P OI N T OF V IE W

Extracorporeal membrane oxygenation (ECMO) reconsidered
John L Moran, Richard P Chalwin and Petra L Graham
The role of extracorporeal membrane oxygenation (ECMO)
in the treatment of the acute respiratory distress syndrome
(ARDS) has recently been highlighted by the conjunction of
two events: the publication of the much anticipated CESAR
(Conventional Ventilation or ECMO for Severe Adult Respiratory Failure) trial1 and the report of the use of ECMO for
2009 influenza A(H1N1) ARDS.2 In a previous review of the
utility of ECMO in ARDS,3 we concluded that its application
was not supported by trial data (mortality odds ratio [OR],
1.28 [95% Bayesian credible interval (CrI), 0.24–6.55]),
although the body of observational data suggested otherwise. The CESAR trial reported a favourable point-estimate
mortality relative risk (RR) of 0.73 (95% confidence interval
[CI], 0.52–1.03; P = 0.07); however, 17 of 85 potential
patients in the ECMO group did not receive ECMO treatment, and only 70% of the conventionally managed group
received what the CESAR trialists considered best-standard
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three randomised controlled trials (RCTs) of
ECMO for treatment of ARDS1,6,7 using Bayesian methods,
as previously described.3 Bayesian methods, using the
empirical likelihood rather than DerSimonian–Laird asymptotic method-of-moments estimator,8 are to be preferred
with small trial populations.9 Results are reported as the
posterior median OR with 95% CrI. Heterogeneity is
presented as the standard deviation (τ ) between studies (τ
close to 0 indicates little, τ = 0.5 indicates moderate, and
τ > 1 indicates substantial heterogeneity). Bayesian outcome probabilities are calculated as: (i) the probability (P)
that the OR is greater than 1 (P [OR > 1]); P ⭓ 90%
signifies harm, P = 50% suggests a null effect, and
P < 10% indicates benefit for the mortality endpoint; and
(ii) the mortality OR and P (OR > 1) in the predictive
distribution (ie, in the next “new” study).
The updated mortality OR was 0.78 (95% CrI, 0.25–3.04)
(P [OR > 1] = 30%), with a heterogeneity estimate (τ ) of
0.59 (95% CrI, 0.03–1.85). The mortality OR in the predictive distribution (from three trials) was 0.77 (95% CrI, 0.09–
8.80) (P [OR > 1] = 35%). We conclude from this analysis
that a null effect of ECMO is not excluded and there is only
weak evidence for efficacy.
What does this analysis contribute to our understanding
of the role of ECMO in treatment of ARDS? We make the
following observations.

ABSTRACT
The role of extracorporeal membrane oxygenation (ECMO)
in the treatment of the acute respiratory distress syndrome
(ARDS) is controversial, notwithstanding the recent
publication of the results of the CESAR (Conventional
Ventilation or ECMO for Severe Adult Respiratory Failure)
trial. Using Bayesian meta-analytic methods from three
randomised controlled trials (RCTs) of ECMO in ARDS, we
estimate the mortality odds ratio to be 0.78 (95% credible
interval, 0.25–3.04), P (OR > 1) = 30%. Thus, a null effect of
ECMO is not excluded and there appears only weak
evidence of efficacy. We survey particular problems
associated with the conduct of the “pragmatic” CESAR
trial: composite endpoints, sample size estimation under
uncertainty of baseline mortality rates, the generation of
unbiased treatment comparisons, the impact of treatment
non-compliance, and the uncertainty associated with costeffectiveness and cost-utility analysis. We conclude that the
CESAR trial is problematic in terms of both the clinical and
economic outcomes, although observational series suggest
plausible efficacy. We suggest that ECMO finds rationale as
rescue therapy and that the current uncertainty of its role
mandates a further RCT.
Crit Care Resusc 2010; 12: 131–135

1. Time span
The three RCTs occurred over a span of nearly 30 years and,
as the two recent ECMO publications1,2 point out, techniques and experience have undoubtedly improved over
this time. Our previous estimate3 of the efficacy of ECMO in
reducing mortality (OR, 1.28, based on two RCTs),6,7 was
obviously modified by the results of the CESAR trial, the
modest degree of heterogeneity (τ ) reflecting this.

2. Composite endpoints
The purpose of the CESAR trial was to “further define the
safety and efficacy of ECMO”.10 The primary outcome was
composite (death or severe disability at 6 months), the trial
not being powered for mortality. Composite endpoints
increase the efficiency of RCTs, but recent reviews have
urged caution in their interpretation.11,12 In particular, there
is a recommendation that the components of a composite
outcome be described and analysed individually. In the final
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report of the CESAR trial, only one definite recorded case of
severe disability was elicited, although the design of the trial
was powered to include a 10% incidence of severe disability at 6 months. In the design phase,10 the anticipated
mortality of the conventional-management group was
70%, which turned out to be an overestimate in view of the
trial-outcome mortality of 50% for this group. The 70%
estimate was “… based on the [National Institutes of
Health] ARDS network database … cross-referencing with
the Case Mix Programme Database [of the] Intensive Care
National Audit & Research Centre”.10 However, the quoted
61.6% mortality among patients with arterial partial pressure of oxygen to fraction of inspired oxygen ratio (PaO2/
FIO2) ⭐ 100 in the latter database appeared not to be
specifically linked to a diagnosis of ARDS. Basing mortality
estimates on lung dysfunction indices is also problematic. In
a prospective observational study by Bersten et al (based on
data collected in 1999), the hospital mortality of ARDS
patients with a Murray lung injury score of ⭓ 3 was 35%;13
in a 1996 review of 101 ARDS studies, Krafft et al found no
relationship between initial PaO2/FIO2 ratio and mortality;14
and, more recently, Luecke et al15 (and other studies they
referred to) reiterated these findings. Thus, the claim10 that
the selection criterion of a Murray score of 3 would identify
patients with an expected mortality of 70% appears problematic.
Recruitment period
The problems of estimating (mortality) outcome rates using
non-concurrent controls (pilot studies) are well known,
especially when mortality rates in the control group change
over time.16 The recruitment of patients in the CESAR trial
took place over a 5-year period (2001–2006), during which
mortality from ARDS may have been expected to decrease
(although this has been a matter of some debate).17
Annane has suggested that, at least in patients with sepsis,
the trial recruitment period should not exceed 24–30
months.18
Sample size
Sample size may be considered a function of {[variance 
f(error rates)] ÷ (minimum relevant effect)2},19 where f is
some function and the error rates are types I and II. The
variance that characterises the data-generating process is
never exactly known in practice. In sample size calculation,
use of the sample standard deviation (s2) in place of the
population SD (2) has two consequences: (i) the resulting
sample size is a random variable, as is the power of the
consequent test, rather than the fixed value used in calculation; and (ii) the distribution of s2 is skewed; thus, more than
50% of the time a random s2 is less than 2, and the sample
size will be smaller than what is required.20,21 To guard
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against calculating the sample size based on an unrepresentative estimate of control rates, Gould19 has recommended using the 75th to 80th percentile of the confidence
distribution of the population variance.

3. Robustness of results
The question for clinicians relates to the robustness of the
results of the CESAR trial, despite the assurance of the
trialists that they were “confident that ECMO is a clinically
effective treatment”.1
Although the pivotal property of a randomised clinical
trial is random treatment allocation, randomisation per se is
not sufficient to provide an unbiased treatment comparison. Additional requirements are that the patient set provides an unbiased assessment of treatment effects and that
missing data are ignorable.22 The question of to which
presumed population the trial is addressed must also be
considered: intention-to-treat provides valid estimates for
the effect of the outcome based on original assignment to
therapy in the RCT (use effectiveness) but not for the effect
of actually administered therapy (method effectiveness).
According to Sheiner and Rubin, method effectiveness may
be “more relevant to medical decisions than is use effectiveness, and trials should be designed and analysed to provide
estimates of it as well”.23 That is, subsets of patients may be
formulated (a reduced analysis set), retaining a cause-andeffect structure, and unbiased parameter estimates may be
constructed using the approach of counterfactuals.23-25
Formal estimators of compliance-adjusted treatment effects
have also been proposed.26
That the estimate of the primary outcome lacked robustness is illustrated by the footnote to Table 3 in the published
CESAR trial (page 13541), where changing the allocation of
three patients changed the P value from 0.017 to 0.051.

4. “Non-compliance” in the treatment arm
The ECMO treatment arm had a “non-compliance” rate of
19% (ie, 17 of the patients [19%] received conventional
management). These patients were adjudged, after 12
hours therapy at Glenfield Hospital (the CESAR Clinical
Coordinating Centre), not to warrant ECMO, and were also
considered to have “slightly less severe” lung disease.1 This
judgement appears at variance with a later comment
regarding the “uncertainty in the trial data about patients’
severity of illness”.1 The mortality of this subset was 18%,
which was significantly less (P = 0.017) than the 50%
recorded in the non-Glenfield Hospital conventional management sites. There appears to be some contradiction
when it is stated both that “participating units did not
judge the ECMO unit at Glenfield Hospital to be competent
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providers of conventional management or intensive care”
and that the non-ECMO Glenfield Hospital patients
“responded to expert conventional respiratory intensive
care” (no intra-hospital site of management of these
patients being given).1
The report of the CESAR trial suggested that secondary
analyses were to include per-protocol analysis, but this was
not formally presented for either the clinical trial or the
economic evaluation. For a mortality endpoint, a naïve
(frequentist) per-protocol analysis may be formulated for
ECMO: RR 0.92 (95% CI, 0.65–1.29).

The economic evaluation of the CESAR trial reported the
incremental cost-effectiveness of referral for ECMO and
incorporated a primary-outcome RR estimate of 0.69 (Table
6, page 13581) that was not based on the full dataset. One
of the key assumptions for estimating lifetime qualityadjusted life-years was that, at 24 months after randomisation, “all surviving trial patients attained the same average
life expectancy and health state as adults of similar age in
the UK population”.27 This assumption equates to the
concept of “statistical cure” from a disease or illness (ie,
when the relative survival curve of the cohort plateaus and
parallels that of the general population.28 In a recent study
by Ghelani et al, such a plateau was not observed to 9 years
after hospital discharge, at least in patients with sepsis.29
The claim by the CESAR trialists that, based on the costeffectiveness acceptability method, “consideration for
ECMO has more than 50% probability of being cost effective” (page 13581) lacks meaningful precision. Ascribing
such a threshold as “more than 50%” appears akin to the
tossing of a coin. Although the cost-effectiveness acceptability curve may be the primary comparator of relative costeffectiveness between two treatments,30 a strictly probabilistic interpretation is only valid in a Bayesian framework.31
Both the incremental cost-effectiveness and cost-utility
ratios were contingent on the adoption of a particular use
effectiveness (see point 3, above). The claim that ECMO
“promises to be cost-effective” (page 13611) must be read
against the immediately preceding acknowledgement that
“referral to ECMO is likely to prove more efficient than
conventional management” (page 13601), based on the
“substantial” uncertainty of both the cost-effectiveness and
cost-utility analyses (Table 7, page 13581). It thus seems
implausible that the findings would be relevant outside the
particular trial context.

the pragmatic epithet presumably derives from the classic
paper by Schwartz and Lellouch,33 who contrasted explanatory and pragmatic attitudes in clinical trials. We have
touched on such a duality in point 3, above.
Between 1993 and 1995, the UK neonatal ECMO trial
enrolled 185 infants, and of those allocated to ECMO, 84%
received this support, a percentage similar to that of the
CESAR trial. It is of note that an initial sample size of 300
was “judged to be sufficient”32 and no formal stopping
criteria were specified. The trial was stopped early for
efficacy at the 5th interim analysis (the primary endpoint
being death or severe disability at 1 year) when 180 children
had been enrolled and primary outcome status obtained in
118, but no data were reported of this analysis. The
published report provided primary outcome detail on 124
children (Z statistic = 2.87; P = 0.002; RR, 0.54 [95% CI,
0.36–0.80]) and known death before age 1 year in 185
(Z statistic = 3.60; P = 0.002; RR, 0.55 [95% CI, 0.39–0.77]).
If one assumes that the stopping guidelines were Haybittle–
Peto (for K analyses, stop at analysis k < K if |Zk| ⭓ 3),34 then
stopping at the 5th interim analysis (60% recruitment) was
not strictly supported for the primary outcome.
The CESAR trial formally adopted Haybittle–Peto stopping
guidelines and performed seven interim analyses, but proceeded to completion. Of interest, the data monitoring
committee was charged with informing the trial steering
committee if proof beyond reasonable doubt suggested that
“no clear outcome would be obtained with the chosen trial
design”.1 The exact meaning of this requirement is unclear,
as using Haybittle–Peto boundaries means there is almost no
likelihood of stopping early under the null hypothesis.35
For the CESAR trial, expert conventional respiratory intensive care incorporated low-volume low-pressure ventilation,
as mandated by the pivotal ARDS Network study in 2000.36
This study, using asymmetrical stopping boundaries37 with a
predicted sample size of 1000 patients and a postulated
10% treatment effect,38 stopped for efficacy at the 4th
interim analysis (with 80% recruitment and a final reported
treatment effect of 8.8%).
Thus, for both adult and neonatal respiratory distress
syndromes, “best standard practice” has been derived from
early stopping of pivotal trials, one of which (the UK
neonatal ECMO trial32) claimed a substantial treatment
effect (27%). It is thus somewhat ironic to note both that
the status of trial treatment effects reported from early
stopping for efficacy has been called into question,39,40 and
that one commentator has suggested that future sepsis
trials should not conduct interim analyses for efficacy.18

6. Study design

Conclusion

5. Economic evaluation

1

The CESAR study design was described as a “pragmatic”
trial similar to the UK trial of neonatal ECMO.32 The use of

What then is the role of ECMO in adult ARDS? Our analysis
suggests that the CESAR trial is problematic in terms of
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both clinical and economic outcomes. The most recent
report of the widespread use of ECMO, 2 as with other
observational series, suggests plausible efficacy but, by
definition, neither use effectiveness nor method effectiveness in the strict sense.41 Other non-RCT validated therapies
for ARDS (nitric oxide therapy42 and prone positioning43) are
also still being used, as in the CESAR trial. The application of
such therapies to the individual patient is not proscribed by
the null effect of an RCT; rather, one may argue that the
average treatment effect is not the effect of treatment for
each individual,44 although some caution must be exercised
in applying such a principle.45
Current uncertainty about the role of ECMO in ARDS
should mandate a further RCT, despite the status of ECMO
as a rescue therapy.41 If a severe round of seasonal influenza
A(H1N1) virus became apparent in 2010,46 there would be
opportunity to initiate such a trial. Furthermore, in the
context of rescue therapy, there would appear to be
rationale for incorporating specific boundaries for early
stopping.47

Author details
John L Moran, Senior Consultant,1 and Associate Professor2
Richard P Chalwin, Senior Registrar3
Petra L Graham, Lecturer4
1 Department of Intensive Care Medicine, The Queen Elizabeth
Hospital, Adelaide, SA.
2 School of Medicine, University of Adelaide, Adelaide, SA.
3 Department of Intensive Care, Royal Adelaide Hospital, Adelaide, SA.
4 Department of Statistics, Faculty of Science, Macquarie University,
Sydney, NSW.
Correspondence: john.moran@adelaide.edu.au

References
1 Peek GJ, Mugford M, Tiruvoipati R, et al. Efficacy and economic
assessment of conventional ventilatory support versus extracorporeal membrane oxygenation for severe adult respiratory failure
(CESAR): a multicentre randomised controlled trial. Lancet 2009;
374: 1351-63.
2 The Australia and New Zealand Extracorporeal Membrane Oxygenation (ANZ ECMO) Influenza Investigators. Extracorporeal membrane oxygenation for 2009 influenza A(H1N1) acute respiratory
distress syndrome. JAMA 2009; 302: 1888-95.
3 Chalwin RP, Moran JL, Graham PL. The role of extracorporeal
membrane oxygenation for treatment of the adult respiratory
distress syndrome: a review and quantitative analysis. Anaesth
Intensive Care 2008; 36: 152-61.
4 Putensen C, Theuerkauf N, Zinserling J, et al. Meta-analysis:
ventilation strategies and outcomes of the acute respiratory distress
syndrome and acute lung injury. Ann Intern Med 2009; 151: 56676.
5 Moran JL, Bersten AD, Solomon PJ. Meta-analysis of controlled
trials of ventilator therapy in acute lung injury and acute respiratory
distress syndrome: an alternative perspective. Intensive Care Med
2005; 31: 227-35.

134

6 Morris AH, Wallace CJ, Menlove RL, et al. Randomized clinical trial
of pressure-controlled inverse ratio ventilation and extracorporeal
CO2 removal for adult respiratory distress syndrome. Am J Respir
Crit Care Med 1994; 149: 295-305. [Erratum in Am J Respir Crit
Care Med 1994; 149: 838.]
7 Zapol WM, Snider MT, Hill JD, et al. Extracorporeal membrane
oxygenation in severe acute respiratory failure. A randomized
prospective study. JAMA 1979; 242: 2193-6.
8 DerSimonian R, Kacker R. Random-effects model for meta-analysis
of clinical trials: an update. Contemp Clin Trials 2007; 28: 105-14.
9 Spiegelhalter DJ, Abrams KR, Myles JP. Bayesian approaches to
clinical trials and health-care evaluation. Chichester: John Wiley &
Sons, 2004.
10 Peek G, Clemens F, Elbourne D, et al. CESAR: conventional
ventilatory support vs extracorporeal membrane oxygenation for
severe adult respiratory failure. BMC Health Serv Res 2006; 6: 163.
11 Freemantle N, Calvert M, Wood J, et al. Composite outcomes in
randomized trials: greater precision but with greater uncertainty?
JAMA 2003; 289: 2554-9.
12 Lauer MS, Topol EJ. Clinical trials — multiple treatments, multiple
end points, and multiple lessons. JAMA 2003; 289: 2575-7.
13 Bersten AD, Edibam C, Hunt T, Moran J; The Australian and New
Zealand Intensive Care Society Clinical Trials Group. Incidence and
mortality of acute lung injury and the acute respiratory distress
syndrome in three Australian states. Am J Respir Crit Care Med
2002; 165: 443-8.
14 Krafft P, Fridrich P, Pernerstorfer T, et al. The acute respiratory
distress syndrome: definitions, severity and clinical outcome. An
analysis of 101 clinical investigations. Intensive Care Med 1996; 22:
519-29.
15 Luecke T, Muench E, Roth H, et al. Predictors of mortality in ARDS
patients referred to a tertiary care centre: a pilot study. Eur J
Anaesthesiol 2006; 23: 403-10.
16 Kraemer HC, Mintz J, Noda A, et al. Caution regarding the use of
pilot studies to guide power calculations for study proposals. Arch
Gen Psychiatry 2006; 63: 484-9.
17 Phua JM, Badia JR, Ferguson ND. Acute respiratory distress syndrome and the Art of War. Crit Care Med 2009; 37: 1798-9.
18 Annane D. Improving clinical trials in the critically ill: unique
challenge — sepsis. Crit Care Med 2009; 37 (1 Suppl): S117-28.
19 Gould AL. Sample size re-estimation: recent developments and
practical considerations. Stat Med 2001; 20: 2625-43.
20 Browne RH. On the use of a pilot sample for sample size
determination. Stat Med 1995; 14: 1933-40.
21 Kieser M, Wassmer G. On the use of the upper confidence limit for
the variance from a pilot sample for sample size determination.
Biom J 1996; 38: 941-9.
22 Lachin JM. Statistical considerations in the intent-to-treat principle.
Control Clin Trials 2000; 21: 167-89.
23 Sheiner LB, Rubin DB. Intention-to-treat analysis and the goals of
clinical trials. Clin Pharmacol Ther 1995; 57: 6-15.
24 Stewart WH. Groundhog Day: cause and effect and the primary
importance of the finite population induced by randomization. J
Biopharm Stat 2002; 12: 93-105.
25 Stewart WH. Basing intention-to-treat on cause and effect criteria.
Drug Inf J 2004; 38: 361-9.
26 Loeys T, Goetghebeur E. A causal proportional hazards estimator
for the effect of treatment actually received in a randomized trial
with all-or-nothing compliance. Biometrics 2003; 59: 100-5.
27 Thalanany M, Mugford M, Hibbert C, et al. Methods of data
collection and analysis for the economic evaluation alongside a
national, multi-centre trial in the UK: Conventional Ventilation or

Critical Care and Resuscitation • Volume 12 Number 2 • June 2010

P OI N T OF V IE W

28

29

30
31

32

33
34

35
36

37

ECMO for Severe Adult Respiratory Failure (CESAR). BMC Health
Serv Res 2008; 8: 94.
Lambert PC, Thompson JR, Weston CL, Dickman PW. Estimating
and modeling the cure fraction in population-based cancer survival
analysis. Biostatistics 2007; 8: 576-94.
Ghelani DR, Moran JL, Sloggett A, et al. Long term survival of
intensive care septic and hospital patient cohorts compared with
the general Australian population: a relative survival approach.
J Eval Clin Pract 2009; 15: 425-35.
O’Hagan A, Stevens J. The probability of cost-effectiveness. BMC
Med Res Methodol 2002; 2: 5.
Fenwick E, O’Brien BJ, Briggs A. Cost-effectiveness acceptability
curves — facts, fallacies and frequently asked questions. Health
Econ 2004; 13: 405-15.
UK Collaborative ECMO Trial Group. UK collaborative randomised
trial of neonatal extracorporeal membrane oxygenation. Lancet
1996; 348: 75-82.
Schwartz D, Lellouch J. Explanatory and pragmatic attitudes in
therapeutical trials. J Chronic Dis 1967; 20: 637-48.
Jennison C, Turnbull BW. Group sequential methods with applications to clinical trials. Boca Raton, Fla: Chapman and Hall/CRC,
2000.
Mehta CR, Tsiatis AA. Flexible sample size considerations using information-based interim monitoring. Drug Inf J 2001; 35: 1095-112.
Ventilation with lower tidal volumes as compared with traditional
tidal volumes for acute lung injury and the acute respiratory distress
syndrome. The Acute Respiratory Distress Syndrome Network.
N Engl J Med 2000; 342: 1301-8.
DeMets DL, Ware JH. Asymmetric group sequential boundaries for
monitoring clinical trials. Biometrika 1982; 69: 661-3.

38 The ARDS Network. Prospective, randomized, multi-center trial of
12 mL/kg vs 6 mL/kg tidal volume positive pressure ventilation for
treatment of acute lung injury and acute respiratory distress
syndrome (ARMA). ARDSNet Study 01, Version III. 11 Sep 1998.
http://www.ardsnet.org/system/files/armaprotocolV3_1998-09-11_
0.pdf 1998; (accessed Dec 2009).
39 Montori VM, Devereaux PJ, Neill KJ, et al. Randomized trials
stopped early for benefit: a systematic review. JAMA 2005; 294:
2203-9.
40 Wheatley K, Clayton D. Be skeptical about large apparent treatment effects: the case of an MRC AML12 randomization. Control
Clin Trials 2003; 24: 66-70.
41 White DB, Angus DC. Preparing for the sickest patients with 2009
influenza A(H1N1). JAMA 2009; 302: 1905-6.
42 Adhikari NK, Burns, KE, Friedrich JO, et al. Effect of nitric oxide on
oxygenation and mortality in acute lung injury: systematic review
and meta-analysis. BMJ 2007; 334: 779.
43 Taccone P, Pesenti A, Latini R, et al. Prone positioning in patients
with moderate and severe acute respiratory distress syndrome: a
randomized controlled trial. JAMA 2009; 302: 1977-84.
44 Kraemer HC, Frank E, Kupfer DJ. Moderators of treatment outcomes: clinical, research, and policy importance. JAMA 2006; 296:
1286-9.
45 Senn S, Harrell F. On wisdom after the event. J Clin Epidemiol 1997;
50: 749-51.
46 Neuzil KM. Pandemic influenza vaccine policy — considering the
early evidence. N Engl J Med 2009; 361: e59.
47 Emerson SS. Stopping a clinical trial very early based on unplanned
interim analyses: a group sequential approach. Biometrics 1995;
51: 1152-62.
❏

Critical Care and Resuscitation • Volume 12 Number 2 • June 2010

135

