
Articles

1230	 www.thelancet.com   Vol 398   October 2, 2021
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Summary
Background Over the course of the COVID-19 pandemic, the care of patients with COVID-19 has changed and the use 
of extracorporeal membrane oxygenation (ECMO) has increased. We aimed to examine patient selection, treatments, 
outcomes, and ECMO centre characteristics over the course of the pandemic to date.

Methods We retrospectively analysed the Extracorporeal Life Support Organization Registry and COVID-19 Addendum 
to compare three groups of ECMO-supported patients with COVID-19 (aged ≥16 years). At early-adopting centres—ie, 
those using ECMO support for COVID-19 throughout 2020—we compared patients who started ECMO on or before 
May 1, 2020 (group A1), and between May 2 and Dec 31, 2020 (group A2). Late-adopting centres were those that 
provided ECMO for COVID-19 only after May 1, 2020 (group B). The primary outcome was in-hospital mortality in a 
time-to-event analysis assessed 90 days after ECMO initiation. A Cox proportional hazards model was fit to compare 
the patient and centre-level adjusted relative risk of mortality among the groups.

Findings In 2020, 4812 patients with COVID-19 received ECMO across 349 centres within 41 countries. For early-
adopting centres, the cumulative incidence of in-hospital mortality 90 days after ECMO initiation was 36·9% (95% CI 
34·1–39·7) in patients who started ECMO on or before May 1 (group A1) versus 51·9% (50·0–53·8) after May 1 
(group A2); at late-adopting centres (group B), it was 58·9% (55·4–62·3). Relative to patients in group A2, group A1 
patients had a lower adjusted relative risk of in-hospital mortality 90 days after ECMO (hazard ratio 0·82 [0·70−0·96]), 
whereas group B patients had a higher adjusted relative risk (1·42 [1·17−1·73]).

Interpretation Mortality after ECMO for patients with COVID-19 worsened during 2020. These findings inform the 
role of ECMO in COVID-19 for patients, clinicians, and policy makers.

Funding None.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Introduction
Clinical guidelines for the management of patients with 
COVID-19 have evolved.1 The earliest studies of 
extracorporeal membrane oxygenation (ECMO) for 
COVID-19 reported prohibitively high mortality rates in 
small cohorts.2 Yet, informed by existing evidence from 
non-COVID-19 patients with the acute respiratory 
distress syndrome,3,4 international medical organisations 
still recommended, early in the pandemic, that ECMO 
should be considered if conventional treatment was not 
successful.5−7

Subsequent multicentre observational cohort studies,8−11 
including one from the voluntary international registry 
of the Extracorporeal Life Support Organization (ELSO), 
reported outcomes for patients with COVID-19 receiving 
ECMO that were comparable to ECMO-supported 
patients with non-COVID-19-related acute respiratory 
distress syndrome.3 The ELSO Registry study reported 
outcomes for 1035 patients with COVID-19 who were 
started on ECMO on or before May 1, 2020. The estimated 

cumulative incidence of in-hospital mortality 90 days 
after starting ECMO was 37·4% (95% CI 34·4–40·4).8

As the pandemic progressed, there were substantial 
changes in the management of COVID-19,12,13 which 
might have affected the profile of patients progressing to 
ECMO support.14,15 At the same time, there was expansion 
in the use and in the number of centres providing ECMO 
support to patients with COVID-19.16 Both of these trends 
could have altered outcomes.

The reported experiences8,11 of previous patients with 
COVID-19 might play a role in clinicians’ bedside 
estimation of the appropriateness of ECMO for individual 
patients. Therefore, we aimed to compare patients with 
COVID-19 who were treated with ECMO on or before 
May 1, 2020, against patients treated after this date, by 
examining baseline patient characteristics, treatments 
used, characteristics of the centres providing ECMO 
support, and patient outcomes. We used two 
complementary comparisons. First, we compared care 
and outcomes in a fixed group of early-adopting centres 
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and analysed changes between earlier and more recent 
patients in the same hospitals. Second, we studied 
whether the care and outcomes of patients at centres that 
began using ECMO for COVID-19 later in the pandemic 
were the same as those of contemporaneous patients at 
early-adopting centres.

Methods
Data source and participants
We considered patients (aged ≥16 years) who were 
diagnosed with COVID-19 via positive PCR test and 
supported with ECMO in 2020 (Jan 1 to Dec 31). Follow-
up data were last updated on June 9, 2021. We divided 
patients into three groups based on the time and centre 
at which ECMO was started. First, group A1, which 
included patients with COVID-19 who started ECMO on 
or before May 1, 2020, at so-called early-adopting centres. 
An early-adopting centre was one that reported using 
ECMO support for patients with COVID-19 on or before 
May 1. This time frame was identical to the previous 
study of the ELSO Registry COVID-19 data; however, it 
was updated to include patients entered into the registry 
after final data lock (June 9, 2021) in that previous study.8 
Second, group A2, which included patients who started 
ECMO support at an early-adopting centre between 
May 2, and Dec 31, 2020, the second time period. Third, 
group B, which included patients who started ECMO 
between May 2 and Dec 31, 2020, in so-called late-
adopting centres, defined as centres that only provided 
ECMO for COVID-19 after May 1, 2020. Compared with 
earlier in the pandemic, there were substantial changes 
in the management of COVID-19,12,13 which might have 

affected the characteristics of patients progressing to 
ECMO support. We demarcated earlier care as on or 
before May 1, 2020, because it was early in the pandemic 
and was the time period used in the previous study of 
ELSO Registry COVID-19 data.8

The University of Michigan Institutional Review Board 
deemed this study of existing, de-identified data exempt 
from human participant review. The ELSO Registry 
characteristics, data entry procedures, and COVID-19 
diagnostic criteria have been described previously,8 and 
are summarised in the appendix (p 3). We followed 
STROBE reporting guidelines for observational studies.

Outcomes
The primary outcome was in-hospital mortality in a time-
to-event analysis assessed 90 days after ECMO started. 
Secondary outcomes were the median duration of ECMO 
support, median duration of hospital stay, the patients’ 
final dispositions, and complications experienced during 
ECMO. The ELSO Registry observes patient outcomes 
while they are at an ELSO member centre. If a patient is 
discharged to another institution, the ELSO Registry 
records their outcome before discharge but does not 
observe the outcome after discharge from the ELSO 
member centre. 

Statistical analysis
We estimated the cumulative incidence of mortality using 
the Aalen-Johansen cumulative incidence estimator as 
previously reported.8,17 To address temporal changes, we 
compared in-hospital mortality 90 days after ECMO in 
patients treated in early-adopting centres either on or 

Research in context

Evidence before this study
We did not perform a formal literature review. The impact of 
extracorporeal membrane oxygenation (ECMO) support on 
COVID-19 survival is uncertain because no randomised clinical 
trials have compared invasive mechanical ventilation without 
ECMO versus treatment with ECMO support in COVID-19. 
Outcomes of ECMO started for COVID-19 early in the pandemic 
(on or before May 1) were reported in several observational 
studies. A 2021 systematic review and meta-analysis of ECMO in 
adults with COVID-19 included 22 studies with 1896 patients 
and reported a pooled in-hospital mortality rate of 37·1% 
(95% CI 32·2–42·0). Subsequent studies have reported mortality 
rates of over 50%. It is unclear from these studies whether the 
mortality of ECMO-supported patients has changed over time 
and, if so, why such changes might have occurred.

Added value of this study
This study of 4812 patients from 349 sites in 41 countries 
showed that, over 2020, mortality after ECMO support in 
patients with COVID-19 increased by about 15% and the 
median duration of ECMO support increased by 6 days 

(groups A1 vs A2). Compared with patients with COVID-19 
who received ECMO earlier in the pandemic, patients who 
received ECMO after May 1, 2020, were more commonly 
treated with corticosteroids. Factors appearing to affect 
outcomes included that patients who received ECMO after 
May 1 had a higher likelihood of treatment-refractory disease 
despite similar conventional risk factors, and that centres with 
less experience providing ECMO support for COVID-19 were 
more likely to have a higher mortality rate.

Implications of all the available evidence
It is unknown how ECMO support affects survival in COVID-19; 
however, mortality after ECMO and the duration of ECMO 
support are not static over time. This study showed that 
mortality worsened over the course of the pandemic, 
an evolution that requires continued surveillance of ECMO 
outcomes in COVID-19. Furthermore, given that ECMO is a 
finite resource and that 25% of patients with COVID-19 
received 5 weeks or more of ECMO support, centres should 
consider developing local policies that guide the ethical 
allocation of ECMO when resources are constrained.

See Online for appendix



Articles

1232	 www.thelancet.com   Vol 398   October 2, 2021

before May 1, 2020 (group A1) or after May 1, 2020 
(group A2). Next, to address the compositional changes in 
centres providing ECMO support between May 2 and 
Dec 31, 2020, we compared patients receiving ECMO at 
early-adopting centres (group A2) to patients receiving 
ECMO support for COVID-19 at late-adopting centres 
(group B). To assess whether the relative risks for 
mortality, also called hazard ratios (HRs), were similar 
over time, we fit separate Cox proportional hazards 
models to groups A1 and A2, adjusting for an identical set 
of covariates in each model and calculating the estimated 
HR for each covariate in each model. Each patient’s 
follow-up period was defined as the start of ECMO to the 
patient’s death. Any other event (eg, patient discharged to 
home, long-term acute care, acute rehabilitation, or 
another hospital) was treated as a censoring event. If no 
event was reported, follow-up was censored at the 
patient’s most recent update that was before June 9, 2021.

We estimated the relative risks between characteristics 
and mortality using Cox models that included all those 
from a previously reported model for ECMO-supported 

patients with COVID-19,8 except for race. Specifically, 
we included age, sex, chronic cardiac disease, body-
mass index (BMI), cancer, immunocompromised 
state (appendix p 3), diabetes, pre-existing cardiac 
disease, chronic respiratory disease (excluding asthma), 
asthma, cardiac arrest before starting ECMO, presence 
of co-infection, duration of pre-ECMO endotracheal 
intubation, partial pressure of arterial carbon dioxide 
(PaCO₂), the ratio of partial pressure of arterial oxygen 
to fraction of inspired oxygen (PaO₂:FiO₂), diagnosis 
of acute kidney injury, and initial ECMO mode 
(venovenous vs venoarterial or veno-venoarterial). We 
also added geographically determined ELSO Chapters 
to the model (see appendix p 3 for a list of countries 
in each ELSO Chapter). We excluded race because 
adjusting for race might excuse racially biased practices 
or prognoses that reinforce structural inequalities, and 
there is no known physiological basis for expecting 
differential racial outcomes of ECMO support.18 We 
tested that the proportional hazards assumptions for 
Cox models were met and incorporated time-varying 

 Group A1 Group A2 Group B p value: A1 vs A2 p value: A2 vs B

Participants 1182 2824 806 ·· ··

Age, years 50 (42–57) 51 (42–58) 49 (40–58) 0·004 0·030

Body-mass index, kg/m² 31 (27–36) 32 (28–38) 32 (28–37) 0·40 0·60

Sex

Male* 876 (74%) 2049 (73%) 598 (74%) 0·39 0·36

Female 304 (26%) 775 (27%) 208 (26%) ·· ··

Pre-ECMO comorbidities

Any 768 (65%) 2066 (73%) 547 (68%) 0·002 0·088

Cancer 15 (1%) 58 (2%) 9 (1%) 0·058 0·080

Immunocompromised 27 (2%) 124 (4%) 29 (4%) 0·002 0·32

Diabetes 287 (24%) 923 (33%) 217 (27%) <0·001 0·002

Pre-existing heart disease 31 (3%) 139 (5%) 28 (3%) 0·004 0·15

Pre-existing lung disease 36 (3%) 127 (4%) 27 (3%) 0·23 0·22

Pre-existing renal insufficiency 33 (3%) 109 (4%) 12 (1%) 0·06 <0·001

Frailty 6 (0·5%) 20 (0·7%) 7 (0·9%) 0·45 0·64

Asthma 128 (11%) 292 (10%) 72 (9%) 0·60 0·35

Pregnancy 24 (2%) 62 (2%) 14 (2%) 0·88 0·40

Acute heart failure 58 (5%) 190 (7%) 39 (5%) 0·052 0·12

Acute kidney injury 367 (31%) 758 (27%) 214 (27%) <0·001 0·91

Pre-ECMO cardiac arrest† 51 (4%) 140 (5%) 43 (5%) 0·72 0·66

Co-infections‡

No co-infection 697 (59%) 1413 (50%) 456 (57%) <0·001 0·13

Bacterial pneumonia 346 (29%) 1062 (38%) 250 (31%) <0·001 0·10

Co-viral infection 102 (9%) 195 (7%) 66 (8%) 0·57 0·61

Bloodstream infection 164 (14%) 471 (17%) 98 (12%) 0·012 0·052

Urinary tract infection 52 (4%) 229 (8%) 54 (7%) 0·002 0·38

Data are median (IQR) or n (%). Group A1 patients started ECMO on or before May 1, 2020, at early-adopting centres. Group A2 patients started ECMO between May 2 and 
Dec 31, 2020, at early-adopting centres. Group B patients started ECMO at late-adopting centres, which only provided ECMO for COVID-19 after May 1, 2020. 
ECMO=extracorporeal membrane oxygenation. p values derived from ECMO centre-based permutation tests of the null hypothesis that there is no difference in the medians 
(for quantitative) or proportions (for binary) between the two specified columns. Denominators for percentages are given in the footnotes when they differ from the 
participant row. *Group A1 n=1180. †Group A1 n=1167, group A2 n=2796, and group B n=794. ‡Group A1 n=1180 and group A2 n=2823. 

Table 1: Patient characteristics among three cohorts receiving ECMO for COVID-19
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effects into our final models to better satisfy these 
assumptions (appendix pp 6–8, 18–20).

To assess whether differences in the type or mix of 
patients treated within early-adopting centres resulted in 
differences in expected mortality, we calculated the 
cross-validated distribution of relative risk19 in each 
group as predicted by the aforementioned model fit to 
group A1. A patient’s relative risk is interpreted as their 
multiplicative increase in mortality rate, taking into 
account their pre-ECMO characteristics, relative to a 
common reference patient. We used this model of 
earlier-treated patients only to predict the relative risk 
and to determine whether any observed increased 
mortality in patients treated after May 1 could be 

explained by a change in pre-ECMO factors. The process 
for calculating each patient’s cross-validated relative risk 
is described in the appendix (p 4). We used permutation 
tests to assess differences in the distribution of relative 
risks for patients in groups A1 and A2 (appendix p 5).

To evaluate contextual changes in distribution of risk 
among patients who were more recently cared for at 
early-adopting versus late-adopting centres, we fit a 
single Cox proportional hazards model to the patients 
from group A2 and group B combined using all of the 
same model factors described above. In addition, we 
hypothesised that early experience providing ECMO for 
COVID-19 might reduce the relative risk of mortality in 
subsequent ECMO-supported patients with COVID-19.

 Group A1 Group A2 Group B p value: A1 vs A2 p value: A2 vs B

Participants 1182 2824 806 ·· ··

Pre-intubation non-invasive ventilation* 689 (58%) 2139 (76%) 564 (70%) <0·001 0·16

Bilevel positive airway pressure 202 (17%) 939 (33%) 313 (39%) <0·001 0·18

Continuous positive airway pressure 158 (13%) 385 (14%) 73 (9%) 1·00 0·19

High-flow nasal cannula 420 (36%) 1463 (52%) 341 (42%) <0·001 0·036

More than one non-invasive support 83 (7%) 592 (21%) 151 (19%) <0·001 0·47

Prone positioning† 700 (60%) 1684 (60%) 405 (51%) 0·96 0·022

Neuromuscular blockade‡ 845 (73%) 2090 (74%) 506 (63%) 0·80 0·016

Any vasoactive support§ 715 (61%) 1721 (61%) 455 (57%) 0·91 0·23

Pre-ECMO endotracheal intubation, days¶ 4·0 (1·7–6·3) 3·1 (0·9–6·3) 2·7 (0·8–5·9) <0·001 0·20

Pre-ECMO conventional ventilation|| 1086 (98%) 2498 (96%) 650 (97%) 0·018 0·47

PaCO2, mm Hg** 60 (50–74) 61 (50–76) 60 (50–74) 0·48 0·46

PaO2:FiO2, mm Hg†† 72 (60–94) 71 (58–92) 70 (56–93) 0·44 0·49

PEEP, cm of H₂O‡‡ 14 (12–16) 14 (10–16) 14 (10–16) 1·00 1·00

PIP, cm of H2O§§ 33 (30–38) 34 (30–38) 34 (30–38) 0·87 1·00

PEEP, cm of H2O at ECMO hour 24¶¶ 10 (10–14) 10 (10–12) 10 (10–12) 1·00 1·00

PIP, cm of H2O at ECMO hour 24|||| 25 (21–28) 25 (21–28) 25 (22–29) 1·00 1·00

COVID-19 therapies

Any 914 (77%) 2590 (92%) 644 (80%) <0·001 <0·001

Glucocorticoids 511 (43%) 2196 (78%) 583 (72%) <0·001 0·20

Remdesivir 103 (9%) 1598 (57%) 404 (50%) <0·001 0·28

Chloroquine or hydroxychloroquine 627 (53%) 180 (6%) 63 (8%) <0·001 0·45

Venovenous ECMO 1110 (94%) 2623 (93%) 762 (95%) 0·39 0·94

ECMO support type

Respiratory support 1140 (96%) 2686 (95%) 777 (96%) 0·060 0·24

Cardiac support 29 (2%) 110 (4%) 27 (3%) ·· ··

ECPR 13 (1%) 28 (1%) 2 (0·2%) ·· ··

Data are median (IQR) or n (%). Group A1 patients started ECMO on or before May 1, 2020, at early-adopting centres. Group A2 patients started ECMO between May 2 and 
Dec 31, 2020, at early-adopting centres. Group B patients started ECMO at late-adopting centres, which only provided ECMO for COVID-19 after May 1, 2020. The mode of 
mechanical ventilation, PaCO2, PaO2:FiO2, PEEP, and PIP are the measures given nearest to ECMO starting (within the previous 6 h). PEEP at ECMO hour 24 and PIP at ECMO 
hour 24 are measured closest to 24 h after ECMO started (within 18–30 h after ECMO started). p values derived from ECMO centre-based permutation tests of the null 
hypothesis that there is no difference in the medians (for quantitative) or proportions (for binary) between the two specified columns. ECMO=extracorporeal membrane 
oxygenation. ECPR=extracorporeal cardiopulmonary resuscitation. PaCO₂=partial pressure of arterial carbon dioxide. PaO₂:FiO₂=ratio of the partial pressure of arterial oxygen 
to the fraction of inspired oxygen. PEEP=positive end-expiratory pressure. PIP=peak inspiratory pressure. Denominators for percentages are given in the footnotes when they 
differ from the participant row. *Group A1 n=1180. †Group A1 n=1167, group A2 n=2813, and group B n=793. ‡Group A1 n=1163, group A2 n=2813, and group B n=801. 
§Group A1 n=1163, group A2 n=2813, and group B n=798. ¶Group A1 n=1055, group A2 n=2452, and group B n=658. ||Group A1 n=1107, group A2 n=2595, and group B 
n=669. **Group A1 n=1020, group A2 n=2358, and group B n=625. ††Group A1 n=984, group A2 n=2245, and group B n=602. ‡‡Group A1 n=993, group A2 n=2317, and 
group B n=604. §§Group A1 n=785, group A2 n=1892, and group B n=484. ¶¶Group A1 n=1041, group A2 n=2516, and group B n=681. ||||Group A1 n=908, group A2 
n=2211, and group B n=493.

Table 2: Treatment and support among three cohorts receiving ECMO for COVID-19
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We calculated each hospital’s experience providing 
ECMO support for COVID-19 on or before May 1, 2020. 
We categorised the annualised COVID-19 case volume 
using previously reported annual ECMO volume 
categories.20 We also accounted for the adult hospital 
ECMO volume in 2019 and, separately, 2019 adult hospital 
venovenous ECMO volume,14 using the same previously 
reported annual ECMO volume categories (appendix p 3).20 
To quantify the effect of early COVID-19 experience on the 
relative risk of mortality later in the pandemic, we did a 
similar cross-validated assessment. Namely, we refit the 
model after leaving out a single centre from group A2 or 
group B, then we predicted the risk for each ECMO case in 
the centre that was withheld. We repeated this analysis for 
all centres in both groups (detailed in appendix pp 4−5).

To estimate the relative risk of mortality between 
groups after adjusting for patient and centre-level 
characteristics, a Cox proportional hazard model was fit 
to all patients (appendix pp 7−8, 20).

We estimated the distribution of duration of hospital 
stay, defined as time from admission to ELSO centre 
to discharge for any reason, using Kaplan-Meier 
methodology.21 Any runs for which the time of discharge 
was not reported were censored at the last reported 
update. Multiple imputation was used to account 
for missing values in the predictor variables using 
fully specified chained equations in the R package 
(version 4.1.0; appendix pp 8, 11).22

Role of the funding source
There was no funding source for this study.

Results
Between Jan 1 and Dec 31, 2020, 5211 ECMO-supported 
patients with COVID-19 were reported to the ELSO 
Registry. This number was reduced to 5098 after excluding 
the following: five patients who started ECMO before 

being diagnosed with COVID-19, 85 patients younger 
than 16 years, 20 patients who did not have PCR 
confirmation of SARS-CoV-2, and three patients without 
follow-up. 286 patients were excluded because there 
was not a completed COVID-19 addendum, leaving 
4812 ECMO-supported patients from 349 centres across 
41 countries (appendix pp 12, 21). On or before May 1, 2020, 
ECMO support for COVID-19 was provided to 1182 patients 
at 236 early-adopting centres (group A1). Between May 2 
and Dec 31, 2020, an additional 2824 patients received 
ECMO support at one of the early-adopting centres 
(group A2), whereas 806 patients received ECMO for 
COVID-19 at one of 113 late-adopting centres between 
these dates (group B; appendix pp 13−14, 21).

First, considering only patients managed at early-
adopting centres, we compared group A1 and A2. Group A1 
patients had a similar median BMI, sex distribution, and 
rate of pre-ECMO acute heart failure and cardiac arrest, 
relative to group A2 patients (table 1). Diabetes, pre-
existing heart disease, immunocompromised status, 
bacterial pneumonia, and bloodstream co-infections were 
more common in patients in group A2 than in group A1. 
Overall, risk factors for mortality had similar estimates 
(HRs) on or before May 1 (group A1) and after May 1 
(group A2; appendix pp 9, 22−23).

Second, considering only patients who received ECMO 
more recently (after May 1), we compared patients in 
groups A2 and B. Although ECMO-supported patients in 
groups A2 and B were generally similar (table 1), patients 
in group A2 were more likely to have diabetes or pre-
existing renal insufficiency. After adjusting for COVID-19 
ECMO experience early in the pandemic, the predicted 
risk of mortality was similar between groups A2 and B 
(p=0·50; appendix p 24).

The majority of early-adopting and late-adopting 
centres were located in North America. Early-adopting 
centres were more likely to be in Europe, China, South 
Korea, or Australia, and less likely to be in south and west 
Asia, Africa, or Latin America (p<0·001; appendix 
pp 13−14), than late-adopting centres. The median 2019 
ECMO adult case volume was higher at early-adopting 
centres (22 [IQR 2−60]) than at late-adopting centres 
(nine [0−24], p<0·001; appendix p 13).

Among patients at early-adopting centres, the pre-
ECMO treatment differed over 2020. Group A2 patients 
were more likely to have received non-invasive ventilation 
before ECMO and had a shorter median duration of 
invasive ventilation before ECMO than did group A1 
patients (table 2). Additionally, use of corticosteroids or 
remdesivir was more common in group A2 than in 
group A1. Patients in groups A1 and A2 started ECMO at 
similar pre-ECMO ventilator settings, PaCO₂, and 
PaO₂:FiO₂ (table 2).

When comparing patients in groups A2 and B, a higher 
proportion of patients in group A2 received prone 
positioning and neuromuscular blockade, but other 
reported pre-ECMO treatments were similar.

Figure 1: Cumulative incidence of mortality after ECMO initiation
ECMO=extracorporeal membrane oxygenation. Group A1 patients started ECMO on or before May 1, 2020, at 
early-adopting centres. Group A2 patients started ECMO between May 2 and Dec 31, 2020, at early-adopting 
centres,. Group B patients received ECMO at late-adopting centres, which only provided ECMO for COVID-19 after 
May 1, 2020.
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Among early-adopting centres, the cumulative 
incidence of in-hospital mortality 90 days after starting 
ECMO was 36·9% (95% CI 34·1–39·7) in group A1 
versus 51·9% (50·0–53·8) in group A2 (figure 1). At 
late-adopting centres (group B), the cumulative inci
dence of in-hospital mortality 90 days after ECMO 
initiation was 58·9% (55·4–62·3). These differences 
persisted after adjusting for patient-level and centre-
level characteristics. Relative to group A2, group A1 
patients had a lower adjusted relative risk of in-hospital 
mortality 90 days after ECMO (HR 0·82 [95% CI 
0·70−0·96]). Conversely, patients in group B had a 
higher adjusted relative risk (HR 1·42 [1·17−1·73]) than 
those in group A2 (figure 2). Advanced age, cancer, 
cardiac arrest before starting ECMO, and acute kidney 
injury were associated with an increased relative risk of 
mortality (figure 2; appendix p 22). 

The final disposition of ECMO-supported patients was 
different (table 3; figure 3; appendix pp 9, 15, 21). Patients 
in group A1 were more likely to be discharged home or to 
an acute rehabilitation centre and were more likely to be 
transferred to another hospital than were patients in 
group A2 (permutation test p=0·01).

Among early-adopting centres, the median duration of 
ECMO support was 14·1 days (IQR 7·9−24·1) in group A1 
and 20·0 days (9·7−35·1) in group A2 (p<0·001). The 
Kaplan-Meier median duration of hospital stay after 
ECMO started at the ELSO centre was 27·1 days 
(15·8–44·2) in group A1 versus 30·7 days (17·6–50·7) in 
group A2.

The proportion of patients with CNS haemorrhage 
and haemolysis was similar between groups A1 and A2, 
but CNS infarction and mechanical ECMO complications 
were more common in group A2 (table 3; appendix p 16). 
Complication rates were generally similar for groups A1 
versus A2 and for groups A2 versus B when normalised 
for duration of ECMO support (complication rates per 
1000 h of ECMO support; appendix p 17). The prevalence 
and rate per 1000 h of ECMO support of CNS infarction, 
CNS haemorrhage, and haemolysis were similar 
between group A2 and group B (table 3; appendix 
pp 16−17). However, mechanical complications were 
reported less commonly in group B (table 3; appendix 
pp 16−17).

A higher volume of centre experience providing ECMO 
support to patients with COVID-19 was associated with 
lower in-hospital mortality 90 days after ECMO initiation. 
Early-adopting centres caring for at least nine patients with 
COVID-19 on or before May 1, 2020, had a risk-adjusted 
mortality rate of 0·56 (95% CI 0·43−0·75) relative to 
centres without such experience (appendix pp 25−26).

Discussion
At early-adopting centres, the cumulative incidence of 
in-hospital mortality 90 days after ECMO initiation for 
COVID-19 increased by about 15% (on an absolute 
basis) for patients who started ECMO between May 2 

and Dec 31, 2020, compared with patients who started 
on or before May 1. This difference was not attributable 
to differences in known risk factors at baseline. We 
also saw a difference in outcomes among ECMO-
supported patients who were in group A2 versus 
group B.

There are several potential explanations for the 
increased mortality seen in group A2 relative to group A1. 
These fall into three broad categories: patient selection, 
patient treatment, and the final disposition of patients.

First, patient selection might have changed between 
stages of the pandemic. It is possible that earlier in the 
pandemic, clinicians only started ECMO in patients 
with a high likelihood of survival, since there was initial 
concern that critical care resources might be 
overwhelmed in many areas.2,5,23,24 However, this 
hypothesis might not explain the results because our 

Figure 2: Relative risk of mortality at early-adopting centres (on or before May 1 and after May 1) and at 
late-adopting centres (after May 1)
Group A1 patients started ECMO on or before May 1, 2020, at early-adopting centres. Group A2 patients started 
ECMO between May 2 and Dec 31, 2020, at early-adopting centres. Group B patients received ECMO at late-adopting 
centres, which only provided ECMO for COVID-19 after May 1, 2020. BMI=body-mass index. ECMO=extracorporeal 
membrane oxygenation. PaCO₂=partial pressure of arterial carbon dioxide. PaO₂:FiO₂=ratio of the partial pressure 
of arterial oxygen to the fraction of inspired oxygen. VA=venoarterial. VV=venovenous. VVA=veno-venoarterial. 
*Chronic respiratory disease is a pre-ECMO comorbidity.
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model, which was based on established risk factors for 
COVID-19 and ECMO,25 suggests patients in group A1 
had a higher (rather than lower) risk of mortality.8 
These data suggest that patient selection on the basis of 
established risk factors was probably not an important 
contributor to the differential mortality observed. 
Nonetheless, we cannot exclude the possibility that 
unmeasured patient factors contributed to the 
differences in mortality.

Second, there were pre-ECMO changes in patients’ 
COVID-19 treatment over time. At early-adopting centres, 
patients who were treated after May 1 (group A2) more 
frequently received non-invasive forms of ventilation 
before endotracheal intubation, potentially selecting 
for a cohort with greater patient self-inflicted lung 
injury relative to group A1.26 Patients in groups 
A1 and A2 received similar rates of prone positioning 
and use of neuromuscular blockade before ECMO; 
however, patients in group A2 more commonly received 
dexamethasone and remdesivir, which is consistent with 
evolving recommendations for COVID-19.1,7,12,13 Together, 
these differences in treatment suggest that a higher 
proportion of patients supported with ECMO after May 1 
had treatment-refractory disease than did those treated 
earlier, and thus might represent a different clinical 
phenotype with a worse overall prognosis after ECMO, 
despite few clear differences in established risk factors.

Third, patients’ final disposition changed over time. 
Early-adopting centres caring for patients on or before 
May 1 transferred 18% of patients to other hospitals; 
however, after May 1, the same centres only transferred 
11% of patients. Some transferred patients might have 
later died without the ELSO Registry recording the death;8 
however, this possibility does not fully explain our results. 
Under the extreme assumption that all transferred 
patients died after transfer, the difference in mortality 
would remain significantly worse (appendix p 9).

Early-adopting centres had several different character
istics from late-adopting centres that might have 
contributed to differences in patient outcomes. For 
example, early-adopting centres had a higher volume of 
adult ECMO cases in 2019 than did late-adopting centres. 
However, the reasons that some centres used ECMO 
later in the pandemic are unknown. It is possible that 
they did not admit patients who required ECMO for 
COVID-19 early in the pandemic (due to lockdowns or 
patterns of spread), or that resources were unavailable 
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Figure 3: Stacked bar plots of disposition for ECMO for COVID-19 among three cohorts
Group A1 patients started ECMO on or before May 1, 2020, at early-adopting centres. Group A2 patients started ECMO after May 1 at early-adopting centres. Group B 
patients received ECMO at late-adopting centres, which only provided ECMO for COVID-19 after May 1, 2020. Unknown status (censored) refers to patients who, 
as of June 9, 2021, did not meet one of the following three criteria: died, discharged alive, or survived at least 90 days after ECMO started. Hospitalised patients are those 
who, as of June 9, 2021, are still in the hospital where ECMO support was started. ECMO=extracorporeal membrane oxygenation. LTAC=long-term acute care centre. 

Group A1 Group A2 Group B

Last known patient status 1182 2824 806

Discharged

To home or acute 
rehabilitation

376 (32%) 623 (22%) 190 (24%)

To long-term acute 
care or unspecified 
location

128 (11%) 329 (12%) 71 (9%)

To another hospital 212 (18%) 301 (11%) 47 (6%)

Remain in the hospital, 
discharged from ICU

2 (<1%) 5 (<1%) 1 (<1%)

Remain in the ICU 16 (1%) 78 (3%) 22 (3%)

In-hospital death 448 (38%) 1488 (53%) 475 (59%)

Select complications* 494 (45%) 1233 (52%) 363 (54%)

CNS infraction 7 (1%) 53 (2%) 8 (1%)

CNS haemorrhage 68 (6%) 196 (7%) 42 (5%)

Haemolysis 53 (5%) 219 (8%) 30 (4%)

Pump failure 10 (1%) 29 (1%) 12 (2%)

Oxygen failure 108 (9%) 370 (13%) 66 (8%)

Circuit change 161 (14%) 469 (17%) 71 (9%)

Data are n (%). Group A1 patients started ECMO on or before May 1, 2020, at early-
adopting centres. Group A2 patients started ECMO between May 2 and 
Dec 31, 2020, at early-adopting centres. Group B patients started ECMO at late-
adopting centres, which only provided ECMO for COVID-19 after May 1, 2020. 
Denominators for percentages are given in the footnotes when they differ from 
the last known patient status row. ECMO=extracorporeal membrane oxygenation. 
ICU=intensive care unit. *Group A1 n=1157, group A2 n=2767, group B n=782. 

Table 3: ECMO outcomes among three cohorts with COVID-19
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either to offer ECMO or to submit cases to the ELSO 
Registry. We found that after adjusting for patient risk 
and centre volume, mortality for patients who started 
ECMO after May 1 was comparable for early-adopting 
(group A2) and late-adopting centres (group B). However, 
both had worse mortality than for those who started 
ECMO on or before May 1 (group A1). This finding is 
consistent with the existence of a volume–outcome 
relationship in ECMO for COVID-19.

The initial published experience of ECMO use for 
COVID-19 from the ELSO Registry reported an 
estimated cumulative incidence of in-hospital mortality 
90 days after ECMO starting of 37·4% (95% CI 
34·4–40·4),8 which is comparable to outcomes after 
ECMO for acute respiratory distress syndrome unrelated 
to COVID-19.3 This finding implied that health-care 
teams could make similar clinical judgments about the 
role of ECMO in patients with refractory acute 
respiratory distress syndrome whether or not they had 
COVID-19. However, this no longer appears to be true. 
Relative to patients who started ECMO on or before 
May 1, 2020, those supported after May 1 required 
ECMO for longer and had an absolute increase in 
mortality of about 15% such that the majority of these 
ECMO-supported patients died. In those with specific 
risk factors—such as advanced age, cancer, cardiac 
arrest before starting ECMO, and acute kidney injury—
the expected mortality after ECMO could be significantly 
higher, but this risk would also be expected in these 
patients without the use of ECMO. This study was not a 
randomised clinical trial, and it remains unclear 
precisely which patients should be supported with 
ECMO. However, based on the data from this study, any 
clinical assessment of the risks versus potential benefits 
of starting ECMO in COVID-19 must factor in these 
evolving trends, particularly in resource-constrained 
settings.

The changing mortality risk of patients with COVID-19 
supported with ECMO suggests that health-care centres 
need to track institutional and regional outcomes. 
Centres also need to develop local policies to guide 
allocation of ECMO during local or regional resource 
constraints.23,24,27 The increasingly longer patterns of 
ECMO support increase this possibility.

The association between lower mortality in centres with 
greater experience providing ECMO support to patients 
with COVID-19 suggests that there is an opportunity to 
improve the distribution of knowledge and resources.27 
Networks providing ECMO support during COVID-19 
have coordinated referrals and shared equipment and 
transportation resources, demonstrating the feasibility of 
coordinated sharing even in these sickest of patients and 
amid the challenges of a pandemic.14

Our study has limitations. First, data entered into the 
ELSO Registry depend on voluntary participation by 
centres worldwide. Centres submitting data during the 
pandemic might have differed from those that did not 

submit data. Second, submitted cases are not externally 
validated, and there is no confirmation that all cases 
were submitted. However, ELSO does have quality 
control standards; all ELSO site data managers pass a 
data entry exam, there is point-of-entry data assessment 
for error and validity, and full-record validation on 
submission ensures all mandatory fields are 
completed.8,28 Third, we used a fixed demarcation point 
of May 1, 2020, largely based on a previous publication.8 
However, analysing the data with this fixed time frame 
might decrease the sensitivity to detect differences. 
Finally, our study was not a randomised clinical trial. We 
cannot, therefore, speculate on what might have 
happened to patients had they not received ECMO 
support.

In summary, mortality for ECMO-supported patients 
with COVID-19 significantly worsened worldwide over 
the course of the pandemic, and duration of ECMO 
support increased. These dynamic outcomes compel 
continued surveillance, facilitating awareness of local 
and regional mortality rates, duration of ECMO support, 
and resource constraints. Our findings have important 
implications, both in setting expectations with patients 
and surrogate decision makers, and for informing 
clinicians and policy makers with respect to the most 
appropriate ECMO initiation criteria.29 Furthermore, 
centres should consider developing local policies that 
guide the ethical allocation of ECMO when resources are 
constrained.
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For the data dictionary see 
https://www.elso.org/Registry/

DataDefinitions,Forms,Instructio
ns.aspx 

For ELSO policies see 
https://www.elso.org/AboutUs/

ELSOPolicies.aspx

Data sharing
The data dictionary and ELSO policies are available online. 
The participant data collected for this study are available, as a limited 
data set, to member centres conditional on approval from ELSO’s 
Scientific Oversight Committee, but it is not publicly available. 
ELSO Scientific Oversight Committee approved data requests and the 
date of data release for research are listed online at https://www.elso.
org/Registry/ApprovedDataRequests.aspx.
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