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EXTRACORPOREAL MEMBRANE OXY-
genation (ECMO) can support
gas exchange independently of
mechanical ventilation in pa-

tients with severe acute respiratory fail-
ure. ECMO may be used either as a res-
cue intervention or to minimize ventilator-associated lung injury1 and its

associated multiple organ dysfunc-
tion,2 both crucial determinants of sur-
vival for patients with acute respiratory
distress syndrome (ARDS).3 A recent ran-
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Context Extracorporeal membrane oxygenation (ECMO) can support gas ex-
change in patients with severe acute respiratory distress syndrome (ARDS), but its role
has remained controversial. ECMO was used to treat patients with ARDS during the
2009 influenza A(H1N1) pandemic.

Objective To compare the hospital mortality of patients with H1N1-related ARDS re-
ferred, accepted, and transferred for ECMO with matched patients who were not re-
ferred for ECMO.

Design, Setting, and Patients A cohort study in which ECMO-referred patients were
defined as all patients with H1N1-related ARDS who were referred, accepted, and trans-
ferred to 1 of the 4 adult ECMO centers in the United Kingdom during the H1N1 pan-
demic in winter 2009-2010. The ECMO-referred patients and the non–ECMO-referred
patients were matched using data from a concurrent, longitudinal cohort study (Swine
Flu Triage study) of critically ill patients with suspected or confirmed H1N1. Detailed demo-
graphic, physiological, and comorbidity data were used in 3 different matching tech-
niques (individual matching, propensity score matching, and GenMatch matching).

Main Outcome Measure Survival to hospital discharge analyzed according to the
intention-to-treat principle.

Results Of 80 ECMO-referred patients, 69 received ECMO (86.3%) and 22 died (27.5%)
prior to discharge from the hospital. From a pool of 1756 patients, there were 59 matched
pairs of ECMO-referred patients and non–ECMO-referred patients identified using indi-
vidual matching, 75 matched pairs identified using propensity score matching, and 75
matched pairs identified using GenMatch matching. The hospital mortality rate was 23.7%
for ECMO-referred patients vs 52.5% for non–ECMO-referred patients (relative risk [RR],
0.45 [95% CI, 0.26-0.79]; P=.006) when individual matching was used; 24.0% vs 46.7%,
respectively (RR, 0.51 [95% CI, 0.31-0.81]; P=.008) when propensity score matching
was used; and 24.0% vs 50.7%, respectively (RR, 0.47 [95% CI, 0.31-0.72]; P=.001)
when GenMatch matching was used. The results were robust to sensitivity analyses, in-
cluding amending the inclusion criteria and restricting the location where the non–ECMO-
referred patients were treated.

Conclusion For patients with H1N1-related ARDS, referral and transfer to an ECMO
center was associated with lower hospital mortality compared with matched
non–ECMO-referred patients.
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domized controlled study indicated that
significantly more patients with severe
ARDS survived without severe disabil-
ity if they were transferred to a single
ECMO center compared with patients
who were managed conventionally.4

However, differences between the cen-
ters in mechanical ventilation and other
therapies used to manage the conven-
tionally treated patients could have af-
fected outcome independently. More-
over, ECMO doubled hospital costs
compared with conventional care.5

Hence, the role of ECMO in adults with
severe ARDS remains controversial.6-8

A minority of patients infected dur-
ing the 2009 influenza A(H1N1) pan-
demic developed severe, rapidly progres-
sive ARDS, which was often associated
with other organ failures.9-11 The sever-
ity of the respiratory failure led to some
patients being supported with ECMO. In
a case series from Australia and New Zea-
land, more than 70% of patients with re-
spiratory failure who received ECMO
survived.12 However, the interpretation
of this case series is complicated by con-
founding factors that influence both case
selection and patient outcome.

In an attempt to address this limita-
tion, and using an opportunity pre-
sented by local variation in referral for
ECMO in the United Kingdom during
the H1N1 pandemic, we compared the
mortality for patients that were re-
ferred, accepted, and transferred to UK
ECMO centers for H1N1-related ARDS
with carefully matched non–ECMO-
referred patients. Data were obtained
fromtheSwineFluTriage study(SwiFT),
which was a prospective cohort study of
patients with suspected or confirmed
H1N1 who were referred and assessed
as requiring critical care.13

METHODS
Our study used the SwiFT study13 as the
main data source for ECMO-referred pa-
tients and non–ECMO-referred pa-
tients and supplementary data on
ECMO-referred patients from the UK
H1N1 ECMO registry. The SwiFT study
was a rapid commission from the UK
government to monitor the impact of the
H1N1 pandemic. A minimal set of clini-

cal data (eMethods and eTable 1 at http:
//www.jama.com) was prospectively col-
lected from both the point of assessment
for critical care and daily while patients
were receiving critical care (sufficient for
the sequential organ failure assess-
ment14 and for unit outcome).

The SwiFT data were collected on sus-
pected and confirmed H1N1 cases who
were referred and assessed as requiring
critical care in 192 participating acute
hospitals, and entered into a dedicated,
secure Web portal hosted by the Inten-
sive Care National Audit & Research
Centre (ICNARC). Data definitions
(either as a data collection manual and
form, or as help text and answers to fre-
quently asked questions) and error
checking were available either for down-
load or built into the design of the Web
portal. The SwiFT study was approved
by the North West Research Ethics Com-
mittee and the National Information
Governance Board Ethics and Confiden-
tiality Committee. The SwiFT study data
collection began on September 3, 2009,
and ended on January 31, 2010.

TheUKH1N1ECMOregistrypooled
data on all H1N1 patients referred for
ECMO during the pandemic. The data
weremaintainedat theHeartlinkECMO
center at Glenfield Hospital in Leicester,
England. Detailed demographic and
physiologicaldata fromthe timeof refer-
ral plus technical ECMO and outcome
datawerecollected.TheUKNationalRe-
searchEthicsServicedesignated the reg-
istryasaserviceevaluation;requiringnei-
therethicsapprovalnorpatientconsent.

ECMO-referred patients and non–
ECMO-referred patients were initially
identified from the SwiFT study. The
UK ECMO registry ensured total cap-
ture of ECMO-referred patients from
the SwiFT study during the H1N1 pan-
demic and provided more detailed data
on ECMO-referred patients. All data for
both ECMO-referred patients and non–
ECMO-referred patients used in these
analyses were collected according to
SwiFT study definitions.

ECMO-Referred Patients

ECMO-referred patients were defined
as adults with suspected or confirmed

H1N1-associated respiratory failure
who were referred, accepted, and trans-
ferred to 1 of 4 UK ECMO centers be-
tween July 14, 2009, and February 19,
2010. Adult ECMO support was pro-
vided by the National H1N1 ECMO ser-
vice and led and coordinated by the
Heartlink ECMO center. This center has
been providing ECMO support since
1989 and is the only permanently des-
ignated respiratory ECMO center for
adult patients in the United Kingdom.
It cares for approximately 50 patients
per year.

Due to the expected, increased de-
mand, 3 other hospitals (Royal Bromp-
ton Hospital, Papworth Hospital, and
Aberdeen Royal Infirmary) were evalu-
ated, quality assured, and commis-
sioned by the UK government’s Depart-
ment of Health as additional providers
of ECMO. Temporary commissioning
of the 3 additional centers followed on-
site reviews to ensure that they met the
national standards of being desig-
nated respiratory ECMO centers in re-
lation to equipment, clinical skills,
workforce, training, and governance.
Prior to the pandemic, all 3 additional
centers were using ECMO in various
clinical contexts.

In the United Kingdom, suitability of
adult patients for ECMO support was
defined using the Conventional Ven-
tilatory Support Versus Extracorpo-
real Membrane Oxygenation for Se-
vere Adult Respiratory Failure (CESAR)
trial4 entry criteria (eMethods at http:
//www.jama.com), and referral was left
to local, clinical decision making. Fol-
lowing transfer to the ECMO center,
ECMO was instituted if adequate gas
exchange could not be achieved with
conventional lung-protective ventila-
tion. ECMO aimed to maintain arte-
rial oxygen saturation levels above 85%
and arterial carbon dioxide tensions be-
tween 30 and 45 mm Hg. Mechanical
ventilation during ECMO was re-
duced to a respiratory rate of 10 breaths
per minute, peak inspiratory pressure
of less than 30 cm H2O (ideally 25 cm
H2O), positive end-expiratory pres-
sure of 10 to 15 cm H2O, and fraction
of inspired oxygen (FIO2) of 0.3. Other
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therapeutic strategies considered in-
cluded neuraminidase inhibitors,15 con-
servative use of fluids,16 and cortico-
steroids.17,18

Non–ECMO-Referred Patients

Non–ECMO-referred patients were de-
fined as adults with suspected or con-
firmed H1N1-associated respiratory fail-
ure who were not referred, accepted, or
transferred to 1 of the 4 ECMO cen-
ters. Potential non–ECMO-referred pa-
tients were excluded if they were (1)
not suitable for ECMO (age �16 years
or �70 years, not mechanically venti-
lated, FIO2 never �0.7 and/or ratio of
PaO2 to FIO2 never �100 mm Hg, or
having chronic respiratory organ dys-
function sufficient to severely impair ac-
tivities of daily living), (2) treated with
ECMO at an undesignated center, (3)
referred but not accepted for transfer
for ECMO due to a presupposed lack
of benefit, (4) missing data either for
matching or for the primary outcome.
As per usual critical care delivery in the
United Kingdom, all non–ECMO-
referred patients were treated in inten-
sivist-led, closed critical care units.

The primary outcome was survival
to acute hospital discharge deter-
mined by linkage to the UK ECMO reg-
istry for ECMO-referred patients and
to the ICNARC Case Mix Programme
(or by telephone follow-up) for non–
ECMO-referred patients.

Statistical Analysis

Matched cohort analyses were per-
formed using 3 statistical approaches: in-
dividual matching, propensity score
matching, and GenMatch matching. The
variables selected for matching were
those anticipated a priori to be associ-
ated with ECMO use and hospital mor-
tality, but only those that were avail-
able in the SwiFT study data set were
chosen. ECMO-referred patients and
non–ECMO-referred patients were
matched at a similar time point in the
natural history of their illness by match-
ing on the number of days of mechani-
cal ventilation received prior to referral
in the ECMO-referred patients with the
equivalent number of days of mechani-

cal ventilation in the non–ECMO-
referred patients. Non–ECMO-referred
patients were not considered for match-
ing on days when the patient was not me-
chanically ventilated, required an FIO2 of
less than 0.7, had a ratio of PaO2 to FIO2

of more than 100 mm Hg, or had been
ventilated for more than 20 days; these
patients would not be suitable for ECMO
(eMethods at http://www.jama.com).

Individual case matching compared
individual factors in the following or-
der: (1) the number of days of continu-
ous mechanical ventilation (nearest in
absolute value to a maximum differ-
ence of 2 days); (2) FIO2 (1.0 or 0.70-
0.99) associated with the arterial blood
gas with the lowest PaO2; (3) ratio of
PaO2 to FIO2 from the arterial blood gas
with the lowest PaO2; (4) Sequential Or-
gan Failure Assessment Score (nearest
in absolute value to a maximum differ-
ence of 3 points); (5) age (nearest in ab-
solute value to a maximum difference
of 10 years); (6) pregnancy status (de-
fined as currently pregnant, pregnant
within the previous 42 days, or not
pregnant); and (7) body mass index
(BMI) category (calculated either from

recorded weight in kilograms divided
by height in meters squared or as-
sessed subjectively; very thin or thin:
BMI �18.6; average weight, over-
weight, or obese: BMI, 18.6-39.9; or
morbidly obese: BMI �40).

Propensity score matching was un-
dertaken by estimating the likelihood
of referral, acceptance, and transfer for
ECMO using a logistic regression model
including the following variables: num-
ber of days of continuous mechanical
ventilation; FIO2; ratio of PaO2 to FIO2;
Sequential Organ Failure Assessment
Score; pregnancy; BMI category; H1N1
status (suspected or confirmed); prior
use of inhaled nitric oxide, high-
frequency oscillation, or prone posi-
tioning; advanced cardiovascular sup-
port; renal support; antiviral therapy;
and age. Each ECMO-referred patient
was matched with a non–ECMO-
referred patient with the closest abso-
lute propensity score (predicted log
odds of referral, acceptance, and trans-
fer for ECMO).

GenMatch is a matching technique
that combines propensity score match-
ing with multivariate matching.19-21 Un-

Figure 1. Enrollment and Matching of Patients

ECMO study database (1756 patients in 193 hospitals)

80 Patients referred, accepted, and transferred
to 4 ECMO centers (UK H1N1 ECMO registry)

59 Matched pairs after individual matching
75 Matched pairs after propensity score matching
75 Matched pairs after GenMatch matching

195 Eligible non–ECMO-referred patients in 85 hospitals

1676 Potential non–ECMO-referred patients
recruited from 189 hospitals (SwiFT study)

1481 Excluded (applied sequentially)
1441 Not suitable for ECMO

435 FIO
2
 never ≥0.7 or ratio of

PaO
2
 to FIO

2
 never ≤100 mm Hg

448 Age <16 y or >70 y
447 Not mechanically ventilated

111 Severe chronic respiratory
dysfunction

18 Missing data for matching

2 Treated with ECMO at an undesignated
center

13 Referred but not accepted for transfer
for ECMO due to a presupposed lack
of benefit

7 Missing data for primary outcome

ECMO indicates extracorporeal membrane oxygenation; FIO2 fraction of inspired oxygen; SwiFT, Swine Flu Triage.
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like individual matching, the multivar-
iate matching used by GenMatch does
not drop observations that cannot be
exactly matched but seeks to make the
multivariate distribution of covariates
in the matched groups as similar as pos-
sible (ie, maximizing the balance of
the observed covariates). GenMatch
weights the propensity score and the
observed individual variables based on
an automated search algorithm. The
GenMatch algorithm iteratively checks
the balance and directs the search to-
ward the best matches (those that op-
timize balance).22,23

GenMatch selects matched pairs
using a generalized Mahalanobis dis-
tance metric,24 which weights each base-
line covariate included in the match-
ing. The weights define alternative
distance metrics that differ in the rela-
tive importance given to matching each
covariate. The automated search algo-
rithm selects those weights, and hence
the corresponding distance metric, that
gives the best covariate balance in the
matched samples. The balance statis-
tics are chosen a priori from recom-
mended measures such as t statistics
from paired t tests, D statistics from Kol-
mogorov-Smirnov tests, and weighted
standardized differences.25

The search algorithm improves
covariate balance to the extent pos-
sible given the data.19,21 Compared
with matching on propensity score
alone, GenMatch matching has been
shown to reduce covariate imbalance
and bias from confounding.19,20 Previ-
ous cohort studies have assessed the
relative effectiveness of other clinical
interventions using GenMatch match-
ing to balance baseline covari-
ates.20,26,27 In this study, GenMatch
matching was based on the propensity
score and the same individual covari-
ates included in the propensity score
model but aimed to improve covariate
balance by comparing the distribution
of each covariate across the groups
using paired t tests and Kolmogorov-
Smirnov tests.

All matching was performed on a
1-to-1 basis with replacement. Near-
est neighbor matching was applied

Table 1. Characteristics of ECMO-Referred and Non–ECMO-Referred Patients Before and
After Matching

Mean (SD)

D
Statistic

P
Value

ECMO-Referred
Patients

Non–ECMO-Referred
Patients

Prior duration of mechanical ventilation, d
Before matchinga 4.4 (3.7) 3.2 (4.1) 0.3 �.001
After propensity score matchingb 4.4 (3.7) 4.3 (3.9) 0.1 .97
After GenMatch matchingb 4.4 (3.7) 4.2 (4.2) 0.1 .79
After individual matchingc 3.2 (2.7) 3.1 (2.9) 0.1 .47

Ratio of PaO2 to FIO2, mm Hg
Before matchinga 54.9 (14.3) 68.4 (16.9) 0.4 �.001
After propensity score matchingb 54.9 (14.3) 54.9 (13.9) 0.1 .44
After GenMatch matchingb 54.9 (14.3) 55.2 (11.5) 0.1 .42
After individual matchingc 53.2 (13.5) 53.0 (11.6) 0.1 .57

Age, y
Before matchinga 36.5 (11.4) 42.8 (13.4) 0.2 �.001
After propensity score matchingb 36.5 (11.4) 38.5 (13.0) 0.1 .40
After GenMatch matchingb 36.5 (11.4) 37.1 (12.5) 0.1 .64
After individual matchingc 38.6 (11.1) 37.6 (11.2) 0.1 .84

SOFA score
Before matchinga 9.1 (2.9) 9.8 (3.7) 0.1 .06
After propensity score matchingb 9.1 (2.9) 9.7 (3.3) 0.1 .22
After GenMatch matchingb 9.1 (2.9) 8.9 (3.1) 0.1 .67
After individual matchingc 9.2 (2.8) 8.8 (2.9) 0.1 .71

No. (%) t Statistic
FIO2 = 1.0

Before matchinga 60 (80.0) 168 (34.6) 0.5 �.001
After propensity score matchingb 60 (80.0) 63 (84.0) 0 .41
After GenMatch matchingb 60 (80.0) 60 (80.0) 0 �.99
After individual matchingc 48 (81.4) 48 (81.4) NA NA

Currently or recently pregnantd
Before matchinga 20 (26.7) 24 (4.9) −0.4 �.001
After propensity score matchingb 20 (26.7) 9 (12.0) −0.3 .03
After GenMatch matchingb 20 (26.7) 20 (26.7) 0 �.99
After individual matchingc 10 (16.9) 10 (16.9) NA NA

BMI �18.6e

Before matchinga 4 (5.3) 33 (6.8) 0 .61
After propensity score matchingb 4 (5.3) 5 (6.7) 0 .74
After GenMatch matchingb 4 (5.3) 1 (1.3) 0 .18
After individual matchingc 0 0 NA NA

BMI between 18.6 and 39.9e

Before matchinga 63 (84.0) 412 (84.9) 0 .84
After propensity score matchingb 63 (84.0) 62 (82.7) 0 .84
After GenMatch matchingb 63 (84.0) 66 (88.0) 0 .49
After individual matchingc 54 (91.5) 54 (91.5) NA NA

BMI �40e

Before matchinga 8 (10.7) 40 (8.2) 0 .53
After propensity score matchingb 8 (10.7) 8 (10.7) 0 �.99
After GenMatch matchingb 8 (10.7) 8 (10.7) 0 �.99
After individual matchingc 5 (8.5) 5 (8.5) NA NA

Use of alternative ventilation strategiesf

Before matchinga 38 (50.7) 164 (33.8) 0.2 .01
After propensity score matchingb 38 (50.7) 31 (41.3) 0.1 .27
After GenMatch matchingb 38 (50.7) 36 (48.0) 0 .53
After individual matchingc 29 (49.2) 33 (55.9) −0.1 .43

Abbreviations; BMI, body mass index; ECMO, extracorporeal membrane oxygenation; FIO2, fraction of inspired oxygen;
NA, data not applicable due to perfect match; SOFA, Sequential Organ Failure Assessment.

aThere were 75 ECMO-referred patients (successfully matched by propensity score and GenMatch matching) and 485
observations from 195 non–ECMO-referred patients.

bThere were 75 ECMO-referred patients and 75 matched non–ECMO-referred patients.
cThere were 59 ECMO-referred patients and 59 matched non–ECMO-referred patients.
dRecently pregnant defined as within 42 days prior to referral and assessment for critical care.
eCalculated either from recorded weight in kilograms divided by height in meters squared or assessed subjectively.
fProne positioning, inhaled nitric oxide, and/or high-frequency oscillation received at any time up to and including the day

of referral for ECMO.
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within a caliper of 1 standard devia-
tion on the propensity score and for the
number of days of mechanical ventila-
tion. The balance between ECMO-
referred patients and matched non–
ECMO-referred patients was assessed
using t statistics from paired t tests
and D statistics from Kolmogorov-
Smirnov tests and was reported for the
same number of ECMO-referred pa-
tients and non–ECMO-referred pa-
tients before and after matching with
the propensity score and GenMatch.

The relative risks (RRs) of death prior
to hospital discharge for ECMO-
referred patients compared with
matched non–ECMO-referred pa-
tients were estimated by Poisson re-
gression and were conditional on the
matched data. Standard errors were
estimated using the nonparametric
bootstrapping method. The analysis was
performed according to the intention-
to-treat principle for ECMO.

A priori–agreed sensitivity analyses
were conducted to ascertain whether
inclusion criteria and restricting the lo-
cation where the non–ECMO-referred
patients were treated influenced the base-
case findings. For the former, analyses
were repeated excluding ECMO-
referred patients and non–ECMO-
referred patients that met the following
criteria: (1) FIO2 of less than 1.0 for the
arterial blood gas with lowest PaO2 on the
calendar day of referral; (2) ECMO-
referred patients transferred for ECMO
who did not subsequently receive
ECMO; (3) ECMO-referred patients in
whom H1N1 infection was suspected but
not confirmed; and (4) all of these cri-
teria combined.

For the latter, the analyses were re-
peated to limit comparisons of ECMO-
referred patients with non–ECMO-
referred patients who had been treated
in critical care units with characteris-
tics generally associated with good out-
comes; data from before the pandemic
(January to December 2008) were used
from the ICNARC Case Mix Pro-
gramme. The non–ECMO-referred pa-
tient pool was therefore limited to criti-
cal care units with relatively low
mortality rates (standardized hospital

mortality ratio of �1.0 estimated using
the ICNARC model) and to those with
a higher volume of patients receiving
ventilation (above the median).

Additional sensitivity analyses were
undertaken that excluded those pa-
tients who were admitted during the first
influenzawaveprior toOctober15,2009.
Multilevel models were applied post-
matching to allow for the hierarchical na-
ture of the data (ie, that outcomes may
be more similar within than across criti-
cal care units) and to adjust for any re-
sidual differences in patient factors be-
tween the groups. Finally, the sensitivity
of the results to unmeasured confound-
ing was assessed.28

Statistical analyses were conducted
using Stata software version 11 (Stata-
Corp, College Station, Texas) and R
software version 2.10.1 (R Founda-
tion for Statistical Computing, http:
//www.r-project.org/). Two-sided test-
ing was used with a P value significance
level of less than .05.

RESULTS
Eighty patients were referred, accepted,
and transferred to 1 of the 4 UK ECMO
centers (eTable 2 at http://www.jama
.com), of whom 69 received ECMO
(86.3%; eTable 3). No patients were re-
fused transfer for ECMO based on lack
of bed availability. Of the 80 patients re-
ferred, accepted, and transferred to 1 of
the 4 UK ECMO centers, 10 were prior
to and 3 were after the SwiFT study. The
lead center at Glenfield Hospital (Hear-
tlink ECMO center) received 51 ECMO-
referred patients. The Royal Brompton
Hospital received 18 ECMO-referred pa-
tients, the Papworth Hospital received 7
ECMO-referred patients, and the Aber-
deen Royal Infirmary received 4 ECMO-

referred patients. Of 1676 potential non–
ECMO-referred patients, 195 were
eligible for matching after exclusion cri-
teria had been applied (FIGURE 1). The
majority (n=1441; 86.0%) of exclu-
sions were for patients who were not
suitable for ECMO.

Prior to matching, there were differ-
ences between the ECMO-referred pa-
tients and non–ECMO-referred pa-
tients for all patient characteristics apart
from BMI (TABLE 1). ECMO-referred pa-
tients were younger, more likely to be
currently or recently pregnant, had re-
ceived longer duration of mechanical
ventilation including use of alternative
ventilation strategies, and had worse re-
spiratory physiological characteristics.

The individual matching technique
identified 59 non–ECMO-referred pa-
tients for 59 ECMO-referred patients,
but excluded many pregnant or post-
partum women. Propensity score and
GenMatch matching identified 75 non–
ECMO-referred patients for 75 ECMO-
referred patients. All of the matching
methods improved covariate balance
(Table 1). Following propensity score
matching, there were proportionally
more ECMO-referred patients cur-
rently or recently pregnant compared
with non–ECMO-referred patients. Fol-
lowing GenMatch and individual
matching, this potential confounder was
well-balanced.

Outcome

Twenty-two patients (27.5%) who had
been transferred to 1 of the 4 UK ECMO
centers died. The hospital mortality rate
was 23.7% for ECMO-referred patients
vs 52.5% for non–ECMO-referred pa-
tients (RR, 0.45 [95% CI, 0.26-0.79];
P=.006) when individual matching was

Table 2. Deaths Analyzed by Matching Methods

No. of Deaths/
Total No. of Patients (%)

RR (95% CI)
P

ValueECMO-Referred Non–ECMO-Referred

Matching method
Propensity score 18/75 (24.0) 35/75 (46.7) 0.51 (0.31-0.84) .008

GenMatch 18/75 (24.0) 38/75 (50.7) 0.47 (0.31-0.72) .001

Individual 14/59 (23.7) 31/59 (52.5) 0.45 (0.26-0.79) .006
Abbreviations: ECMO, extracorporeal membrane oxygenation; RR, relative risk.
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used; 24.0% vs 46.7%, respectively (RR,
0.51 [95% CI, 0.31-0.84]; P=.008) when
propensity score matching was used; and
24.0% vs 50.7%, respectively (RR, 0.47
[95% CI, 0.31-0.72]; P=.001) when Gen-

Matchmatchingwasused(TABLE 2).The
survival curves indicate a considerable
number of early deaths among the non–
ECMO-referred patients (FIGURE 2). The
benefit of ECMO persisted after repeat-

ing the survival analysis and exclud-
ing the matched pairs in which either
the ECMO-referred patient or the non–
ECMO-referred patient died during the
first 48 hours (eFigure at http://www
.jama.com).

For ECMO-referred patients trans-
ferred to an ECMO center (from the UK
ECMO registry), 10 died while receiv-
ing ECMO therapy (7 had cerebral hem-
orrhage, 1 had precannulation cardiac ar-
rest, 1 had multiorgan failure, and 1 had
massive pulmonary hemorrhage), 6 died
after receiving ECMO therapy and prior
to discharge from the center (1 had neu-
tropenic sepsis, 2 had irrecoverable lung
damage, 1 had rhabdomyolysis, and 2
hadmultiorgan failure),4diedafterbeing
transferred back to the referring hospi-
tal (1 had pulmonary embolism, 1 had
cerebrovascular accident, and 2 had mul-
tiorgan failure), and 2 died after being
managed without ECMO (1 intracra-
nial and 1 pulmonary hemorrhage).

Sensitivity Analyses

The sensitivity analyses indicated that
the results were robust to alternative ex-
clusion criteria (FIGURE 3A). The mean
RRs of death for ECMO-referred pa-
tients vs non–ECMO-referred pa-
tients remained between 0.4 and 0.6
when the analyses were restricted to pa-
tients with confirmed H1N1 infec-
tion; ECMO-referred patients receiv-
ing ECMO; and patients with an FIO2

of 1.0. When all restrictions were ap-
plied, the mean risk of death for ECMO-
referred patients vs non–ECMO-
referred patients was between 0.5 and
0.9. In some of these analyses, the
sample size was much reduced and the
95% CIs for the RRs of death spanned
unity, but these findings were still con-
sistent with the base-case result.

The results also were robust to the lo-
cation where non–ECMO-referred
patients were treated (Figure 3B).
The mean RRs of death for ECMO-
referred patients vs non–ECMO-
referred patients remained between 0.4
and 0.7 when the non–ECMO-referred
patient pool was limited to critical care
units with a standardized hospital mor-
tality ratio of less than 1.0 and a volume

Figure 2. Survival Curves for ECMO-Referred Patients vs Matched Non–ECMO-Referred Patients
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Study entry was defined as the day of transfer to an extracorporeal membrane oxygenation (ECMO) center
for ECMO-referred patients and the equivalent day of mechanical ventilation for matched non–ECMO-
referred patients.
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ofpatients receiving ventilationabove the
median of 233 per year. Similarly, lim-
iting analyses to patients admitted dur-
ing the second pandemic wave (after Oc-
tober 15, 2009) yielded mean RRs
between 0.4 and 0.7.

The overall results were robust to
postmatching regression (eg, the post-
matching multilevel models before and
after adjusting for differences in pa-
tient factors reported RRs of death of
0.39 [P=.04] and 0.48 [P=.01]). Fi-
nally, the sensitivity analysis assess-
ing the potential impact of an unmea-
sured confounder showed that to
change the finding that transfer for
ECMO was associated with lower hos-
pital mortality, the odds ratio for this
confounder would have to exceed 1.8.

ECMO-Related Adverse Events

All patients survived transfer to the
ECMO center. One patient had cardiac
perforation and tamponade during can-
nulation; this was successfully repaired
surgically. Hemorrhagic complications
associated with ECMO included intra-
cranial hemorrhage (n=8), cesarean de-
livery wound hematoma (n=5), lapa-
rotomy wound hematoma (n=1), fatal
pulmonary hemorrhage (n=1), can-
nula site hematoma (n=3), spontane-
ous intraperitoneal hemorrhage (n=1),
hemothorax (n=4), retroperitoneal hem-
orrhage (n=2), minor upper airway
bleeding (n=9), and gastrointestinal tract
bleeding (n=2). One patient developed
heparin-induced thrombocytopenia.

COMMENT
In a cohort of 80 patients with severe
H1N1-related ARDS who were referred,
accepted, and transferred to UK ECMO
centers, 27.5% died before hospital dis-
charge. Hospital mortality for matched
non–ECMO-referred patients was
approximately twice that of the ECMO-
referred patients. This result was con-
sistent across 3 alternative matching
methods and robust to a priori–
determined sensitivity analyses, includ-
ing restriction to non–ECMO-referred
patients treated incritical careunitswith
characteristics generally associated with
good outcomes.

Survival in UK ECMO centers was
similar to other patients with H1N1-
related ARDS who had been treated
with ECMO, both from the Extracor-
poreal Life Support Organization reg-
istry (of 167 patients, 102 survivors
[61%] aged �15 years [Peter Rycus,
MPH, written communication, Octo-
ber 2, 2010]) and from Australia and
New Zealand (of 68 patients, 54 sur-
vivors [79%] at the time of reporting;

h o w e v e r , 2 2 p a t i e n t s [ 3 2 % ]
remained in the hospital and 2
patients [3%] remained on ECMO).12

However, the UK ECMO-referred
patients may have had more organ
dysfunction compared with the case
series from Australia and New Zea-
land because they were receiving
more vasopressors and renal support
at referral (eTable 2 at http://www.jama
.com).

Figure 3. Sensitivity Analyses for ECMO-Referred Patients vs Matched Non–ECMO-Referred
Patients
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Vertical dashed lines indicate the relative risks (RRs) in the base-case analyses. ECMO indicates extracorporeal
membrane oxygenation; FIO2 fraction of inspired oxygen; H1N1, 2009 influenza A(H1N1); SMR, standardized
hospital mortality ratio.
aThe median volume of patients receiving ventilation was 233.
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The unique value of this study lies
in the homogeneity of the patients
with H1N1-related ARDS and the
matching methods used. The patient
characteristics included in the match-
ing were defined a priori and included
those that have an effect on outcome
(age,29 degree of hypoxemia,30,31 organ
dysfunction,3,32 pregnancy,33,34 obe-
sity,35 and the use of alternative venti-
latory strategies). Individual matching
ensured perfect balance on some vari-
ables, but resulted in nearly one-
quarter of the sample, including
almost half of the currently or
recently pregnant ECMO-referred
patients, remaining unmatched. Pro-
pensity score and GenMatch match-
ing matched most of the ECMO-
referred patients, with GenMatch
matching achieving the best balance
on all observed covariates.

This study has several limitations.
First, despite attempting to minimize
confounding at both the design and
analysis stages, the role of unobserved
confounders in explaining the differ-
ences in outcome cannot be dis-
counted. It is possible that the non–
ECMO-referred patient group included
patients judged to be “too sick for
ECMO,” and while the matching at-
tempted to compensate for this, match-
ing was limited to those variables avail-
able from the SwiFT study. These
included few data characterizing respi-
ratory function (lowest PaO2 and asso-
ciated FIO2); for example, a single worst
ratio of PaO2 to FIO2 may have been af-
fected by fluid overload or suboptimal
mechanical ventilation. However, a sen-
sitivity analysis reported that an un-
measured confounder, with a perfect as-
sociation with hospital mortality, would
have to be relatively prevalent in
ECMO-referred patients rather than in
non–ECMO-referred patients (with an
odds ratio �1.8) before a conclusion
of no difference in hospital mortality
was inferred. An analogous odds ratio
for pretreatment high-frequency oscil-
lation is 1.3. Hence, any unmeasured
confounder would have to be much
more imbalanced at baseline to over-
turn the study’s results.

Second, management of non–ECMO-
referred patients was not part of the
study’s protocol. It is not possible to as-
certain whether lung protective venti-
lation was used. One indication for
using ECMO is that it enables lung pro-
tective ventilation despite life-
threatening hypoxemia or hypercar-
bia. Further reductions in tidal volume
and plateau pressure may confer addi-
tional advantage.36-38

Caution must be exercised in gen-
eralizing these results. First, the pa-
tients with H1N1 who became ECMO-
referred patients were not representative
of all patients with H1N1. ECMO-
referred patients were younger, more
likely to be currently or recently preg-
nant, had received longer durations of
mechanical ventilation including use of
alternative ventilation strategies, and
had worse respiratory physiological
characteristics compared with eligible
non–ECMO-referred patients.

Second, the survival benefit associ-
ated with transfer for ECMO could be
attributed to other factors associated
with 4 specialized, highly resourced
centers. Such factors may be related, for
example, to available facilities, the num-
ber, availability, and skill of the clini-
cal staff, differences in ventilatory and
other care processes, and volume of
ECMO-referred patients.39 However,
when the analyses were restricted to
compar i son wi th non–ECMO-
referred patients treated in critical care
units with characteristics generally as-
sociated with good outcomes follow-
ing standard care, the association with
survival remained.

Furthermore, patients with H1N1 in-
fection may have been particularly
likely to benefit from transfer for ECMO
because the infection was likely to re-
solve with appropriate antiviral
therapy15,34 and the patients were rela-
tively young. Indeed, while the sur-
vival in the non–ECMO-referred pa-
tients in this and in the CESAR study
were almost identical, the survival rates
in the ECMO-referred patients were
73% and 63%, respectively.4 Whether
advances in ECMO technology in the
intervening period between these stud-

ies account for some of this improve-
ment is not known.

The role of ECMO in ARDS is de-
bated.6-8 Several reports5,12,40-42 and our
study demonstrate that ECMO can be
undertaken without the prohibitive
morbidity and adverse events seen in
the 1970s.43 The data from our study
are complementary to those of the
CESAR randomized trial,4 which dem-
onstrated a reduction in the compos-
ite outcome of death and severe dis-
ability at 6 months in patients with
severe ARDS who were transferred for
consideration for ECMO, of whom 76%
were supported with ECMO.

During the influenza pandemic of
2009-2010 and despite global concern,
no randomized clinical trial for patients
with H1N1 was funded, established, and
completed. Instead, our study uses 3 dif-
ferent forms of case-matching to mini-
mize confounding when estimating ef-
fectiveness from observational data. Our
study found that transfer to an ECMO
center for patients with H1N1-related
ARDS was associated with lower hospi-
tal mortality compared with matched
non–ECMO-referred patients. This find-
ing was consistent across all 3 match-
ing methods used.
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