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available at NEJM.org), which estimated that if 
the trial crossed a futility stopping boundary, the 
chance of a positive result at full enrollment would 
be slim. When the trial was stopped, the 60-day 
mortality was 35% in the ECMO group and 46% 
in the standard-care group, and the relative risk 
for death was 0.76 (95% confidence interval [CI], 
0.55 to 1.04; P = 0.09).

DSMBs typically interpret stopping boundar-
ies as guidelines to be applied with some flexi-
bility. Their decisions are difficult ones, and by 
their very nature are subject to post hoc evalua-
tion. In this case, the figure shows that the trial 
had reached but just touched the futility bound-
ary. We are disappointed that the DSMB acted so 
quickly to stop the trial, but others may have 
reached the same decision as the DSMB. However, 
the decision to stop cannot be undone, and this 
is not the place to debate the wisdom of the deci-
sion. It is important to remember that we can 
learn something positive from a negative trial.3

The authors provide two secondary analyses. 
In the first, the primary outcome in the control 
group was redefined as death at 60 days or a 
switch from the standard treatment to ECMO. 
This end point was reached by 58% of the pa-
tients in the control group, as compared with 
35% (for death) in the ECMO group, and the rela-
tive risk of death or switching was 0.62 (95% CI, 
0.47 to 0.82). This end point is difficult to inter-
pret, since switching treatments was at the inves-
tigator’s discretion and there were no preset spe-
cific criteria for a switch from the ECMO group 

to the control group. The second analysis used a 
rank-preserving structural-failure time model ap-
proach to attempt to recover the causal effect of 
ECMO. That approach yielded an estimated haz-
ard ratio for death within 60 days of 0.51 (95% 
CI, 0.24 to 1.02). These three analyses all point 
to the same conclusion — ECMO probably has 
some benefit in this context, despite the trial not 
being traditionally positive. In addition, most of 
the other secondary outcomes favored ECMO.

The important lessons here are twofold. DSMBs 
should consider the wider context of a trial — the 
full landscape of outcomes and alternative analy-
ses that may adjust for aspects of a trial that do 
not follow the design — and not just the primary 
outcome when making a stopping decision. Once 
a trial has been completed, a traditionally nega-
tive trial may well be informative with a trans-
parent account of the traditional description of 
the outcome of a trial along with a thoughtful 
post hoc analysis.

Disclosure forms provided by the authors are available with 
the full text of this editorial at NEJM.org.

From the Harvard School of Public Health and the Department 
of Biostatistics and Computational Biology, Dana–Farber Can-
cer Institute, Boston (D.H.). 
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ECMO for Severe ARDS

C. Corey Hardin, M.D., Ph.D., and Kathryn Hibbert, M.D.

The acute respiratory distress syndrome (ARDS), 
which is characterized by severe hypoxemic re-
spiratory failure, affects as many as 10% of pa-
tients in the intensive care unit and is a common 
reason for the use of therapeutic mechanical venti-
lation.1 On the basis of results of landmark clini-
cal trials, there is substantial consensus around an 
initial approach to ARDS that combines invasive 
mechanical ventilation with limited tidal volumes,2 
the use of positive end-expiratory pressure (PEEP) 
to prevent derecruitment (the collapse of small 

airways and alveoli),3 and conservative fluid man-
agement.4 In patients with severe ARDS, defined 
as a ratio of partial pressure of arterial oxygen 
to the fraction of inspired oxygen (PaO2:FIO2) of 
less than 150 mm Hg, heavy sedation with neu-
romuscular blockade5 and ventilation in the prone 
position6 have been associated with lower mor-
tality. Even so, severe ARDS is associated with 
mortality that can exceed 40%.1 Part of the treat-
ment challenge is that mechanical ventilation, 
which may be lifesaving, may also perpetuate lung 
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injury because of overdistention of ventilated lung 
units and repetitive opening and closing of other 
lung units.1 One approach that is used to avoid 
the potentially injurious aspects of mechanical 
ventilation is extracorporeal membrane oxygen-
ation (ECMO), in which gas exchange occurs by 
means of an extracorporeal membrane perfused 
with venous blood.6

Although ECMO has been used for decades to 
support patients with respiratory failure, advances 
in its technical delivery have been associated with 
an increase in the number of centers and cases 
using this approach, particularly since the 2009 
H1N1 influenza pandemic.7 This has occurred 
despite limited data from high-quality, random-
ized trials showing convincing evidence of ben-
efit. Until now, the best available evidence to 
support the use of ECMO was the Conventional 
Ventilatory Support versus Extracorporeal Mem-
brane Oxygenation for Severe Adult Respiratory 
Failure (CESAR) trial.8 Although this trial aimed 
to compare ECMO with standard of care in pa-
tients with severe ARDS, it was weakened by 
heterogeneous ventilation strategies in the con-
trol group (including the use of larger-than-rec-
ommended tidal volumes in the control group) 
and a large percentage of patients in the ECMO 
group who were transferred to expert centers but 
never received ECMO. Thus, most practitioners 
have agreed that there is a need for a large, ran-
domized trial to test the efficacy of ECMO for the 
treatment of severe ARDS.

In this issue of the Journal, Combes et al.9 
present the highly anticipated results of the 
ECMO to Rescue Lung Injury in Severe ARDS 
(EOLIA) trial of venovenous ECMO in patients 
with severe ARDS. The trial design specifically 
addresses weaknesses of previous trials. Patients 
who were enrolled in this trial were very sick 
(PaO2:FIO2, <80 mm Hg; respiratory-system com-
pliance, <30 ml per centimeter of water; driving 
pressure, >16 cm of water; and Sequential Organ 
Failure Assessment score [on a scale from 0 to 24, 
with higher scores indicating more severe organ 
failure], >10 at randomization) and were enrolled 
within 7 days after the diagnosis of severe ARDS. 
In addition, unlike in the CESAR trial, patients in 
the EOLIA trial who had been randomly assigned 
to ECMO almost universally received it (121 of 
124 patients). Lastly, the ECMO approach was 
highly standardized, and the protocol for venti-

lator management in the control group reflected 
the current standard of care. This included ven-
tilation with low tidal volumes, recruitment ma-
neuvers with PEEP, prone positioning (used in 
90% of the patients in the control group), and 
neuromuscular blockade (used in 100%). A large 
percentage of patients also received inhaled ni-
tric oxide or other adjuvant therapies.

Overall, there was no significant difference in 
mortality, the primary end point, between the 
ECMO group and the control group. The inter-
pretation of this end point is complicated by a 
high percentage of patients (28%) in the control 
group who crossed over to ECMO in the context 
of refractory respiratory failure and deteriorating 
hemodynamics. It is worth noting that the pa-
tients who crossed over were identifiably sicker 
at the time of enrollment than other patients in 
the control group: they had lower respiratory-sys-
tem compliance, higher driving pressures, and 
more extensive infiltrates.9 Ultimately, they had 
higher mortality (57%) than patients in the con-
trol group who did not cross over to ECMO (41%) 
and than patients in the ECMO group (35%). 
Given that the patients who crossed over were po-
tentially identifiable at enrollment, an interesting, 
but unanswered, question is how their outcomes 
compared with those in patients in the ECMO 
group who were comparably sick at the time of 
enrollment. These data are not presented. In ad-
dition, the trial was, controversially,10 halted be-
fore full enrollment after it was determined that 
the futility threshold had been crossed. Although 
it is tempting to speculate what the effect of con-
tinued enrollment may have been, this is ultimate-
ly not knowable.

Nevertheless, at least one important conclu-
sion can be drawn — the routine use of ECMO 
in patients with severe ARDS is not superior to 
the use of ECMO as a rescue maneuver in patients 
whose condition has deteriorated further. This 
conclusion comes with the important caveat that, 
to achieve similar results, clinicians ought to use 
all other evidence-based interventions, including 
paralysis and prone positioning, and can consider 
additional rescue maneuvers, including the use of 
inhaled pulmonary vasodilators. Given the com-
plexity of such a trial and the slow enrollment 
that occurred in this cohort (249 patients over a 
period of 6 years), it is unlikely that another trial 
will be performed in the near future. For now, 
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clinicians may feel secure with an approach to 
severe ARDS that combines the above evidence-
based interventions while reserving ECMO for pa-
tients whose life-threatening hypoxemia persists 
despite these efforts.

Disclosure forms provided by the authors are available with 
the full text of this editorial at NEJM.org.

From the Department of Pulmonary and Critical Care Medicine, 
Massachusetts General Hospital, Boston. 
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Fast Forward — Neoadjuvant Cancer Immunotherapy

Thomas F. Gajewski, M.D., Ph.D.

Immunotherapies that are based on blocking the 
axis of the programmed death 1 (PD-1) pathway 
are having a transformational effect in cancer 
medicine. To date, the Food and Drug Adminis-
tration has approved PD-1 pathway inhibitors for 
10 types of cancer, with continued clinical study 
under way. The therapeutic efficacy of these 
drugs relies on endogenous tumor-antigen–spe-
cific T cells that are functionally held in check 
by negative signaling through PD-1. Preclinical 
models and human correlative biomarker data 
indicate that efficacy depends on antitumor CD8+ 
T cells that are recruited into the tumor micro-
environment and that are functionally restrained. 
Treatment with PD-1 blockade results in an ac-
cumulation of functional T cells, which trans-
lates into tumor regression.1 As such, a baseline 
immune gene signature in tumors correlates with 
efficacy against PD-1.2 Antigen-specific T cells 
that are primed in lymph nodes also are subjected 
to negative regulation by PD-1 and can expand 
after treatment. PD-L1 that engages PD-1 on T cells 
can be expressed by tumor cells, by antigen-pre-
senting cells, or both and is itself induced by the 
cytokine interferon-γ that is released by T cells 
undergoing activation,3 a mechanism that is de-
signed to prevent overactivation of T-cell respons-

es. Thus, a dynamic interaction between CD8+ 
T cells, antigen-presenting cells, and tumor cells 
is linked to the efficacy of immunotherapy.

The tumor-associated antigens that are rec-
ognized by these CD8+ T cells are diverse, but a 
major subset arises from nonsynonymous muta-
tions in normal genes that generate new peptide 
sequences presented by class I major histocom-
patibility complex molecules.4 In melanoma, a 
comparison of tumor-biopsy samples obtained 
before and after PD-1 blockade revealed the loss 
of specific mutated sequences among patients 
who had a response to treatment,5 which suggests 
that T cells destroyed neoantigen-expressing tu-
mor cells. Thus, the genomic instability that is a 
major hallmark of cancer is an Achilles’ heel for 
tumors treated with immune-mediated control.

Most cancer drugs that are active in metastatic 
disease ultimately are investigated during the 
postsurgical adjuvant period, when micrometa-
static disease and a lower tumor burden may be 
easier to treat. The PD-1 inhibitor nivolumab was 
recently approved as adjuvant treatment for re-
sected melanoma on the basis of improved relapse-
free survival.6 However, in contrast to chemother-
apy that kills tumor cells directly, PD-1 blockade 
requires an interaction between T cells, tumor 
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BACKGROUND
The efficacy of venovenous extracorporeal membrane oxygenation (ECMO) in pa-
tients with severe acute respiratory distress syndrome (ARDS) remains controversial.

METHODS
In an international clinical trial, we randomly assigned patients with very severe 
ARDS, as indicated by one of three criteria — a ratio of partial pressure of arte-
rial oxygen (Pao2) to the fraction of inspired oxygen (Fio2) of less than 50 mm Hg 
for more than 3 hours; a Pao2:Fio2 of less than 80 mm Hg for more than 6 hours; 
or an arterial blood pH of less than 7.25 with a partial pressure of arterial carbon 
dioxide of at least 60 mm Hg for more than 6 hours — to receive immediate ve-
novenous ECMO (ECMO group) or continued conventional treatment (control group). 
Crossover to ECMO was possible for patients in the control group who had refractory 
hypoxemia. The primary end point was mortality at 60 days.

RESULTS
At 60 days, 44 of 124 patients (35%) in the ECMO group and 57 of 125 (46%) in the 
control group had died (relative risk, 0.76; 95% confidence interval [CI], 0.55 to 1.04; 
P = 0.09). Crossover to ECMO occurred a mean (±SD) of 6.5±9.7 days after random-
ization in 35 patients (28%) in the control group, with 20 of these patients (57%) 
dying. The frequency of complications did not differ significantly between groups, 
except that there were more bleeding events leading to transfusion in the ECMO 
group than in the control group (in 46% vs. 28% of patients; absolute risk difference, 
18 percentage points; 95% CI, 6 to 30) as well as more cases of severe thrombo-
cytopenia (in 27% vs. 16%; absolute risk difference, 11 percentage points; 95% CI, 
0 to 21) and fewer cases of ischemic stroke (in no patients vs. 5%; absolute risk 
difference, −5 percentage points; 95% CI, −10 to −2).

CONCLUSIONS
Among patients with very severe ARDS, 60-day mortality was not significantly 
lower with ECMO than with a strategy of conventional mechanical ventilation that 
included ECMO as rescue therapy. (Funded by the Direction de la Recherche Clinique 
et du Développement and the French Ministry of Health; EOLIA ClinicalTrials.gov 
number, NCT01470703.)
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The acute respiratory distress syn-
drome (ARDS) is associated with high 
mortality despite the use of low-volume, 

low-pressure ventilation strategies that are aimed 
at reducing ventilator-induced lung injury.1,2 The 
most severe forms of ARDS may be associated 
with mortality exceeding 60%.3-5 In these situa-
tions, some centers will use venovenous extra-
corporeal membrane oxygenation (ECMO).6-9 There 
have been major advances in the past few years 
regarding the technology of ECMO circuits.7 In 
this context, patients who received ECMO therapy 
during the influenza A (H1N1) pandemic in 2009 
appeared to benefit, but the studies in which they 
were examined were not randomized.10-12 Around 
the same time, a randomized trial that assigned 
patients with ARDS to an expert center for con-
sideration of ECMO as part of a treatment proto-
col yielded promising results, although methodo-
logic issues limited the conclusions that could be 
drawn from the trial.13 We designed the ECMO to 
Rescue Lung Injury in Severe ARDS (EOLIA) trial 
to determine the effect of early initiation of ECMO 
in patients with the most severe forms of ARDS.

Me thods

Trial Design and Oversight
We conducted an international, randomized trial. 
Each local independent ethics review board ap-
proved the trial protocol, which is available with 
the full text of this article at NEJM.org. The trial 
was sponsored and conducted largely in France 
by the Direction de la Recherche Clinique et du 
Développement, Assistance Publique–Hôpitaux de 
Paris, with a grant from the French Ministry of 
Health. International centers that enrolled patients 
outside France were the legal sponsor for the trial 
in their own country. An independent data and 
safety monitoring committee periodically reviewed 
trial outcomes. The members of the writing com-
mittee wrote all drafts of the manuscript. All the 
authors approved the final version of the manu-
script and made the decision to submit it for 
publication. They also verified the data and vouch 
for the completeness of the data, the accuracy of 
the analyses, and the fidelity of the trial to the 
protocol.

Maquet-Getinge provided HLS ECMO cannulas, 
the CardioHelp device, and circuits (HLS Set Ad-
vanced 7.0). Neither Maquet-Getinge nor the trial 
sponsors participated in the trial design; the data 

collection, analysis, or interpretation; or the writ-
ing or submission of the manuscript. Additional 
information is provided in the Supplementary Ap-
pendix, available at NEJM.org.

Patients
Patients were eligible for enrollment if their con-
dition fulfilled the American–European Consen-
sus Conference definition for ARDS,14 if they had 
undergone endotracheal intubation and had been 
receiving ventilation for less than 7 days, and if 
they met disease-severity criteria as outlined in 
Section II.1 of the Supplementary Appendix (in-
cluding a ratio of partial pressure of arterial oxy-
gen [PaO2] to the fraction of inspired oxygen 
[FIO2] of <50 mm Hg for >3 hours, a PaO2:FIO2 of 
<80 mm Hg for >6 hours, or an arterial blood 
pH of <7.25 with a partial pressure of arterial car-
bon dioxide [PaCO2] of ≥60 mm Hg for >6 hours, 
with the respiratory rate increased to 35 breaths 
per minute and mechanical-ventilation settings 
adjusted to keep a plateau pressure of ≤32 cm of 
water) despite ventilator optimization (defined as 
a fraction of inspired oxygen [FIO2] of ≥0.80, a 
tidal volume of 6 ml per kilogram of predicted 
body weight, and a positive end-expiratory pres-
sure [PEEP] of ≥10 cm of water). Physicians were 
encouraged to use neuromuscular blocking agents 
and prone positioning before randomization. Oth-
er adjunctive therapies, such as inhaled nitric ox-
ide, recruitment maneuvers (i.e., procedures that 
are used to reinflate collapsed lung units and that 
involve sustained application of an airway pressure 
of >35 cm of water),2 high-frequency oscillatory 
ventilation, or almitrine infusion, were allowed 
at the discretion of the responsible clinicians.

Exclusion criteria were an age of less than 18 
years; receipt of mechanical ventilation for 7 days 
or longer; pregnancy; a weight of more than 1 kg 
per centimeter of height or a body-mass index 
(the weight in kilograms divided by the square of 
the height in meters) of more than 45; long-term 
chronic respiratory insufficiency treated with oxy-
gen therapy or noninvasive ventilation; cardiac 
failure resulting in venoarterial ECMO; a history 
of heparin-induced thrombocytopenia; cancer with 
a life expectancy of less than 5 years; a moribund 
condition or a Simplified Acute Physiology Score 
(SAPS-II) value of more than 90 (on a scale from 
0 to 163, with higher scores indicating greater 
severity of illness) on the day of randomization; 
a current non–drug-induced coma after cardiac 
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arrest; irreversible neurologic injury; a decision 
to withhold or withdraw life-sustaining therapies; 
an expected difficulty in obtaining vascular access 
for ECMO in the femoral or jugular vein; or a situ-
ation in which the ECMO device was not imme-
diately available.

Trial Procedures
Randomization was stratified according to center 
and the duration of ventilation before randomiza-
tion (<72 hours vs. ≥72 hours). Concealment of 
the randomized assignment was ensured by means 
of a centralized, secure, Web-based randomization 
system. Non-ECMO centers that had extensive ex-
pertise in treating patients with ARDS could enter 
patients if an ECMO retrieval team could estab-
lish ECMO within 2 hours after randomization 
and transfer the patient to the ECMO center. A 
prespecified protocol was used to treat patients 
in the control group who had undergone ran-
domization at ECMO centers and at non-ECMO 
centers (see the Supplementary Appendix).

Patients assigned to the ECMO group under-
went percutaneous venovenous cannulation. Anti-
coagulation was achieved with unfractionated 
heparin that was adjusted to a target activated 
partial-thromboplastin time of 40 to 55 seconds 
or anti-Xa activity between 0.2 and 0.3 IU per 
milliliter.

Patients in the control group received ventila-
tory treatment according to the increased recruit-
ment strategy from the Express trial.5 Neuromus-
cular blocking agents15 and prolonged periods of 
prone positioning16 were strongly encouraged. 
Recruitment maneuvers, inhaled nitric oxide, in-
haled prostacyclin, or intravenous almitrine could 
be used when oxygenation objectives were not met. 
Crossover to ECMO for patients in the control 
group was allowed if they had refractory hypoxemia 
(oxygen saturation [SaO2] of <80% for >6 hours, 
despite the use of available and feasible adjunc-
tive therapies) and if the treating physician thought 
that the patient had no irreversible multiorgan 
failure and that ECMO might change the outcome. 
For patients who were treated at non-ECMO cen-
ters, the mobile ECMO retrieval team was alerted.

End Points
The primary end point was mortality at 60 days. 
The key secondary end point was treatment failure, 
which was defined as crossover to ECMO or death 
in patients in the control group and as death in 

patients in the ECMO group. Other end points 
included mortality at other time points, the time 
to death until day 60, and a per-treatment analysis 
in which mortality was compared among patients 
who received ECMO and those who did not. 
Safety end points included the rates of pneumo-
thorax, stroke, infection at the site of ECMO can-
nula insertion, cannula thrombosis, ECMO circuit 
change, intravascular hemolysis, ventilator-asso-
ciated pneumonia, severe hemorrhagic complica-
tions, and red-cell transfusion. Other secondary 
end points are listed in the Supplementary Ap-
pendix. Deaths were directly attributed to the 
ECMO procedure if they occurred in the context of 
failure of the ECMO device, massive gas emboli, 
cardiac arrest due to massive circuit clotting, sep-
tic shock due to infection at the ECMO cannula-
tion site, intracranial hemorrhage, pneumothorax 
during cannula insertion, or massive bleeding 
that led to the transfusion of at least 10 units of 
packed red cells.

Statistical Analysis
The expected mortality at 60 days was 60% in the 
group receiving conventional ventilation5 and was 
estimated at 40% among those receiving early 
ECMO support.13 We calculated that, in order for 
the trial to have 80% power, at an alpha level of 
5% and with a group-sequential analysis occur-
ring after the randomization of every 60 partici-
pants, the maximum sample would need to be 
331 participants. For the primary end point, a se-
quential-design method with stopping rules that 
were defined according to the two-sided triangular 
test17 was applied. The two-sided triangular design 
allowed for early stopping for evidence of supe-
riority of ECMO, a predicted lack of a significant 
difference, or evidence of harm. More details 
about the design are given in Section II.2 of the 
Supplementary Appendix.

The characteristics of the patients at baseline 
are reported as percentages for categorical vari-
ables and as means (with standard deviations) or 
medians (with interquartile ranges) for continu-
ous variables, as appropriate. Primary analyses 
were conducted according to the intention-to-treat 
principle and did not use a stratified test statistic. 
Categorical variables were compared with chi-
square or Fisher’s exact tests, and continuous 
variables were compared with Student’s t-test or 
a Wilcoxon test, as appropriate. Kaplan–Meier sur-
vival curves until 60 days after randomization were 
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compared with a log-rank test. Friedman’s tests 
and other nonparametric tests were used to com-
pare repeated measurements over time. A planned 
sensitivity analysis was performed with the use 
of a Cox regression model to adjust for prespeci-
fied baseline variables: cause of ARDS, coexisting 
conditions, age of the patient, duration of me-
chanical ventilation before randomization, disease 
severity at inclusion, and center. We conducted 
post hoc exploratory analyses of the primary end 
point in subgroups of interest. Given the number 
of crossover procedures that occurred in patients 
in the control group, we performed a post hoc 
rank-preserving structural-failure time analysis 
to adjust for crossover in the estimation of sur-
vival (see the Supplementary Appendix).18

All the analyses were conducted at a two-
sided alpha level of 5%. All the analyses were 
performed with the use of R software, version 
3.3.3 (R Foundation), except for the sequential 
analysis of the primary end point, for which we 
used SAS software, version 9.2 (SAS Institute), 
and PEST (model-independent parameter estima-
tion and uncertainty analysis) software, version 4 
(http://pesthomepage . org).

R esult s

Patients
After the inclusion of 240 patients, the fourth 
planned sequential interim analysis (in April 2017) 
showed that the lower boundary of the stopping-
rule triangle had been crossed (Fig. S1 in the 
Supplementary Appendix). Because no significant 
between-group difference in mortality at 60 days 
had been found, trial recruitment was stopped, 
in accordance with the prespecified rules. Among 
1015 patients who were eligible for inclusion, 
249 patients underwent randomization: 124 were 
assigned to the ECMO group and 125 to the con-
trol group (Fig. 1). A total of 3 patients in the 
ECMO group did not receive ECMO (1 patient 
had rapid clinical improvement and 2 died soon 
after randomization), and 35 patients (28%) in 
the control group crossed over to ECMO because 
of refractory hypoxemia at a mean (±SD) of 
6.5±9.7 days after randomization.

The characteristics of the patients at baseline 
(randomization) were similar in the two groups 
(Table 1, and Table S1 in the Supplementary Ap-
pendix). The main causes of ARDS were bacte-
rial pneumonia (in 45% of the patients) and viral 

pneumonia (in 18%), and 78% of the patients had 
severe sepsis or septic shock. Before randomiza-
tion, 59% of the patients had undergone prone 
positioning, and 74% had received vasopressors.

Trial Treatment
Of the 121 patients in the ECMO group who 
received ECMO at a mean of 3.3±2.8 hours after 
randomization, insertion of the cannula was per-
formed in the femoral and jugular veins in 116 
(96%). A total of 48 of 124 patients (39%) were 
retrieved from non-ECMO centers by the mobile 
ECMO rescue team (Table S2 in the Supplemen-
tary Appendix). ECMO support lasted a mean of 
15±13 days (Fig. S2 in the Supplementary Ap-
pendix).

Patients in the ECMO group had tidal volumes, 
plateau pressures, driving pressures (the differ-
ence between the plateau pressure and PEEP), and 
respiratory rates that decreased from baseline to a 
greater extent than the respective values in the 
control group, whereas levels of arterial blood 
gases in the ECMO group normalized in the im-
mediate days after randomization (Figs. S3 through 
S6 in the Supplementary Appendix). Patients in 
the control group, regardless of whether they were 
treated at ECMO centers or non-ECMO centers, 
received low-volume, low-pressure ventilation ac-
cording to the current standard of care (Table S3 
and Fig. S7 in the Supplementary Appendix). In 
the control group, 113 patients (90%) were placed 
prone, 104 (83%) received inhaled nitric oxide or 
inhaled prostacyclin, and 100% received neuro-
muscular blocking agents after randomization 
(Table 2, and Table S3 in the Supplementary Ap-
pendix).

Primary End Point
At 60 days, 44 patients (35%) in the ECMO group 
and 57 (46%) in the control group had died (rela-
tive risk, 0.76; 95% confidence interval [CI], 0.55 
to 1.04; P = 0.09) (Table 2). The hazard ratio for 
death within 60 days after randomization in the 
ECMO group, as compared with the control group, 
was 0.70 (95% CI, 0.47 to 1.04; P = 0.07) (Fig. 2). 
Adjustment for important prognostic factors did 
not change the results.

Secondary End Points
The relative risk of treatment failure, defined as 
death by day 60 in patients in the ECMO group 
and as crossover to ECMO or death in patients 
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in the control group, was 0.62 (95% CI, 0.47 to 
0.82; P<0.001) (Table 2, and Table S5 and Fig. S8 
in the Supplementary Appendix). At 60 days, pa-
tients in the ECMO group had significantly more 
days than those in the control group without 
prone positioning (59 vs. 46 days; median differ-
ence, 13 days; 95% CI, 5 to 59) and without renal-
replacement therapy (50 vs. 32 days; median dif-
ference, 18 days; 95% CI, 0 to 51) (Table 2, and 
Table S6 in the Supplementary Appendix). At 60 
days, patients in the ECMO group also had sig-
nificantly more days than those in the control 
group that were free from renal failure (46 vs. 21 

days; median difference, 25 days; 95% CI, 6 to 53) 
and cardiac failure (48 vs. 41 days; median differ-
ence, 7 days; 95% CI, 0 to 51), according to score-
specific organ subcomponents of the Sequential 
Organ Failure Assessment (Table S6 in the Sup-
plementary Appendix). Multiorgan failure, respi-
ratory failure, and septic shock were the main 
causes of death in the two groups. Subgroup 
analyses showed no significant interaction of 
60-day mortality with baseline demographic char-
acteristics, ARDS severity, or randomization at 
ECMO centers versus non-ECMO centers (Fig. S9 
in the Supplementary Appendix).

Figure 1. Enrollment, Randomization, and Follow-up of the Trial Participants.

The Simplified Acute Physiology Score (SAPS-II) is assessed on a scale ranging from 0 to 163, with higher scores  
indicating greater severity of illness. The body-mass index (BMI) is the weight in kilograms divided by the square  
of the height in meters. ARDS denotes the acute respiratory distress syndrome, ECMO extracorporeal membrane 
oxygenation, and ICU intensive care unit.

249 Underwent randomization

1015 Patients were assessed for eligibility

728 Were excluded
166 Were already receiving venovenous ECMO

for ARDS
130 Had been receiving mechanical ventilation

for >7 days
86 Had moribund condition with SAPS-II >90
66 Had cardiac failure resulting in venoarterial

ECMO
57 Had severe chronic respiratory insufficiency
50 Had decision to limit therapeutic interventions
48 Had cancer with life expectancy of ≤5 yr
45 Had cardiac arrest
30 Had weight >1 kg/cm or BMI >45
7 Were <18 yr of age

43 Had other reason
38 Were eligible but did not undergo randomization

14 Did not have family consent
14 Were overlooked by ICU staff
6 Had been enrolled in another trial
4 Did not have CardioHelp device immediately

available

124 Were assigned to receive ECMO
121 Received ECMO

125 Were assigned to receive conventional
mechanical ventilation

35 Received rescue ECMO

124 Were included in the primary analysis 125 Were included in primary analysis
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Crossover to ECMO
A total of 35 patients (28%) in the control 
group received ECMO for refractory hypoxemia 
at a mean of 6.5±9.7 days after randomization 
(median, 4 days; interquartile range, 1 to 7; range, 
0 to 50). These patients had significantly higher 
values than other patients in the control group 
with regard to the mean baseline plateau pressure 
(31.7±5.5 vs. 28.5±4.1 cm of water; mean differ-

ence, 3.2 cm of water; 95% CI, 1.2 to 5.2), and 
driving pressure (20.2±6.1 vs. 16.6±5.3 cm of wa-
ter; mean difference, 3.6 cm of water; 95% CI, 
1.2 to 6.0), had lower respiratory-system compli-
ance (21.3±9.2 vs. 27.1±11.0 ml per centimeter of 
water; mean difference, −5.8 ml per centimeter 
of water; 95% CI, −10.4 to −1.1), and had more 
quadrants with infiltrate in the chest radiograph 
(3.7±0.6 vs. 3.3±0.9 quadrants; mean difference, 

Characteristic
ECMO Group 

(N = 124)
Control Group 

(N = 125)

Age — yr 51.9±14.2 54.4±12.7

Male sex — no. (%) 87 (70) 90 (72)

Immunocompromised condition — no. (%) 27 (22) 27 (22)

SOFA score† 10.8±3.9 10.6±3.5

Median time since intubation (interquartile range) — hr 34 (15–89) 34 (17–100)

Cause of ARDS — no. (%)

Pneumonia

Bacterial 54 (44) 58 (46)

Viral 26 (21) 20 (16)

Other 44 (35) 47 (38)

PaO2:FIO2 — mm Hg 73±30 72±24

PEEP — cm of water 11.7±3.9 11.8±3.7

Tidal volume — ml/kg of predicted body weight 6.0±1.3 6.1±0.9

Respiratory rate — breaths/min 30.4±4.7 31.2±4.5

Plateau pressure — cm of water 29.8±5.5 29.5±4.8

Driving pressure — cm of water 17.8±7.0 17.7±5.8

Respiratory-system compliance — ml/cm of water 25.0±11.5 25.4±10.8

Arterial blood pH 7.24±0.13 7.24±0.12

PaO2 — mm Hg‡ 69±25 68±22

PaCO2 — mm Hg 57±15 57±16

Prone positioning — no. (%)§ 70 (56) 78 (62)

Inhaled nitric oxide or prostacyclin — no. (%)§ 64 (52) 68 (54)

Recruitment maneuvers — no. (%)§ 22 (18) 34 (27)

Neuromuscular blockade — no. (%)§ 114 (92) 120 (96)

*  Plus–minus values are means ±SD. No significant differences were observed between the two groups among the char-
acteristics evaluated at admission to the intensive care unit and at randomization. Data were missing for less than 2% 
of the patients at randomization, except for data on the plateau pressure and derived variables (driving pressure, which 
is the difference between the plateau pressure and the positive end-expiratory pressure [PEEP], and respiratory-system 
compliance), which were missing for 28 patients in the group that received extracorporeal membrane oxygenation 
(ECMO) and in 30 in the control group. ARDS denotes the acute respiratory distress syndrome, FIO2 the fraction of in-
spired oxygen, PaCO2 partial pressure of arterial carbon dioxide, and PaO2:FIO2 the ratio of the partial pressure of arterial 
oxygen to the FIO2.

†  Organ failure was assessed with the Sequential Organ Failure Assessment (SOFA) on a scale from 0 to 24, with higher 
scores indicating more severe organ failure.

‡  The mean FIO2 was 0.96±0.10 in the ECMO group and 0.96±0.09 in the control group.
§  The use of these interventions was assessed between intubation and randomization.

Table 1. Characteristics of the Patients at Randomization.*
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0.5 quadrants; 95% CI, 0.1 to 0.8) — all findings 
that indicate more severe ARDS in the patients 
who received rescue ECMO (Table S7 in the Supple-
mentary Appendix). At the time that they re-
ceived ECMO, the median PaO2:FIO2 in these pa-
tients was 51 mm Hg (interquartile range, 46 to 
61), and the median SaO2 was 77% (interquartile 
range, 74 to 87). During the 24 hours preceding 
crossover to ECMO, the PaO2:FIO2, SaO2, and pH 
values in these patients decreased significantly, 
and the PaCO2 increased significantly (Table S8 in 
the Supplementary Appendix).

These patients also had signs of rapidly evolv-
ing cardiovascular failure, as indicated by the sig-
nificant increase in the 24 hours before crossover 
in the median serum lactate level, from 1.7 mmol 
per liter (interquartile range, 1.3 to 2.2) to 3.2 mmol 
per liter (interquartile range, 1.5 to 6.2), and in 

the inotropic score, from 10 µg per kilogram of 
body weight per minute (interquartile range, 0 to 
55) to 90 µg per kilogram per minute (interquar-
tile range, 45 to 215) (Table S8 in the Supplemen-
tary Appendix). Before crossover, 9 patients had 
cardiac arrest, 7 had severe right heart failure, 
and 11 had renal failure leading to dialysis. Veno-
arterial ECMO was applied in 7 patients, includ-
ing 6 who received ECMO while undergoing car-
diopulmonary resuscitation. Mortality at 60 days 
was 57% (20 of 35 patients) among patients in 
the control group who crossed over to ECMO 
versus 41% (37 of 90 patients) among the other 
patients in the control group (relative risk 1.39; 
95% CI, 0.95 to 2.03). The results of the rank-
preserving structural-failure time analysis with 
adjustment for selective crossover are provided in 
the Supplementary Appendix.

End Point
ECMO Group 

(N = 124)
Control Group 

(N = 125)
Relative Risk or Difference 

(95% CI)† P Value

Primary end point: mortality at 60 days — no. (%) 44 (35) 57 (46) 0.76 (0.55 to 1.04) 0.09

Key secondary end point: treatment failure at 60 days — 
no. (%)‡

44 (35) 72 (58) 0.62 (0.47 to 0.82) <0.001

Other end points

Mortality at 90 days — no. (%) 46 (37) 59 (47) −10 (−22 to 2)

Median length of stay (interquartile range) — days

In the ICU 23 (13–34) 18 (8–33) 5 (−1 to 10)

In the hospital 36 (19–48) 18 (5–43) 18 (6 to 25)

Median days free from mechanical ventilation (inter-
quartile range)§

23 (0–40) 3 (0–36) 20 (−5 to 32)

Median days free from vasopressor use (interquar-
tile range)§

49 (0–56) 40 (0–53) 9 (0 to 51)

Median days free from renal-replacement therapy 
(interquartile range)§

50 (0–60) 32 (0–57) 18 (0 to 51)

Prone position — no. (%)¶ 82 (66) 113 (90) −24 (−34 to −14)

Recruitment maneuvers — no. (%)¶ 27 (22) 54 (43) −21 (−32 to −10)

Inhaled nitric oxide or prostacyclin — no. (%)¶ 75 (60) 104 (83) −23 (−33 to −12)

Glucocorticoids — no. (%)¶ 80 (65) 82 (66) −1 (−13 to 11)

*  No missing data were observed for patients’ outcomes, except for the total duration of hospital stay, for which data were missing for 13 pa-
tients in the ECMO group and 14 in the control group. ICU denotes intensive care unit.

†  The relative risk for the primary end point with the 95% confidence interval and the P value were corrected for the triangular test. The width 
of confidence intervals for median differences and absolute risk differences was not adjusted for multiple comparisons and should not be 
used to infer definitive treatment differences. Difference values for the other end points are presented in percentage points for differences 
between rates or in days, as appropriate.

‡  The key secondary end point of treatment failure at 60 days was defined as death in patients in the ECMO group and as crossover to ECMO 
or death in patients in the control group.

§  The number of days free from a particular intervention were calculated with the use of the assignment of 0 days free from the intervention 
in patients who died during the follow-up period.

¶  Data included the period from randomization to day 60.

Table 2. End Points.*
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Adverse Events

One patient in each group died from complica-
tions related to ECMO cannulation. Patients in the 
ECMO group had significantly higher rates than 
those in the control group of severe thrombocy-
topenia (<20,000 platelets per cubic millimeter; 
27% vs. 16%; absolute risk difference, 11 percent-
age points; 95% CI, 0 to 21) and bleeding events 
leading to packed red-cell transfusion (46% vs. 
28%; absolute risk difference, 18 percentage points; 
95% CI, 6 to 30). The rate of ischemic stroke was 
lower in the ECMO group than in the control 
group (no patients vs. 5%; absolute risk difference, 
−5 percentage points; 95% CI, −10 to −2), but the 
rate of hemorrhagic stroke was similar in the two 
groups (Table 3, and Table S9 in the Supplemen-
tary Appendix). Rates of pneumothorax, ventila-
tor-associated pneumonia, and massive bleeding 
were similar in the two groups. Among all the 
patients who were treated with ECMO, the rate 
of bleeding was 53%, the rate of hematoma at the 
cannula-insertion site was 6%, the rate of infec-
tion at the cannula-insertion site was 14%, and 
the rate of intravascular hemolysis was 5%.

Discussion

In this randomized trial involving patients with 
very severe ARDS, early application of ECMO was 
not associated with mortality at 60 days (primary 
end point) that was significantly lower than that 
in the control group. Although the use of ECMO 

for severe respiratory failure has increased sub-
stantially over the past decade,19 its use remains 
controversial.20 The results of the first two ran-
domized trials of ECMO were disappointing,21,22 
but the trials were conducted decades ago. The 
results of the most recent trial (Conventional Ven-
tilatory Support versus Extracorporeal Membrane 
Oxygenation for Severe Adult Respiratory Failure 
[CESAR]) were encouraging,13 but not all patients 
in the ECMO group received ECMO, and the use 
of mechanical ventilation in the control group 
lacked standardization. In the present trial, 98% 
of the patients in the ECMO group received ECMO 
and were transported during receipt of ECMO to 
the referral center if needed. Moreover, 90% of the 
patients in the control group underwent prolonged 
prone positioning16 and all of them received neuro-
muscular blocking agents.15

Despite the use of these strategies, which have 
been shown to improve outcomes,15,16 28% of the 
patients in the control group in our trial crossed 
over to ECMO for refractory hypoxemia. This 
crossover rate makes it difficult to draw definitive 
conclusions regarding the usefulness of ECMO for 
severe forms of ARDS. We were aware of this 
potential problem when we started the trial, but 
many investigators felt that it would have been 
unethical to prohibit crossover to ECMO in pa-
tients with very severe hypoxemia. The prespeci-
fied secondary composite end point of death (in 
both groups) plus crossover to ECMO (in the con-
trol group) showed a benefit in favor of the 
ECMO group, but this is difficult to interpret in 
light of the negative results for the primary end 
point. This secondary analysis clearly represents 
a bias against the control group, but it is impor-
tant to point out that the patients who crossed 
over to ECMO were extremely ill (SaO2 of <80% for 
>6 hours, despite recruitment maneuvers, inhaled 
nitric oxide or prostacyclin, and prone position-
ing; some patients received ECMO during car-
diopulmonary resuscitation or received venoarte-
rial ECMO support because of severe cardiac 
failure). In a sensitivity analysis, results regarding 
this secondary end point remained significant 
even under the assumption that one third of 
these extremely sick patients would have sur-
vived without ECMO (Table S5 in the Supplemen-
tary Appendix).

Our trial has several limitations. First, it was 
stopped per protocol after 75% of the maximum 
calculated sample size had been achieved. Second, 

Figure 2. Kaplan–Meier Survival Estimates in the Intention-to-Treat Popula-
tion during the First 60 Days of the Trial.
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the 28% rate of crossover among patients with 
refractory hypoxemia in the control group may 
have diluted the potential effect of ECMO. Third, 
we included patients at ECMO centers and non-
ECMO referral centers. However, treatments were 
strictly defined according to the protocol in each 
group, and patients who underwent randomiza-
tion at non-ECMO centers were rapidly transported 
to a local ECMO center while they were receiving 
ECMO. Furthermore, ventilatory strategies that 
were applied in the ECMO centers and non-ECMO 
centers did not differ among patients in the con-
trol group. The inclusion of patients at ECMO 
centers and non-ECMO referral centers may also 
be viewed as a strength, since most patients in 
countries where ECMO is available will be treated 
initially at non-ECMO centers. Fourth, the trial 

was probably underpowered to detect mortality 
that was 20 percentage points lower in the ECMO 
group than in the control group (in which cross-
over to ECMO for refractory hypoxemia was al-
lowed).

In conclusion, the analysis of the primary end 
point (mortality at 60 days) in our trial involving 
patients with very severe ARDS showed no sig-
nificant benefit of early ECMO, as compared with 
a strategy of conventional mechanical ventilation, 
which included crossover to ECMO (used by 28% 
of the patients in the control group).

Supported by the Direction de la Recherche Clinique et du 
Développement (DRCD), Assistance Publique–Hôpitaux de Paris 
(APHP), with a grant from the French Ministry of Health (Pro-
gramme Hospitalier de Recherche Clinique number, PHRC 2009 
081224). International centers that enrolled patients outside 
France obtained local grants to carry out the trial. An academic 

Event
ECMO Group 

(N = 124)
Control Group 

(N = 125)
Absolute Risk Difference 

(95% CI)*

number (percent) percentage points

Pneumothorax 18 (15) 16 (13) 2 (−7 to 10)

Thrombocytopenia†

Any 50 (40) 40 (32) 8 (−4 to 20)

Severe 33 (27) 20 (16) 11 (0 to 21)

Hypothermia‡ 28 (23) 27 (22) 1 (−9 to 11)

Bleeding

Leading to transfusion 57 (46) 35 (28) 18 (6 to 30)

Massive§ 3 (2) 1 (1) 2 (−2 to 6)

Cardiac rhythm disturbances 38 (31) 46 (37) −6 (−18 to 6)

Cardiac arrest 24 (19) 22 (18) 2 (−8 to 12)

Stroke¶ 3 (2) 8 (6) −4 (−10 to 1)

Ischemic stroke 0 6 (5) −5 (−10 to −2)

Hemorrhagic stroke 3 (2) 5 (4) −2 (−7 to 3)

Massive stroke 2 (2) 1 (1) 1 (−3 to 5)

Ventilator-associated pneumonia treated 
with antibiotic agents

48 (39) 46 (37) 2 (−10 to 14)

Gas emboli 0 0 0 (−3 to 3)

*  The width of confidence intervals was not adjusted for multiple comparisons and should not be used to infer definitive 
treatment differences.

†  Thrombocytopenia was defined as a platelet count of less than 50,000 per cubic millimeter, and severe thrombocytope-
nia as a platelet count of less than 20,000 per cubic millimeter.

‡  Hypothermia was defined as a temperature of less than 35°C.
§  A massive bleeding event was defined as hemorrhage leading to the transfusion of more than 10 units of packed red 

cells.
¶  Hemorrhagic stroke was transformation of ischemic stroke in three of the five patients in the control group. Massive 

stroke was defined as a score of less than 8 on the Glasgow Coma Scale (on which scores range from 3 to 15, with low-
er scores indicating a reduced level of consciousness).

Table 3. Adverse Events as Defined by the Trial Protocol in the Intention-to-Treat Population.
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Learning from a Trial Stopped  
by a Data and Safety Monitoring Board

David Harrington, Ph.D., and Jeffrey M. Drazen, M.D.

One of the reasons we conduct clinical trials to 
test specific aspects of patient care is to be sure 
that the interventions we do benefit patients. As 
clinicians, we are well aware that the outcomes 
of a treatment may vary substantially from one 
participant to another; a treatment that works 
spectacularly well in one person is ineffective in 
another. If a trial is too small, an average treat-
ment effect favoring an intervention may be con-
sistent with the play of chance. Trials with larger 
numbers of participants measure average treat-
ment effects more precisely and are more likely 
to detect real intervention effects. However, larger 
trials put more participants at risk for side effects 
or for being treated with an ineffective regimen. 
Trial design and monitoring is a delicate balanc-
ing act between putting the fewest people at risk 
and learning the most about a given therapy.

The problem of protecting participants in a 
trial is not new. A widely used solution has been 
to form data and safety monitoring committees 
(or boards), often known as DSMBs. Members of 
a DSMB bring to the table expertise in the clini-
cal area under study, in trial design, and in sta-
tistics1 but do not have the potential conflicts of 
interests that trial investigators may have. A DSMB 
reviews trial data while the trial is enrolling, 
sometimes unmasked with respect to trial-group 
assignment, and can provide advice to stop the 
trial if the treatment under study shows clear 
efficacy or has side effects that outweigh its po-
tential benefit. The DSMB can also stop a trial for 
futility if a reasonable projection can be made 
on the basis of current outcomes and enrollment 
that the trial will be unlikely to reject a null 
hypothesis of no treatment effect.

This last aspect of the remit of DSMBs can be 
one of the most difficult to carry out. Stopping 
a trial early for futility may have lasting implica-
tions on what we know about a treatment. Early 
stopping for futility precludes the certainty we 
seek in clinical trials — the outcome will often 
be neither definitively positive nor negative such 
that estimates of the effects of a treatment will 
not have the benefit of the larger sample size that 
was originally planned. If the protocol allowed 
patients to be switched from the control group 
for lack of efficacy, the estimated treatment ef-
fect can be diluted toward the null hypothesis of 
no difference. These negative effects of early 
stopping for futility must, of course, be balanced 
against the ethics of continued randomization in 
a trial that seems headed for a negative outcome.

In the trial conducted by Combes et al.,2 the 
results of which are reported in this issue of the 
Journal, we have an important example of a dilem-
ma faced by a DSMB. This trial compared 60-day 
mortality among patients with severe acute respi-
ratory distress syndrome (ARDS) who had been 
assigned to standard ventilator care or to treat-
ment with extracorporeal membrane oxygenation 
(ECMO). The very nature of the intervention 
meant that the clinicians caring for the patients 
in this trial were aware of the trial-group assign-
ments. Therefore, a patient in the standard-care 
group could be switched, if the responsible clini-
cian so wished, to ECMO if a patient continued 
to have severe hypoxemia despite maximal non-
ECMO treatment. After the enrollment of 240 of 
a projected maximum of 331 patients, the trial 
was stopped for futility, per the trial design (Fig. 
S1 in the Supplementary Appendix of the article, 
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available at NEJM.org), which estimated that if 
the trial crossed a futility stopping boundary, the 
chance of a positive result at full enrollment would 
be slim. When the trial was stopped, the 60-day 
mortality was 35% in the ECMO group and 46% 
in the standard-care group, and the relative risk 
for death was 0.76 (95% confidence interval [CI], 
0.55 to 1.04; P = 0.09).

DSMBs typically interpret stopping boundar-
ies as guidelines to be applied with some flexi-
bility. Their decisions are difficult ones, and by 
their very nature are subject to post hoc evalua-
tion. In this case, the figure shows that the trial 
had reached but just touched the futility bound-
ary. We are disappointed that the DSMB acted so 
quickly to stop the trial, but others may have 
reached the same decision as the DSMB. However, 
the decision to stop cannot be undone, and this 
is not the place to debate the wisdom of the deci-
sion. It is important to remember that we can 
learn something positive from a negative trial.3

The authors provide two secondary analyses. 
In the first, the primary outcome in the control 
group was redefined as death at 60 days or a 
switch from the standard treatment to ECMO. 
This end point was reached by 58% of the pa-
tients in the control group, as compared with 
35% (for death) in the ECMO group, and the rela-
tive risk of death or switching was 0.62 (95% CI, 
0.47 to 0.82). This end point is difficult to inter-
pret, since switching treatments was at the inves-
tigator’s discretion and there were no preset spe-
cific criteria for a switch from the ECMO group 

to the control group. The second analysis used a 
rank-preserving structural-failure time model ap-
proach to attempt to recover the causal effect of 
ECMO. That approach yielded an estimated haz-
ard ratio for death within 60 days of 0.51 (95% 
CI, 0.24 to 1.02). These three analyses all point 
to the same conclusion — ECMO probably has 
some benefit in this context, despite the trial not 
being traditionally positive. In addition, most of 
the other secondary outcomes favored ECMO.

The important lessons here are twofold. DSMBs 
should consider the wider context of a trial — the 
full landscape of outcomes and alternative analy-
ses that may adjust for aspects of a trial that do 
not follow the design — and not just the primary 
outcome when making a stopping decision. Once 
a trial has been completed, a traditionally nega-
tive trial may well be informative with a trans-
parent account of the traditional description of 
the outcome of a trial along with a thoughtful 
post hoc analysis.

Disclosure forms provided by the authors are available with 
the full text of this editorial at NEJM.org.
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ECMO for Severe ARDS

C. Corey Hardin, M.D., Ph.D., and Kathryn Hibbert, M.D.

The acute respiratory distress syndrome (ARDS), 
which is characterized by severe hypoxemic re-
spiratory failure, affects as many as 10% of pa-
tients in the intensive care unit and is a common 
reason for the use of therapeutic mechanical venti-
lation.1 On the basis of results of landmark clini-
cal trials, there is substantial consensus around an 
initial approach to ARDS that combines invasive 
mechanical ventilation with limited tidal volumes,2 
the use of positive end-expiratory pressure (PEEP) 
to prevent derecruitment (the collapse of small 

airways and alveoli),3 and conservative fluid man-
agement.4 In patients with severe ARDS, defined 
as a ratio of partial pressure of arterial oxygen 
to the fraction of inspired oxygen (PaO2:FIO2) of 
less than 150 mm Hg, heavy sedation with neu-
romuscular blockade5 and ventilation in the prone 
position6 have been associated with lower mor-
tality. Even so, severe ARDS is associated with 
mortality that can exceed 40%.1 Part of the treat-
ment challenge is that mechanical ventilation, 
which may be lifesaving, may also perpetuate lung 
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