, and coagulation components of the 
Sequential Organ Failure Assessment score [25, 26]; and 
receipt of rescue therapies for hypoxemia (prone posi-
tion ventilation, neuromuscular blockade, and inhaled 
vasodilators, each assessed separately). Acute severity of 
illness characteristics were assessed on the day of treat-
ment assignment. Additional details are provided in the 
Supplementary Methods. We used a robust (sandwich) 
variance estimator to account for potential replications 
of patients induced by our nested target trial approach, 
which results in conservative (wider) 95% CIs. In addi-
tion to the time-to-death analyses describe above, we 
also estimated the difference in the risk of 60-day mortal-
ity in ECMO-treated versus ECMO non-treated patients 
using the marginal probabilities from a logistic regression 
model that included the covariates listed above.

Sensitivity analyses
We also conducted a series of sensitivity analyses. 
First, we treated hospital discharge as a competing 
risk rather than a censoring event. Second, as an alter-
native approach to the primary analysis to eliminate 
immortal time bias, we matched each patient who initi-
ated ECMO on day 1 with two randomly selected eli-
gible control patients (PaO2/FiO2 ratio < 100  mmHg 
while receiving invasive mechanical ventilation) who 
did not initiate ECMO. We then repeated the process 
on days 2 through 7, with ECMO non-treated patients 
only being included once. Third, we limited our anal-
ysis to a more homogeneous group of patients with 
the following characteristics: < 65  years old; absence 
of coronary artery disease, congestive heart failure, 
and COPD; mechanically ventilated and with a PaO2/
FiO2 ratio < 80  mmHg; and receipt of at least one res-
cue therapy for hypoxemia (prone position ventilation, 
neuromuscular blockade, or inhaled vasodilators) prior 
to ECMO initiation or non-initiation. For each of the 
above analyses, we adjusted for confounding by indi-
cation using a multivariable Cox model, as described 
above.

We performed two additional analyses similar to 
the primary analysis, but using alternative PaO2/FiO2 
thresholds (< 80 and < 150  mmHg) to define eligibility. 
Finally, to assess the potential for effect modification 
according to day of treatment assignment, we tested the 
significance of an interaction term (treatment assign-
ment × day of treatment [defined as day 1–3 versus day 
4–7]) introduced into the model. Analyses were per-
formed using SAS software version 9.4 (SAS Institute).
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Data completeness
Rates of missing data overall are shown in Table E3. With 
the exception of body mass index, data were complete for 
all covariates included in the multivariable models. Miss-
ing data for body mass index (8.5% of ECMO recipients 
and 3.3% of ECMO non-recipients) were not imputed. 
Rather, a separate missing category was used.

Results
Baseline characteristics
A total of 5122 critically ill patients with COVID-19 were 
admitted to ICUs during the study period. A total of 190 
of the 5122 patients (3.7%) received ECMO during the 
14 days following ICU admission at 35 of the 55 ECMO-
capable sites (Figs. 1 and E1). The median age of patients 
who received ECMO was 49 years (IQR 41–58) and 137 
patients (72.1%) were male (Tables  1, E3). No patients 
who received venovenous ECMO were converted to 
venoarterial ECMO.

Characteristics prior to ECMO
Patients were cannulated at a median of 3  days (IQR 
1–6) following ICU admission, and 83% of patients who 
received ECMO were cannulated in the first 7  days of 
ICU admission (Figure E2). Among the 188 patients with 
a PaO2/FiO2 ratio recorded in the 24 h prior to ECMO 
cannulation, 118 (62.8%) had a PaO2/FiO2 ratio less 
than 80 mmHg, and 157 (83.5%) had a PaO2/FiO2 ratio 
less than 100 mmHg (Figure E3). PaO2/FiO2 ratio, posi-
tive end expiratory pressure, and receipt of therapies for 
hypoxemia were similar between 60-day survivors and 
non-survivors (Table 1). Survivors had a lower incidence 
of shock and a higher Respiratory ECMO Survival Pre-
diction (RESP) score [27] in the 24  h prior to ECMO 
cannulation compared to non-survivors (Table 1).

Complications after ECMO cannulation
The most common complications after ECMO can-
nulation were bacterial pneumonia (34.7%), bleeding 
(27.9%), thrombotic events (22.6%), and acute kidney 
injury requiring renal replacement therapy (21.8%). Eight 
patients (4.2%) had intracranial hemorrhage and three 
patients (1.6%) had an ischemic stroke. Additional out-
comes are shown in Table 2. Respiratory and laboratory 
parameters 24  h post-ECMO cannulation are shown in 
Table E4.

Mortality and length of stay after ECMO cannulation
Among the 190 patients who received ECMO, 63 (33.2%) 
died, 94 (49.5%) were discharged alive, and 33 (17.4%) 
were still hospitalized at day 60 (Table  2). Among the 
survivors, the median ICU and hospital length of stay 
was 34  days (IQR 23–48) and 46  days (IQR 34–61), 

respectively (Table 2). When followed until the last date 
of follow-up, 67 patients (35.3%) had died, 114 (60%) 
were discharged alive, and only 9 (4.7%) were still hospi-
talized. Of those who were discharged alive, 57 (50.4%) 
were discharged home, 53 (46.5%) were discharged to 
a rehabilitation facility, 3 (2.7%) were transferred to 
another hospital, and 1 (0.9%) was missing data on dis-
charge location (Table E5). Of the 53 patients discharged 
to a rehabilitation facility, only 18 (34%) went to a long-
term acute care facility capable of providing invasive 
mechanical ventilation.

Early vs. late cannulation
Characteristics and outcomes of patients cannulated in 
the first compared to the second week following ICU 
admission are shown in Table E6.

Target trial emulation
Among 5122 patients examined, a total of 2068 were 
excluded from the target trial emulation (Fig. 1). Of the 
remaining 3054 patients, 1297 were eligible for inclusion 
in the target trial on at least 1 of the 7 days following ICU 
admission, 130 (10%) of whom received ECMO and 1167 
(90%) of whom did not. The characteristics of ECMO-
treated and non-treated patients are shown in Table  3. 
Patients treated with ECMO were younger, more likely 
to be male, and less likely to have chronic cardiovascu-
lar and respiratory disease compared to patients not 
treated with ECMO, but were more likely to have shock 
and a lower PaO2/FiO2 ratio (Table  3). Patients treated 
with ECMO were also more likely to have received rescue 
therapies for hypoxemia compared to those not treated 
with ECMO (Table 3).

Among the 1297 patients included in the target trial, 
during a median follow-up of 38  days (IQR 25–55), a 
total of 598 patients (46.1%) died, including 45 of the 130 
(34.6%) who received ECMO and 553 of the 1167 (47.4%) 
who did not (unadjusted HR 0.52; 95% CI 0.4–0.69). Fig-
ure  2a shows the unadjusted survival curves (log-rank 
p < 0.001). In the primary analysis, patients who received 
ECMO had a lower risk of death compared to those who 
did not (adjusted HR 0.55; 95% CI 0.41–0.74). Results of 
the full multivariable model are shown in Table E7. The 
estimated 60-day mortality was 35.3% (95% CI 27.2–
43.5%) in the ECMO-treated patients and 47.9% (95% 
CI 44.9–50.8%) in the ECMO non-treated patients (risk 
difference 12.5%; 95% CI 4–21%). Interpretations were 
unchanged across all three sensitivity analyses, as well as 
analyses using alternative PaO2/FiO2 thresholds to define 
eligibility (Fig.  2b; Tables E8–E11). No interaction was 
observed between treatment assignment and the day of 
treatment initiation (p value for interaction 0.15).
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Discussion
This multicenter cohort study of 190 critically ill adults 
with COVID-19 who received ECMO at 35 sites across 
the United States found that nearly 70% of patients sur-
vived to hospital discharge or 60  days following ICU 
admission. In a target trial emulation, severely hypoxemic 
patients who received ECMO in the first 7 days of ICU 
admission had a considerably lower risk of death com-
pared to those who did not.

The current study presents data from a large, geograph-
ically diverse cohort from the United States. ECMO was 
used in 3% of critically ill adults with COVID-19 in our 
study; in a recent multicenter European cohort study, 8% 
of critically ill patients with COVID-19 received ECMO 
[28]. The 60-day mortality rate of 33% that we observed 
for patients with COVID-19 treated with ECMO is simi-
lar to short-term mortality rates observed in ECMO-
treated patients during prior pandemics, including 
mortality rates ranging from 28 to 37% among patients 

with H1N1 influenza [29, 30]. Our observed 60-day mor-
tality rate is also similar to the 60-day mortality rate of 
36% reported by a single-center study of 83 ECMO-
treated patients with COVID-19 in France, and to the 
90-day mortality rate of 37% reported in a large multina-
tional ELSO study of over 1000 ECMO patients [18, 19].

The median age in our ECMO cohort was 49 years, and 
no patients over 70 were treated with ECMO. Patient 
selection guidelines for use of ECMO in COVID-19 are 
limited, and experts have suggested adhering to previ-
ously established protocols [2]. Over 70% of ECMO 
patients in our study underwent prone positioning prior 
to receiving ECMO, perhaps reflecting that the pandemic 
has spurred adoption of therapies that have been shown 
to have benefit but have previously been underutilized. 
The median pre-cannulation PaO2/FiO2 ratio in patients 
from our cohort was 72 mmHg, with over 80% of patients 
having a PaO2/FiO2 ratio below 100  mmHg, indicating 
severe hypoxemia, albeit not as severe as patients in the 

Fig. 1  Study cohort. Two populations of patients are shown: the descriptive analysis, which includes all patients who initiated ECMO in the first 
14 days following ICU admission, and the target trial emulation, which includes patients who did or did not initiate ECMO in the first 7 days follow‑
ing ICU admission. For the target trial emulation, patients who initiated ECMO appeared in the pooled dataset up to and including the day that 
ECMO was initiated. For example, a patient who initiated ECMO on ICU day one did not have a corresponding observation on ICU days two through 
seven. A patient who initiated ECMO on ICU day three, meanwhile, appeared as both an ECMO non-initiator on days one and two and as an ECMO 
initiator on day three. ECMO extracorporeal membrane oxygenation, ICU intensive care unit, PaO2/FiO2 partial pressure of arterial oxygen over the 
fraction of inspired oxygen
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Table 1  Characteristics of patients who received ECMO

Characteristic All ECMO patients  
(N = 190)

ECMO 60-day sur-
vivors (N = 127)

ECMO 60-day non-
survivors (N = 63)

p value

Baseline demographics
Age (year)—median (IQR) 49 (41–58) 47 (38–54) 53 (46 to 60) 0.002

 18–39 45 (23.7) 35 (27.6) 10 (15.9) 0.01

 40–49 56 (29.5) 41 (32.3) 15 (23.8)

 50–59 54 (28.4) 35 (27.6) 19 (30.2)

 60–70 35 (18.4) 16 (12.6) 19 (30.2)

Male sex—no. (%) 137 (72.1) 86 (67.7) 51 (81) 0.06

Body mass index (kg/m2)—median (IQR) 32.7 (29.1–38) 33.2 (29.5–38.3) 31.3 (29 to 37.5) 0.32

Healthcare worker—no. (%) 7 (3.7) 5 (3.9) 2 (3.2) 0.89

Coexisting conditions—no. (%)
Presence of any chronic condition 119 (62.6) 77 (60.6) 42 (66.7) 0.42

Presence of multiple chronic conditions 60 (31.6) 34 (26.8) 26 (41.3) 0.04

 Chronic lung disease 13 (6.8) 6 (4.7) 7 (11.1) 0.13

 Coronary artery disease 7 (3.7) 4 (3.2) 3 (4.8) 0.69

 Chronic liver disease 4 (2.1) 1 (0.8) 3 (4.8) 0.11

 End-stage renal disease 2 (1.1) 1 (0.8) 1 (1.6) 0.61

 Active malignancy 3 (1.6) 1 (0.8) 2 (3.2) 0.26

Pregnancy or postpartum 5 (2.6) 4 (3.2) 1 (1.6) 0.53

Characteristics at ICU admission
Severity of illness indicators

 Invasive mechanical ventilation—no. (%) 149 (78.4) 7.5 50 (79.4) 0.82

 PEEP, cmH2O—median (IQR) 15 (12–18) 15 (12–18) 15 (13 to 16) 0.68

 PaO2/FiO2 ratioa, mmHg—median (IQR) 85 (66–120) 82 (66–111) 87 (65 to 126) 0.86

 Acute kidney injury requiring RRT—no. (%) 11 (5.9) 8 (6.4) 3 (4.8) 0.68

 Shock—no. (%) 108 (56.8) 68 (53.5) 40 (63.5) 0.19

ICU therapies prior to ECMO cannulation
Rescue therapies for hypoxemia—no. (%)

 Prone positioning 135 (71.1) 87 (68.5) 48 (76.2) 0.27

 Neuromuscular blockade 149 (78.4) 96 (75.6) 53 (84.1) 0.18

 Inhaled nitric oxide 30 (15.8) 23 (18.1) 7 (11.1) 0.21

 Inhaled epoprostenol 36 (19) 24 (18.9) 12 (19.1) 0.98

Therapeutic anticoagulation—no. (%) 136 (71.6) 88 (69.3) 48 (76.2) 0.32

Acute organ injury and secondary infection within 24 h 
prior to ECMO cannulationb

Acute kidney injury requiring RRT—no. (%) 33 (17.6) 18 (14.3) 15 (24.2) 0.09

Shock—no. (%) 157 (82.6) 100 (78.7) 57 (90.5) 0.04

Acute liver injury—no. (%) 4 (2.1) 0 (0) 4 (6.4) 0.01

Secondary infection—no. (%) 11 (5.8) 5 (3.9) 6 (9.5) 0.18

Characteristics within 24 h prior to ECMO cannulationb

RESP score—median (IQR) 3 (1–5) 4 (2–5) 2 (− 1 to 4) < 0.001

PaO2/FiO2 ratioa, mmHg—median (IQR) 72 (61–90) 74 (63–93) 69 (58 to 79) 0.02

 < 80 118 (62.8) 72 (57.6) 46 (73) 0.14

 80–99 39 (20.7) 28 (22.4) 11 (17.5)

 100–149 28 (14.9) 23 (18.4) 5 (7.9)

 150–200 3 (1.6) 2 (1.6) 1 (1.6)

PEEP, cmH2O—median (IQR) 15 (14–18) 16 (14–18) 15 (14 to 18) 0.66

FiO2—median (IQR) 100 (80–100) 100 (80–100) 100 (80 to 100) 0.82

PaCO2, mmHg—median (IQR) 55 (46–66) 55 (47–65) 55 (45 to 68) 0.73

Tidal volume, ml/kg IBW—median (IQR) 6 (5.3–7.1) 6 (5.3–7.1) 6.2 (5.2 to 7.1) 0.64
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EOLIA trial. In the EOLIA trial, criteria for ECMO ini-
tiation included a PaO2/FiO2 ratio < 50  mmHg for more 
than 3 h or a PaO2/FiO2 ratio < 80 mmHg for more than 
6  h [7]. Importantly, our sensitivity analyses performed 
in patients with PaO2/FiO2 < 80 and < 150 mmHg demon-
strated similar hazard ratios for survival as our primary 
analysis.

The high rates of complications we observed in patients 
with COVID-19 who received ECMO underscores the 
importance of patient selection. The most common com-
plications were secondary infections, acute kidney injury, 

thrombotic events, and bleeding. Furthermore, half of 
the patients who survived to hospital discharge required 
some form of rehabilitation post-discharge, suggesting 
high morbidity in these patients. On the other hand, our 
finding that half of the patients who survived to hospi-
tal discharge were discharged home is reassuring that 
favorable outcomes can be achieved with ECMO with 
proper selection of patients.

We also sought to determine the effect of ECMO on 
survival. When data from randomized trials are not 
available, observational analyses may be used to guide 

Table 1  (continued)

Characteristic All ECMO patients  
(N = 190)

ECMO 60-day sur-
vivors (N = 127)

ECMO 60-day non-
survivors (N = 63)

p value

Respiratory rate, min−1—median (IQR) 27 (22–30) 26 (21–30) 28 (22 to 32) 0.26

Plateau pressure, cmH2O—median (IQR) 30 (28–35) 30 (28–35) 31 (28 to 34) 0.73

Driving pressure, cmH2O—median (IQR) 15 (11–18) 15 (12–18) 15 (11 to 17) 0.99

Compliance, cmH2O−1—median (IQR) 28 (21–36) 27 (19–38) 30 (22 to 36) 0.41

Laboratory values within 24 h prior to ECMO cannula-
tionb

White cell count, per mm3 13.5 (9.2–18.8) 12.9 (9–16.7) 14.5 (9.6 to 21.9) 0.15

Lymphocyte count, per mm3 5 (3–8) 6 (3–8) 4 (3 to 7) 0.29

Hemoglobin, g/dl 10.8 (9.5–12) 11.1 (9.9–12.4) 10.2 (9.0 to 11.5) 0.01

Platelet count, per mm3 239 (172–302) 247 (191–313) 188 (133 to 274) 0.001

Albumin, g/dl 2.4 (2.1–2.8) 2.5 (2.2–3) 2.3 (2.0 to 2.6) 0.01

Arterial pH—median (IQR) 7.30 (7.23–7.36) 7.31 (7.26–7.36) 7.29 (7.21 to 7.36) 0.08

Lactate, mmol/l 1.9 (1.4–2.9) 1.9 (1.5–2.9) 2.2 (1.4 to 3.1) 0.20

d-dimer, ng/ml 3483 (1758–6860) 3502 (1758–7429) 3340 (1780 to 5744) 0.59

Timing characteristics—median (IQR)
Days from symptom onset to cannulation 13 (10–17) 12 (10–16) 13 (9 to 18) 0.41

Days from hospital admission to cannulation 6 (4–9) 5 (3–7) 6 (4 to 11) 0.01

Days from ICU admission to cannulation 3 (1–6) 3 (0–5) 4 (1 to 6) 0.10

Days from mechanical ventilation to cannulation 2 (0–5) 2 (0–5) 3 (1 to 6) 0.07

Hospital characteristics
Number of ICU beds—no. (%) 0.10

 < 50 44 (23.2) 25 (19.7) 19 (30.2)

 50–99 38 (20) 23 (18.1) 15 (23.8)

 ≥ 100 108 (56.8) 79 (62.2) 29 (46)

Variable definitions are presented in Supplementary Table 2. Rates of missing data are reported in Table E3

ECMO extracorporeal membrane oxygenation, FiO2 fraction of inspired oxygen, ICU intensive care unit, IBW ideal body weight, IQR interquartile range, PaO2 partial 
pressure of arterial oxygen, PaCO2 partial pressure of carbon dioxide, PEEP positive end expiratory pressure, RESP respiratory extracorporeal membrane oxygenation 
survival prediction, RRT​ renal replacement therapy
a  PaO2/FiO2 refers to the ratio of the partial pressure of arterial oxygen (PaO2) over the fraction of inspired oxygen (FiO2) and was only assessed in patients receiving 
invasive mechanical ventilation. Values are recorded prior to ECMO initiation
b  Includes values from the day prior to cannulation and the day of ECMO cannulation
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practice by adopting a target trial emulation approach 
[31–34]. Accordingly, we conducted a target trial emu-
lation in which severely hypoxemic patients were cat-
egorized according to receipt or no receipt of ECMO 
in the first 7  days of ICU admission. We used analytic 
approaches to adjust for confounding and prevent 
immortal time bias. We found that severely hypoxemic 
patients treated with ECMO had a considerably lower 
risk of death compared to patients not treated with 
ECMO, with similar results across multiple sensitivity 
and subgroup analyses. Since randomized controlled tri-
als of ECMO use in COVID-19 are unlikely to be feasi-
ble in the foreseeable future due to logistical challenges 
and inevitable cross-over, target trial emulation may 
offer the best available evidence on which to base cur-
rent practice. Nevertheless, the findings from our target 
trial emulation, which are based on observational data, 

should be interpreted cautiously since we cannot exclude 
the potential for residual confounding.

Our study has several strengths. We collected granu-
lar data (over 800 unique data elements per patient) 
from a large number of consecutive critically ill patients 
with laboratory-confirmed COVID-19, thereby mini-
mizing selection or surveillance bias at each center. We 
included patients from 55 geographically diverse sites 
from across the United States, thereby increasing the 
generalizability of our findings, and we excluded patients 
from centers not capable of performing ECMO. All data 
were obtained by detailed chart review rather than reli-
ance on administrative or billing codes, which have 
well-described limitations [31, 35]. Whereas some prior 
studies of ECMO in COVID-19 have had limited follow-
up, we followed patients until hospital discharge, death, 
or a minimum of 60 days, which allowed us to ascertain 

Table 2  Outcomes of patients who received ECMO

Outcome definitions are defined in Supplementary Table 2

ECMO extracorporeal membrane oxygenation, ICU intensive care unit, IQR interquartile range, RRT​ renal replacement therapy
a  Values are only reported for patients without end-stage renal disease at baseline

Outcome measure All ECMO patients 
(N = 190)

ECMO 60-day survivors 
(N = 127)

ECMO 60-day non-survi-
vors (N = 63)

p value

60-day outcomes—no. (%)
Mortality status < 0.001

 Death 63 (33.2) 0 (0) 63 (100)

 Survival to hospital discharge 94 (49.5) 94 (74) 0 (0)

 Still hospitalized 33 (17.4) 33 (26) 0 (0)

Length of stay
ICU—median (IQR) 31 (20–43) 34 (23–48) 25 (14–25) < 0.001

Hospital—median (IQR) 39 (28–53) 46 (34–61) 29 (17–39) < 0.001

28-day outcomes—no. (%)
Decannulated from ECMO 102 (53.7) 93 (73.2) 9 (14.3) < 0.001

Liberation from mechanical ventilation 59 (31.1) 57 (44.9) 2 (3.2) < 0.001

Days of ECMO—median (IQR) 16 (10–23) 16 (10–24) 16 (9–22) 0.28

Days of ventilation—median (IQR) 26 (17–28) 26 (19–28) 23 (14–28) 0.03

28-day complications—no. (%)
Acute kidney injury requiring RRT​a 41 (21.8) 19 (15.1) 22 (35.5) 0.001

Pneumothorax requiring chest tube placement 24 (12.6) 14 (11) 10 (15.9) 0.34

Thrombotic event 43 (22.6) 32 (25.2) 11 (17.5) 0.23

 Pulmonary embolism 3 (1.6) 1 (0.8) 2 (3.2) 0.26

 Deep vein thrombosis 35 (18.4) 29 (22.8) 6 (9.5) 0.03

 Ischemic stroke 3 (1.6) 0 (0) 3 (4.8) 0.04

 Other thrombotic event 4 (2.1) 3 (2.4) 1 (1.6) 0.73

Bleeding complication 53 (27.9) 23 (18.1) 30 (47.6) < 0.001

 Intracranial hemorrhage 8 (4.2) 1 (0.8) 7 (11.1) 0.002

 Other systemic bleeding events 47 (24.7) 23 (18.1) 24 (38.1) 0.003

Both thrombotic and bleeding events 14 (7.4) 7 (5.5) 7 (11.1) 0.24

Bacterial pneumonia 66 (34.7) 41 (32.3) 25 (39.7) 0.31

Other culture-documented infections 35 (18.4) 28 (22.1) 7 (11.1) 0.07
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Table 3  Characteristics of patients included in the target trial emulation of ECMO versus no ECMO

PaO2 partial pressure of arterial oxygen over the fraction of inspired oxygen, PEEP positive end expiratory pressure, RRT​ renal replacement therapy, SOFA Sequential 
Organ Failure Assessment, UOP urine output
a  The number of observations in the final cohort differs from the number of unique patients because more than one observation per patient was used, thereby 
creating a pseudo-cohort. This approach (described further in the supplemental methods) was used to eliminate the potential for immortal time bias
b  Severity of illness data are shown on the day of ICU admission for the unique patients and on the day of ECMO initiation or non-initiation for the final cohort
c  Shock is defined as the requirement for at least one vasopressor
d  Categories 2, 3, and 4 of the renal, liver, and coagulation components of the SOFA score were binned due to low frequency of events
e  Includes both acute RRT as well as end-stage renal disease requiring RRT​
f  Rescue therapies for hypoxemia were assessed on the day of ICU admission for the unique patients and up to and including the day of ECMO initiation or non-
initiation for the final cohort

Unique patients Final cohorta

ECMO (N = 130) No ECMO (N = 1167) ECMO (N = 130) No ECMO (N = 3565)

Demographic characteristics
Age (years)

 Median (IQR) 49 (41–58) 58 (49–64) 49 (41–58) 58 (48–64)

 18–49—no. (%) 66 (50.8) 308 (26.4) 66 (50.8) 1015 (28.5)

 50–59—no. (%) 41 (31.5) 350 (30) 41 (31.5) 1060 (29.7)

 60–70—no. (%) 23 (17.7) 509 (43.6) 23 (17.7) 1490 (41.8)

Male sex—no. (%) 95 (73.1) 757 (64.9) 95 (73.1) 2337 (65.6)

White race—no. (%) 51 (39.2) 402 (34.4) 51 (39.2) 1252 (35.1)

Body mass index (kg/m2)

Median (IQR) 32.5 (29.5–37.9) 32.5 (28.1–39.1) 32.5 (29.5–37.9) 32.8 (28.4–39.5)

 < 40—no. (%) 98 (75.4) 867 (74.3) 98 (75.4) 2618 (73.4)

 ≥ 40—no. (%) 21 (16.2) 261 (22.4) 21 (16.2) 831 (23.3)

Unknown—no. (%) 11 (8.5) 39 (3.3) 11 (8.5) 116 (3.3)

Coexisting conditions
Hypertension 62 (47.7) 682 (58.4) 62 (47.7) 2067 (58)

Diabetes mellitus 38 (29.2) 516 (44.2) 38 (29.2) 1524 (42.7)

Coronary artery disease 4 (3.1) 120 (10.3) 4 (3.1) 350 (9.8)

Congestive heart failure 2 (1.5) 108 (9.3) 2 (1.5) 324 (9.1)

Chronic obstructive pulmonary disease 4 (3.1) 86 (7.4) 4 (3.1) 264 (7.4)

Severity of illnessb

PaO2/FiO2, mmHg—median (IQR) 80 (65–99) 90 (70–128) 69 (60–80) 78 (66–89)

PEEP—median (IQR) 15 (12–18) 14 (10–16) 15 (12–18) 14 (12–18)

Shockc—no. (%) 81 (62.3) 622 (53.3) 104 (80) 2352 (66)

Lactate, mmol/l—median (IQR) 1.7 (1.2–2.5) 1.6 (1.1–2.3) 2.0 (1.4–3.1) 1.5 (1.1–2.1)

Arterial pH—median (IQR) 7.35 (7.29–7.45) 7.36 (7.28–7.42) 7.33 (7.28–7.39) 7.34 (7.27–7.39)

Secondary infection—no. (%) 11 (8.5) 83 (7.1) 26 (20) 595 (16.7)

Renal SOFA score—no. (%)d

 0 (Cr < 1.2 mg/dl) 84 (64.6) 664 (56.9) 67 (51.5) 1595 (44.7)

 1 (Cr 1.2–1.9 mg/dl) 29 (22.3) 250 (21.4) 34 (26.2) 752 (21.1)

 2–4 (Cr > 2 mg/dl, UOP < 500 ml, RRT​e) 17 (13.1) 253 (21.7) 29 (22.3) 1218 (34.2)

Liver SOFA score—no. (%)d

 0 (Bilirubin < 1.2 mg/dl) 114 (87.7) 1058 (90.7) 109 (83.8) 3088 (86.6)

 1 (Bilirubin 1.2– 1.9 mg/dl) 11 (8.5) 80 (6.9) 13 (10) 292 (8.2)

 2–4 (Bilirubin ≥ 2 mg/dl) 5 (3.8) 29 (2.5) 8 (6.2) 185 (5.2)

Coagulation SOFA score—no. (%)d

 0 (Platelet count ≥ 150 K/mm3) 109 (83.8) 995 (85.3) 108 (83.1) 3111 (87.3)

 1 (Platelet count 100–149 K/mm3) 15 (11.5) 135 (11.6) 17 (13.1) 335 (9.4)

 2–4 (Platelet count < 100 K/mm3) 6 (4.6) 37 (3.2) 5 (3.8) 119 (3.3)

Rescue therapies for hypoxemia—no. (%)f

Prone position ventilation 56 (43.1) 249 (21.3) 92 (70.8) 1651 (46.3)

Neuromuscular blockade 52 (40) 234 (20.1) 100 (76.9) 1678 (47.1)

Inhaled vasodilators 23 (17.7) 49 (4.2) 47 (36.2) 479 (13.4)
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a definitive outcome (dead or discharged) in 95% of the 
patients who received ECMO. Finally, the results of our 
target trial emulation were consistent across multiple 
sensitivity analyses that used alternative methodological 
approaches, along with alternative thresholds of hypox-
emia to define eligibility.

We also acknowledge several limitations. First, as 
with all observational analyses, we cannot rule out 
the possibility of residual confounding. For exam-
ple, we did not account for varying degrees of hospi-
tal strain, which could affect outcomes in critical care 
during dynamic surges in patient volumes. Second, we 
acknowledge that sites may have varied in the criteria 
they used to determine ECMO candidacy. For example, 
use of rescue therapies for hypoxemia (prone position-
ing, neuromuscular blockade, and inhaled vasodila-
tors) prior to ECMO initiation, and use of therapeutic 
anticoagulation during ECMO, were based on insti-
tutional standards of care during the pandemic and 
reflect site variation in practice. Importantly, our sen-
sitivity analysis limited to a more homogeneous group 
of patients, including those who received at least one 
rescue therapy prior to ECMO initiation or non-initi-
ation, found similar findings as our primary analysis. 
Third, inclusion criteria for our target trial emulation 
included assessment of the lowest PaO2/FiO2 in the 
24 h preceding ECMO cannulation, unlike the EOLIA 
trial, which used a set duration of time below a PaO2/
FiO2 threshold. Fourth, we did not collect longitudinal 
data on respiratory mechanics beyond 24  h or prone 
positioning during ECMO [36, 37], which could have 
been used to further assess lung rest, recovery, and 

recruitability. It should also be acknowledged that only 
modest reductions in tidal volumes and driving pres-
sures were observed in the immediate post-ECMO 
period, somewhat in contrast with other studies dem-
onstrating ultraprotective lung ventilation on ECMO 
[18, 38]. We also did not collect data on lung compli-
ance in patients who did not receive ECMO. Fifth, 
for our descriptive analyses patients discharged prior 
to 60 days were assumed to still be alive at day 60, an 
assumption that may have overestimated the 60-day 
survival rate of ECMO recipients. However, we note 
that 97% of those discharged were either discharged 
home or to a rehabilitation facility, with only 3% hav-
ing been transferred to another hospital.

Using data from a nationally representative and geo-
graphically diverse multicenter cohort study of criti-
cally ill adults with COVID-19 in the United States, 
we found that 190 patients were treated with ECMO. 
Among those treated with ECMO, two-thirds sur-
vived to hospital discharge or 60 days. Using target trial 
emulation, we found that selected patients with severe 
hypoxemic respiratory failure treated with ECMO in 
the first 7  days of ICU admission had a considerable 
reduction in mortality compared to those not treated 
with ECMO. Although clear indications for ECMO in 
COVID-19 patients are not explicitly provided in this 
cohort study, it is evident that a proportion of patients 
with severe COVID-19 respiratory failure may well 
benefit from ECMO. Further investigation is warranted 
to identify which COVID-19 patients may derive the 
greatest benefit from ECMO.

Fig. 2  The estimated effect of ECMO on mortality. a Shows the unadjusted survival curves for ECMO-treated versus ECMO non-treated patients. b 
Shows the hazard ratios for survival for ECMO-treated versus ECMO non-treated patients. The following covariates were included in the multivari‑
able models: age; sex; race; body mass index; hypertension; diabetes mellitus; coronary artery disease; congestive heart failure; chronic obstructive 
pulmonary disease; shock; suspected or confirmed secondary infection; the renal, liver, and coagulation components of the Sequential Organ 
Failure Assessment score [25, 26]; and receipt of rescue therapies for hypoxemia (prone position ventilation, neuromuscular blockade, and inhaled 
vasodilators, each assessed separately). Sensitivity analysis #1 treated hospital discharge as a competing risk rather than as a censoring event. Sen‑
sitivity analysis #2 matched each ECMO-treated patient on day 1 with two randomly selected eligible control patients (PaO2/FiO2 ratio < 100 mmHg 
while receiving invasive mechanical ventilation) who did not initiate ECMO, and the process was then repeated on days 2 through 7, with ECMO 
non-treated patients only being used once. Sensitivity analysis #3 was limited to patients with the following characteristics: < 65 years old; absence 
of coronary artery disease, congestive heart failure, and COPD; mechanically ventilated and with a PaO2/FiO2 ratio < 80 mmHg; and receipt of at least 
one rescue therapy for hypoxemia (prone position ventilation, neuromuscular blockade, or inhaled vasodilators) prior to ECMO initiation or non-
initiation. ECMO extracorporeal membrane oxygenation, PaO2/FiO2 partial pressure of arterial oxygen over the fraction of inspired oxygen

(See figure on next page.)
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