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Abstract

Purpose: Patients receiving venoarterial extracorporeal membrane oxygenation (VA-ECMO) frequently develop arte-

rial hyperoxaemia, which may be harmful. However, lower oxygen saturation targets may also lead to harmful episodes of
hypoxaemia.

Methods: In this registry-embedded, multicentre trial, we randomly assigned adult patients receiving VA-ECMO in
an intensive care unit (ICU) to either a conservative (target SaO, 92-96%) or to a liberal oxygen strategy (target SaO,
97-100%) through controlled oxygen administration via the ventilator and ECMO gas blender. The primary outcome
was the number of ICU-free days to day 28. Secondary outcomes included ICU-free days to day 60, mortality, ECMO
and ventilation duration, ICU and hospital lengths of stay, and functional outcomes at 6 months.

Results: From September 2019 through June 2023, 934 patients who received VA-ECMO were reported to the EXCEL regis-
try, of whom 300 (192 cardiogenic shock, 108 refractory cardiac arrest) were recruited. We randomised 149 to a conservative
and 151 to a liberal oxygen strategy. The median number of ICU-free days to day 28 was similar in both groups (conservative:
0 days [interquartile range (IQR) 0-13.7] versus liberal: 0 days [IQR 0-13.7], median treatment effect: 0 days [95% confidence
interval (Cl) - 3.1 to 3.1]). Mortality at day 28 (59/159 [39.6%] vs 59/151 [39.1%]) and at day 60 (64/149 [43%)] vs 62/151 [41.1%]
were similar in conservative and liberal groups, as were all other secondary outcomes and adverse events. The conservative
group experienced 44 (29.5%) major protocol deviations compared to 2 (1.3%) in the liberal oxygen group (P<0.001).

Conclusions: In adults receiving VA-ECMO in ICU, a conservative compared to a liberal oxygen strategy, did not affect
the number of ICU-free days to day 28.
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Introduction

Venoarterial extracorporeal membrane oxygenation (VA-
ECMO) is increasingly being used for treatment of car-
diogenic shock and refractory cardiac arrest, however, it
remains a high risk, resource-intensive intervention [1].
VA-ECMO treats cardiogenic shock by increasing both
the blood flow to the native circulation and the oxygen
content of blood. Arterial hyperoxaemia on ECMO is
common [2]. Although readily modifiable by titration
of the ECMO circuit and ventilator, there is uncertainty
about the optimal blood oxygenation target while receiv-
ing VA-ECMO [3].

Severe hyperoxaemia increases cellular oxidative stress
and free radical production, leading to DNA damage,
direct lung toxicity, and coronary and cerebral vasocon-
striction [4, 5]. Observational studies in patients receiv-
ing VA-ECMO suggest hyperoxaemia may be associated
with increased risk of death and worse neurological out-
comes [6, 7].

Many patients who receive VA-ECMO are also at risk
of concurrent hypoxic respiratory failure, so that con-
servative oxygenation targets may reduce the oxygena-
tion buffer provided by ECMO, leading to organ injury.
Recently, several large trials of critically ill patients (not
receiving ECMO) have suggested lower oxygenation tar-
gets may be associated with potential harm [8-10].

Current guidelines suggest targeting a post-oxygenator
partial pressure of oxygen (PaO,) of 150 mm Hg and a
systemic arterial oxygen saturation of 92-97% [1, 11].
However, data to guide these recommendations are lim-
ited and there is no uniform standard approach to oxy-
genation targets or to titration of inspired oxygen fraction
to the ECMO oxygenator. The optimal target oxygen sat-
uration while receiving VA-ECMO has never been evalu-
ated in a randomised controlled trial. Accordingly, we
conducted the Blend to Limit Oxygen in ECMO: A Ran-
domised Controlled Registry (BLENDER) Trial to test
the hypothesis that compared to a liberal oxygenation
target, a conservative target might lead to a reduction in
intensive care unit (ICU) free days to day 28, in patients
receiving VA-ECMO for cardiogenic shock or refractory
cardiac arrest.

Methods

Trial design

We performed a registry-embedded, open label, mul-
ticentre, parallel group, comparative effectiveness ran-
domised trial, which compared conservative versus
liberal oxygen strategies in adult patients receiving VA-
ECMO in the ICU. The protocol was approved by ethics
or governance committees at each site (HREC/50486/
Alfred-2019, Local Reference: Project 88/19). The trial
protocol and statistical analysis plan were published prior

Take-home message

In this multicentre registry-embedded, randomised controlled trial
of 300 patients who received venoarterial extracorporeal membrane
oxygenation in Australia, a conservative oxygen administration
strategy (Sa0, aim 92-96%) which limited exposure to hyperoxae-
mia, lead to similar short-term (ICU-free days to day 28, in-hospital
mortality) and long-term outcomes (mortality and disability at
6 months), when compared to a liberal oxygen strategy (SaO,
aim > 97%). The conservative oxygen strategy did not result in more
major hypoxic complications but was associated with more proto-
col deviations.

to the completion of enrolment [12, 13]. Because of the
emergency nature of ECMO, informed consent prior
to enrolment was waived. The patient or surrogate was
contacted as soon as practicable after ECMO initiation
to determine agreement to continue the trial protocol.
An independent data and safety monitoring commit-
tee reviewed one prespecified, interim analysis after 150
patients had reached 60 days of follow-up, for the sole
purpose of safety monitoring. Additional information
about trial design and trial sites is provided in the elec-
tronic supplementary materials (ESM).

Patients

All adult patients (>18 years) who were commenced
on VA-ECMO, were eligible for enrolment, unless they
could not be randomised within 6 h of ECMO initiation,
had known pregnancy, were unwilling to receive blood
products, were enrolled in another oxygen titration study
or where clinicians stipulated a specific oxygen target.

Randomisation and blinding

We randomly assigned patients in a 1:1 ratio to receive
a conservative or liberal oxygen strategy as soon as pos-
sible after VA-ECMO initiation. Randomisation was per-
formed via a secure, web-based system using permuted
block randomisation with variable block sizes (2 or 4),
stratified by site and indication (cardiogenic shock or
refractory cardiac arrest). Clinicians caring for patients
were aware of the intervention allocation. Outcome
assessors, statisticians conducting analyses and authors
were unaware of allocation.

Trial intervention

The intervention strategy involved titration of the
inspired oxygen percentage delivered by the oxygen/air
blender to the ECMO oxygenator, with sequential titra-
tion of inspired oxygen percentage delivered by the ven-
tilator. The oxygen strategy was continued until ECMO
support was ceased or until day 60 (whichever came
first). Monitoring of systemic oxygenation was performed
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via pulse oximetry on the right hand and intermittent
arterial blood sampling. Post-oxygenator saturations
were measured at least twice daily or more frequently as
required when titrating inspired oxygen to achieve the
desired target.

Conservative oxygenation target

The inspired oxygen fraction delivered to the oxygen-
ator (FbO,) was immediately reduced to 0.6. This was
then titrated between a minimum FbO, 0.5 and maxi-
mum FbO, 1.0 to achieve post-oxygenator ECMO circuit
blood saturation of 92—-96%. The ventilator FiO, was then
also titrated (minimum FiO, 0.21) to achieve right arm
arterial saturations of 92-96%. Patients who were not
mechanically ventilated while receiving VA-ECMO, had
nasal or facemask oxygen titrated to a flow rate which
achieved right arm oxygen saturations 92-96% (ESM,
Figs. S1 and S2).

Liberal oxygenation target

The oxygenator FbO, was set at 1.0 at all times. The ven-
tilator FiO, was titrated to right arm saturations 97-100%
(but not lower than 0.5). Patients who were not receiv-
ing mechanical ventilation, had nasal or facemask oxygen
delivered at a flow rate which achieved right arm satura-
tions 97-100% (ESM, Figs. S3 and S4).

Outcomes

The primary outcome of ICU-free days from randomi-
sation to day 28 was defined as the total number of days
free of ICU between randomisation and day 28, with all
patients who died before day 28 allocated zero ICU-free
days [12, 13].

Secondary outcomes included ICU and in-hospital
mortality, mortality at 28, 60, 90 and 180 days, ICU-free
days to day 60, ICU and hospital length of stay, duration
of mechanical ventilation and ECMO. ICU-free days to
day 60 was calculated in a similar manner to ICU-free
days to day 28 (for all patients and for survivors). To
account for the potential impact of ICU discharge delay,
an additional secondary outcome considered was ICU-
free days after accounting for time in ICU after being
deemed ready to leave [14]. Functional assessments of
quality of life and disability were assessed at 6 month
following ICU admission in available survivors using
the European Quality of Life Five Dimension Five Level
(EQ5D5L) and World Health Organisation Disability
Assessment Schedule (WHODAS 2.0).

Prespecified adverse events included episodes of criti-
cal hypoxia (SpO, < 80% for more than 5 min requiring an
emergency response), clinical or electro-encephalogram
confirmed seizures and any need for cardiopulmonary
resuscitation.

Data collection

Data were extracted from the EXCEL registry, a bi-
national research registry coordinated by the Austral-
ian and New Zealand Intensive Care Research Center,
Monash University which collects demographics, diag-
nostics, therapies, morbidity and mortality outcomes
on patients requiring ECMO at major hospitals in Aus-
tralia and New Zealand [15, 16]. Arterial blood gases
are reported to the registry for the first seven days after
ECMO initiation. Although blood gas sampling was per-
formed whenever there was a change in inspired oxygen
percentage, values were recorded in the EXCEL registry
only every 12 h. Patients requiring ECMO for longer than
seven days continued their allocated oxygen strategy, but
no further arterial blood gas values were reported cen-
trally to the registry.

Study-specific information collected directly by local
staff (which was not part of the existing EXCEL registry
dataset) related to screening, randomisation, interven-
tion allocation, prespecified adverse events and protocol
compliance. BLENDER-specific electronic case report
forms were linked through encrypted patient identifi-
ers to the EXCEL registry. Additional information was
obtained through linkage to the Australian and New Zea-
land Intensive Care Society Adult Patient Database, the
national clinical quality registry dataset [17, 18].

Statistical analysis

Sample size calculation was derived from pilot data,
where the overall mean + standard deviation in ICU-free
days to day 28 was 11.8+£8.4 [19]. Using a type I error
rate of 0.05 and a three-day difference between groups
in ICU-free days, recruiting 124 patients per group
facilitated 80% power. To account for non-normality and
potential dropout, the sample size was inflated to 300.

Analysis was performed on an intention to treat basis.
ICU-free days to day 28 was analysed using raw and
adjusted median (quantile=0.5) regression with results
reported as difference of medians (95% confidence inter-
val [CI]). Adjusted analysis accounted for the stratifying
variables of site and VA-ECMO mode (cardiogenic shock
or ECMO-cardiopulmonary resuscitation for refrac-
tory cardiac arrest [ECPR]), age, diagnosis, and baseline
imbalance (time from ECMO initiation to randomisa-
tion). Sensitivity to discharge delay was conducted by
replacing ICU discharge time with the time that each
patient was deemed ready for ICU discharge.

Mortality outcomes were analysed using generalized
linear mixed effects models with a binomial distribu-
tion and a log-link to facilitate relative risks (95% CI).
Patient survival was analysed using Cox-proportional
hazards regression with results reported as hazard ratios
with 95% CI and presented as a Kaplan—Meier survival
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curve. Duration outcomes (time to ECMO decannula-
tion/cessation, extubation from mechanical ventilation,
and ICU and hospital discharge) were analyzed using
Fine and Gray models to account for the competing risk
of death. Results are reported as sub-distribution hazard
ratios (sdHRs) with 95% ClIs, reflecting the overall effect
of different oxygen strategies on the cumulative incidence
of achieving the outcomes (e.g., ECMO cessation, extuba-
tion, or discharge) in the presence of the competing risk
of death. For all duration outcomes, sub-distribution haz-
ard ratios greater than 1 indicate an increased cumulative
incidence of achieving the outcome, suggesting a higher
likelihood of a positive outcome in the presence of the
competing risk of death [20]. All secondary outcomes are
presented as raw and adjusted analyses adjusting for the
previously described covariates with robust errors clus-
tered at a site level. Quality of life and disability measures
at 6 months (EQ5DL & WHODAS) were analysed using
median regression as previously described. Longitudi-
nal analyses of daily oxygenation levels were performed
using linear mixed-effects models fitting main effect for
treatment and time and an interaction between the two.
Per-protocol analysis was performed excluding patients
for whom there were major protocol deviation. Sub-
group analyses were performed in prespecified cohorts
defined by ECMO mode (cardiogenic shock or ECPR, in
whom randomisation was also sub-stratified), age (<50
or > 50 years), time to intervention (<3 h or>3 h) and ill-
ness severity categorised using the median Survival After
VA-ECMO (SAVE) score [21]. Subgroup and per-proto-
col analyses are presented in a forest plot.

Statistical significance for the primary outcome was
determined using a two-sided hypothesis test with an
alpha of 0.05. In the absence of adjustment for multiplic-
ity, subgroup analyses should be considered exploratory
and width of confidence intervals for secondary outcome
comparison should not be used in place of hypothesis
testing. A detailed analysis plan was published prior to
study completion [12, 13]. Further details about the anal-
ysis are provided in the ESM.

Results

Patients

From September 2019 through June 2023, 934 patients
at 26 hospitals received VA-ECMO and were reported to
the EXCEL registry, representing 58.2% of the total 1606
patients listed as having received ECMO of any mode
throughout Australia in The Australian and New Zealand
Intensive Care Society registry during the same period.
There were 594 patients who received VA-ECMO at the
13 participating hospitals. Of these, 300 patients (192
cardiogenic shock, 108 ECPR) were recruited into the
trial at 12 hospitals (ESM, Fig. S5). Their characteristics

were similar to other patients who received VA-ECMO.
However, trial participants had lower mortality (ESM,
Table S1).

Overall, 149 patients were assigned to the conserva-
tive oxygen strategy and 151 to the liberal strategy. All
patients or their surrogate agreed to continue the trial
when approached after initially being randomised. Base-
line characteristics of patients in each intervention group
are reported in Table 1. Characteristics of the pre-spec-
ified sub-stratified subgroups of cardiogenic shock and
ECPR patients are reported in ESM, Table S3 and S4.

Oxygen strategy intervention

Patient and post-oxygenator partial pressures, oxygen
saturations (Fig. 1) and inspired oxygen percentages
delivered to the patient/ventilator and to the ECMO oxy-
genator (ESM, Fig. S6) were all lower in the conservative
group.

The prevalence of hypoxaemia measured in the
patient’s radial artery was similar in both groups. There
were 135/149 (90.6%) patients in conservative group with
at least one PaO, <60 mm Hg during the first seven days,
similar to 132/151 (87.4%) in the liberal group. The prev-
alence of hypoxaemia in post-oxygenator blood gas sam-
ples was higher in the conservative group with 43/1013
(4.2%) of PaO, values<60 mm Hg compared to 3/909
(0.3%) in the liberal group. The conservative group expe-
rienced less hyperoxaemia, with 40/149 (26.8%) patients
having at least one PaO, measurement > 300 mm Hg dur-
ing the first seven days, compared to 65/151 (43.1%) in
the liberal group (ESM, Methods).

Haemoglobin, lactate levels, inotrope usage, ECMO
blood flow rates, use of invasive ventilation and renal
replacement therapy were similar in both groups. Con-
servative group patients experienced more major proto-
col deviations and were more commonly withdrawn from
their allocated oxygen strategy than the liberal group
(Table 2).

Primary outcome

The median number of ICU-free days to day 28 was
0 days (interquartile range [IQR] 0—13.7) in the conserva-
tive group and 0 days (IQR 0-13.3) in the liberal group
(median difference 0 days (95% CI — 3.1 to 3.1). These
results were consistent after adjusting for stratification
(site and ECMO mode), age, diagnosis, and baseline
imbalance (time from ECMO initiation to randomisa-
tion) (Table 3).

Outcomes in all subgroups were consistent with the
primary analysis including VA-ECMO for cardiogenic
shock, ECPR, the per-protocol group, ages above or
below 50 years, SAVE scores above or below the median
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Table 1 Characteristics of the patients at baseline

Demographic characteristics

Male gender 101 (67.8%) 100 (66.2%)
Age in years, mean (std) 536 (14.4) 516 (15.1)
Height (cm), mean (std)® 173 (10) 173 (10)
Weight (kg), mean (std)* 83 (19.4) 853 (21)
Hours from ECMO initiation to randomisation, mean (std)* 3(2) 25(1.7)
Chronic respiratory disease™ 11 (7.8%) 3(2.2%)
Chronic heart disease (NYHA Il or IV)™ 18 (12.8%) 11 (7.9%)
Chronic liver disease (cirrhosis)* 0 (0%) 0 (0%)
Chronic renal disease (dialysis-dependent)™ 0 (0%) 2 (1.4%)
Treatment limitation already in place at ICU admission 1(0.7%) 3 (2%)
ECMO indication subgroup
ECMO cardio-pulmonary resuscitation (ECPR) 57 (38.3%) 51 (33.8%)
Diagnosis group
Acute myocardial infarction 47 (31.5%) 51 (33.8%)
Peri-operative support (all patients) 30 (20.1%) 17 (11.3%)
Coronary artery bypass graft / valve operations 7 (4.7%) 6 (4%)
Heart transplantation 11 (7.4%) 5(3.3%)
Lung transplantation 7 (4.7%) 3 (2%)
Other 5 (3.4%) 3 (2%)
Acute decompensated heart failure, not covered elsewhere 20 (13.4%) 22 (14.6%)
Pulmonary embolism 19 (12.8%) 16 (10.6%)
Chronic cardiomyopathy 9 (6%) 9 (6%)
Primary arrhythmia 5 (3.4%) 8 (5.3%)
Myocarditis 4(2.7%) 8 (5.3%)
Toxic 4(2.7%) 6 (4%)
Advanced pulmonary hypertension 4(2.7%) 2(1.3%)
Chronic graft (heart) dysfunction 2 (1.3%) 1 (0.7%)
Congenital heart disease 1(0.7%) 4 (2.6%)
Septic shock with myocardial depression 0 (0%) 4 (2.6%)
Not available / unknown 4(2.7%) 2 (1.3%)
Source of admission to ICU
ICU in another hospital 8 (25.5%) 5(23.2%)
Operating theatre or recovery (26 8%) 7 (17.9%)
Emergency department 32 (21.5%) 31 (20.5%)
Catheter Lab 8(12.1%) 8(18.5%)
General ward 6 (10.7%) 20 (13.2%)
Other hospital (not ICU) 5 (3.4%) 10 (6.6%)
Therapies in place/given prior to ECMO initiation
Invasive ventilation 126 (84.6%) 138 (91.4%)
Duration of invasive ventilation in hours, median [IQR] 4.810.8-13] 35[07-114]
Non-invasive ventilation 3/148 (2%) 2 (1.3%)
Intra-aortic balloon pump 19 (12.8%) 12 (7.9%)
Vasoactive agents 121 (81.2%) 127 (84.1%)
Epinephrine 92/148 (62.2%) 96/149 (64.4%)
Nor-epinephrine 80/148 (54.1%) 82/148 (55.4%)
lliness severity scores, blood pressure & arterial blood gases
APACHE IV score, mean (std)® 97 (35) 102 (33)

SAVE score, mean (std) -5.1(5.1) -5(5.2)
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Table 1 (continued)

Lactate, mean (std)®®

Systolic blood pressure (mmHg), mean (std)EE
Diastolic blood pressure (mmHg), mean (std)*
FiO,, mean (std)”

pH, mean (std)**
PaCO,, mean (std)®®
Pa0,, median [IQR]*%

Sa0,, median [IQRI%

7.1(54) 73(4.8)
83.6(25.3) 82.2(25.3)
51.7 (16.6) 51.8(16.6)
804 (24.8) 794 (26.5)
7.21(0.22) 721 (0.18)
46.6 (21.5) 424 (15.6)
98 [72-190] 108 [75-166]
96 [91-99] 97 [93-98]

Denominator for each group = 149 conservative, 151 liberal unless otherwise indicated

APACHE = Acute Physiology and Chronic Health Evaluation; ECMO = Extracorporeal membrane oxygenation; ICU = Intensive Care Unit, NYHA =New York Heart
Association classification; PaCO, = partial pressure of carbon dioxide in arterial blood in mm Hg; PaO, = partial pressure of oxygen in arterial blood in mm Hg; pH =log
hydrogen ion concentration of arterial blood; SAVE = Survival After VA-ECMO score; SaO, = percentage oxygen saturation of arterial blood

*Statistically significant p <0.05

@height available for 142 conservative, 142 liberal; * weight available for 144 conservative, 147 liberal; * duration of ventilation pre-randomisation is reported for only
those that received invasive ventilation prior to randomisation, 126 conservative, 138 liberal; * chronic comorbidities available for 141 conservative, 139 liberal; &
APACHE IV score available for 138 conservative, 147 liberal; "SAVE score available for 144 conservative, 146 liberal; ®® Lactate available for 115 conservative, 121 liberal;
££Blood pressure available for 127 conservative, 139 liberal; ** FiO, available for 99 conservative, 109 liberal; * pH available for 110 conservative, 113 liberal; ° PaCO,
available for 109 conservative, 114 liberal; ** PaO, available for 109 conservative, 110 liberal; % Sa0, available for 105 conservative, 112 liberal

value of — 5, and in those randomised before or after 3 h
from initiation of ECMO (Fig. 2, and ESM, Table S3 and
S4).

Secondary Outcomes

Secondary outcomes were similar in both groups includ-
ing ICU-free days to day 28 accounting for discharge
delay, ICU-free days to day 60 with or without account-
ing for discharge delay, patient survival up to 6 months,
time to extubation, ECMO decannulation/cessation and
discharge from ICU or hospital. Assessments of disabil-
ity and quality of life at 6 months were similar in both
groups (Table 3, Fig. 3, and ESM, Figs. S12-S15). In the
subgroups of cardiogenic shock and ECPR patients,
there were no differences in any secondary outcomes
(ESM, Table S3 and S4).

Adverse events

The frequency of adverse events such as critical hypox-
aemia episodes, cardiopulmonary resuscitation or sei-
zures were similar (Table 2).

Discussion
In this registry-embedded, randomised trial, we com-
pared a conservative oxygen strategy to a liberal oxygen

strategy in 300 patients receiving VA-ECMO in the
ICU. The number of ICU-free days to day 28 was simi-
lar in both groups. These findings remained consistent
across all prespecified subgroups, including VA-ECMO
for cardiogenic shock and ECPR for refractory cardiac
arrest. Secondary outcomes including mortality up to
180 days and adverse events were also similar in both
groups. Patients in the conservative oxygen group were
more likely to deviate from the protocol or be with-
drawn from their allocated oxygen strategy.

Patients receiving VA-ECMO are commonly exposed
to hyperoxaemic blood returning to the body from
the ECMO circuit and are thus liable to its poten-
tial adverse effects [2, 22]. Observational studies have
identified an association between hyperoxaemia and
adverse outcomes in a variety of critically ill patient
groups [23—25]. This has been consistently reported in
patients receiving VA-ECMO [2, 7, 22, 26, 27]. How-
ever, the degree to which this is driven by direct hyper-
oxaemic injury rather than underlying disease severity
(such as a low native cardiac output) is uncertain [27].

The findings of other interventional oxygen target
trials in the general ICU population have been incon-
sistent. Earlier trials suggested conservative oxygen tar-
gets may reduce mortality in critically ill patients [28,
29]. Subsequent trials have either failed to show any
difference [30-33] or suggested potential harm from
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Fig. 1 Partial pressures of arterial oxygen and oxygen saturations of the patient and post-oxygenator. Shown are the partial pressures (panels a.,
b.) and saturations (panels c.—e.) of oxygen recorded from the post-oxygenator (PbO,, SbO,), the radial arterial line (PaO,, Sa0,) and pulse oximetry
on the right hand (Sp0O,) of patients still on ECMO from day 1 to 7. Patients were assigned to either a conservative oxygen strategy (Sa0O, 92-96%)
or to a liberal oxygen strategy (SaO, 97-100%) at the time of randomization. The intervention strategy was continued until cessation of ECMO. One
patient in the conservative group who died on day 1, had no blood gas values recorded. All curves show the geometric mean and 95% confidence
interval of the available values
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Table 2 ECMO configuration, oxygen delivery parameters (ECMO blood flow, haemoglobin, lactate, blood pressure),

treatments, protocol compliance and adverse events on ECMO

Cannulation configuration™

Central return (aortic)
Central access (right atrial)

ECMO blood flow (I/min)

Renal replacement therapy
Vasoactive agents

7/147 (4.8%)
3/148 (2%)

At 24 h (147 conservative, 146 liberal) 3.25(0.68)

At 72 h (125 conservative, 123 liberal) 3.26 (0.76)

At 7 days (49 conservative, 50 liberal) 3.02 (0.86)
Haemoglobin (g/1)

At 24 h (146 conservative, 143 liberal) 994 (17.6)

At 72 h (129 conservative, 130 liberal) 91.5(13.3)

At 7 days (54 conservative, 57 liberal) 90.5 (13)
Lactate (mmol)

At 24 h (146 conservative, 143 liberal) 19[1.3-3]

At 72 h (129 conservative, 130 liberal) 1.4[1-1.9]

At 7 days (54 conservative, 56 liberal) 1.2[1-1.5]
Systolic blood pressure (mmHg)

At 24 h (139 conservative, 143 liberal) 93.7 (25.3)

At 72 h (127 conservative, 129 liberal) 102.6 (25.3)

At 7 days (55 conservative, 58 liberal) 106.6 (25.3)
Diastolic blood pressure (mmHg)

At 24 h (139 conservative, 143 liberal) 60.2 (16.6)

At 72 h (127 conservative, 129 liberal) 61.5 (16.6)

At 7 days (55 conservative, 58 liberal) 66 (16.5)
Treatments during first 7 days

Invasive ventilation 148/148 (100%)

93 (62.4%)

Epinephrine (day 1) 103/148 (69.6%)
Epinephrine (day 3) 67/132 (50.8%)
Epinephrine (day 7) 17/56 (30.4%)

Norepinephrine (day 1)

133/148 (89.9%)

Norepinephrine (day 3) 107/131 (81.7%)
Norepinephrine (day 7) 39/56 (69.6%)
Dobutamine (day 1) 43 (28.9%)
Dobutamine (day 3) 33/140 (23.6%)
Dobutamine (day 7) 13/122 (10.7%)
Milrinone (day 1) 64 (43%)

Milrinone (day 3)
Milrinone (day 7)

Protocol compliance

59/140 (42.1%)
30/122 (24.6%)

Any protocol deviation* 79 (52.3%)
Any protocol deviation within 48 h* 64 (43%)
Single protocol deviation only (included in per-protocol analysis) 35 (23.5%)
Patientsexcluded from ‘per-protocol’analysis (major protocol deviation)? 44 (29.5%)
Multiple protocol deviations 34 (22.8%)
Withdrawn from oxygen intervention by clinician 11 (7.4%)
Converted from VA-ECMO to a different support mode 2 (1.3%)

Complications/adverse events®

4/149 (2.7%)
3/148 (2%)

3.36 (0.66)
3.17(0.72)
2.86 (0.66)

99.3(17.5)
916 (13.5)
90.5(13.3)

1.8[1.3-33]
1.3[1-1.8]
1.2[0.9-1.6]

94.9 (25.3)
102.7 (25.3)
103.9 (25.3)

61.8(16.6)
62.7 (16.6)
63.3 (16.5)

149 (98.7%)
100 (66.2%)

103/147 (70.1%)
65/132 (50.2%)
12/58 (20.7%)
133/147 (90.5%)
108,132 (81.8%)
41/58 (70.7%)
45 (29.8%)
40/144 (27.8%)
16/126 (12.7%)
75 (49.7%)
72/144 (50%)
37/126 (29.4%)

25 (16.6%)
17 (11.3%)
23 (15.2%)
2(1.3%)

0 (0%)
2(1.3%)
0 (0%)
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Table 2 (continued)

Critical hypoxia / hypoxaemia episodes"
Cardio-pulmonary resuscitation

Clinical seizures

EEG confirmed seizures

16 (10.7%) 13 (8.6%)
3 (2%) 6 (4%)
2(1.3%) 2(1.3%)
0 (0%) 2 (1.3%)

EEGElectro-encephalogram, ECMO Extracorporeal membrane oxygenation

@ P-values for comparisons of adverse events; critical hypoxia episodes (p =0.53), Cardio-pulmonary resuscitation (p =0.32), clinical seizures (p = 1.00), EEG confirmed

seizures (p =0.50)

P-values for comparisons of protocol compliance, Any protocol deviation (p < 0.001), Protocol deviations within 48 h (p<0.001), Single protocol deviation only
(p = 0.15), Major protocol deviation (p < 0.001), Multiple protocol deviations(p < 0.001), Withdrawn from oxygen intervention (p = 0.01), Converted from VA-ECMO

(p=0.15)

Denominator for each group = 149 conservative, 151 liberal unless otherwise indicated

* One patient in the conservative group had a subclavian return

“ A protocol deviation was defined as not following the O, strategy for more than 6 h in any single 12-h period

$ Patients can have multiple reasons for exclusion

# A critical hypoxia episode was defined as SpO, or Sa0, <80% lasting for 5 or more minutes and requiring an emergency response

A major protocol deviation was defined having more than one individual protocol deviation per patient, or being withdrawn from the oxygen intervention by the

clinician or conversion from VA-ECMO to another mode

conservative oxygen targets in patients with cardiac
arrest and acute respiratory distress syndrome [8, 10].

The lack of difference in the primary or secondary
outcomes in our trial suggests that avoidance of hyper-
oxaemia while receiving VA-ECMO is unlikely to impact
patient outcomes. It also implies that the previously dem-
onstrated association between hyperoxaemia and adverse
outcomes was likely primarily driven by underlying path-
ological processes.

Our trial has several strengths. Our findings are highly
generalisable. Its design as a registry-embedded prag-
matic trial allowed us to recruit patients from multiple
hospitals and ensure participants were characteristic of
all other patients receiving VA-ECMO throughout Aus-
tralia. We examined both short-term survival outcomes
and long-term functional status. Over one third of the
recruited patients received ECPR, a group likely to be
highly sensitive to the adverse effects of high or low oxy-
gen levels. Our protocol mandated titration of both ven-
tilator and oxygenator blender. This increased the chance
of consistent oxygenation levels throughout the patient’s
arterial system (i.e. less differential hypoxia). Although
our intervention only targeted blood oxygenation, other
markers of oxygen delivery such as haemoglobin, lactate,
inotrope use and ECMO blood flow were similar in both
groups.

Our study also had several limitations. Despite lower
oxygenation parameters in the conservative group
(Fig. 1), there were 40 (27%) patients in this group who

experienced at least one episode of severe hyperoxaemia
(PaO,>300 mm Hg). We cannot determine if a lower
FbO, target might have resulted in greater group sepa-
ration but also a greater risk of hypoxaemia. Our choice
of primary outcome was based on pilot data where
the mean ICU-free days was 11.8+8.4 days [19]. Our
recruitment of more ECPR patients (over half of whom
died) contributed to the finding of a median of zero ICU-
free days overall and suggests that ICU-free days to day
28 may not be an informative primary outcome measure
for this cohort. We cannot tell if other unmeasured out-
come measures might be more sensitive to changes in
oxygenation status. We found no evidence of an increase
in adverse events due to hypoxia, but patients in the con-
servative group more commonly had hypoxaemic post-
oxygenator samples and were more likely to discontinue
their allocated oxygen intervention protocol. Potential
reasons include local difficulties applying the protocol or
the development of transient hypoxia, which prompted
clinicians to remove the patient from the allocated oxygen
strategy. However, there was no difference in outcomes
between the two groups in the per-protocol analysis. As a
registry-embedded trial, oxygenation values which were
taken more frequently at the hospital, as well as details
about the nature of the protocol deviations were unavail-
able in the registry dataset. There was also no reporting
of vasopressor dose or liver function to the registry and
no reporting of blood gas data to the registry after day
seven, although monitoring of protocol compliance and
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Table 3 Primary and secondary outcomes

Primary outcome
ICU-free days to day 282, median
[IQR]
Secondary outcomes
ICU-free days

ICU-free days to day 28 (survivors
only)®, median [IQR]

ICU-free days to day 28 (account-
ing for discharge delay),
median [IQR]

ICU-free days to day 60,
median [IQR]

ICU-free days to day 60 (survivors
only)¥, median [IQR]

ICU-free days to day 60 (account-
ing for discharge delay),
median [IQR]

Mortality
Died in ICU
Died in hospital
Died by day 28
Died by day 60
Died by day 90
Died by day 180

12.1[0-17.4]

0[0-14.5]

19.3[0-45.7]
449 [31.2-49.5]

19.5[0-46.5]

65 (43.6%)

65 (43.6%)

59 (39.6%)

64 (43%)

66 (44.3%)
68/143 (47.6%)

Duration of ECMO, ventilation and lengths of stay®

ECMO (days), median [IQR]

Invasive ventilation (days),
median [IQR]

ICU length of stay (days),
median [IQR]

Hospital length of stay (days),
median [IQR]

Functional outcomes assessments
at 6 months

Raw WHODAS 2.0 score

WHODAS score converted to
percentage

EQ5D5L score

EQ5D5L score (all deaths
assigned score of zero)

4.1[25-73]
84[3.5-13.7]

11.8[6-22.2]

19.2[6.8-36.8]

(h=73)

7[1-13]
14.6 [2.1-27.1]

0.93 [0.86-1]
0.54[0-0.93]

0[0-133] 1.00

12[0.2-17.7]

0[0-13.7]

22.7[0-453]
443 [33.8-49.7]

22.7[0-45.7]

62 (41.1%)
64 (42.4%)
59 (39.1%
62 (41.1%
63 (41.7%)

69/147 (46.9%)

)
)

42[23-7.8]
79[3.5-13.2]

11.2[4.7-19.7]
20.2 [6.4-40.9]
(h=67)

7[2-18]
14.6 [4.2-37.5]

0911[0.77-1]
0[0-0.91]

Difference in medians (95%Cl)
0(-31t03.1)

0.2 (-511t05.5)

0(-3.1t03.1)

-34(-19t012.1)
06 (-28t04)

-32(-1881t0124)

Relative risk (95%Cl)
1.06 (0.82-1.38)
1.03 (0.79-1.34)
1.01(0.77-1.34)
1.05 (0.80-1.36)
1.06 (0.82-1.38)

1.01 (0.79-1.29)
Hazard ratios (95%Cl)*
0.92 (0.68-1.23)

0.93 (0.69-1.25)

0.92 (0.69-1.24)
0.98(0.73-1.33)
Difference in medians (95%Cl)

0(-5t05)
0(-104to0 104)

0.02 (- 0.04 t0 0.07)
0.54 (- 0.12 to 1.20)

0(-2t02)

-09(-48103)

0(-19t0 1.9

-23(-142109.7)
0.7 (-4t0523)

-26(-1461093)

1.01(0.70-1.47)
0.99 (0.70-1.40)
0.94 (0.63-1.40
0.98 (0.65-1.49
1(0.68t0 1.47)
0.97(0.71-1.32)

)
)

0.93 (0.68-1.27)
1(0.74-1.35)

0.99 (0.73-1.34)

1.08 (0.79-1.47)

27(-151t06.9)
56 (-3.1to0 144)

0 (- 0.06 to 0.06)
0(-0211t00.21)

Denominator for each group = 149 conservative, 151 liberal unless otherwise indicated. Values reported are for all patients (both survivors and deaths) unless

otherwise indicated

Cl Confidence Interval, ECMO Extracorporeal membrane oxygenation, EQ5DL European Quality of Life Five Dimension Five Level assessment, ICU Intensive Care Unit,
IQR interquartile range, WHODAS World Health Organisation Disability Assessment Schedule (range 0 least disability to 48 greatest disability)

% Number of survivors at day 28 =90 conservative, 92 liberal

& Number of survivors at day 60 =85 conservative, 89 liberal
@ Mean = Standard deviation, Conservative 5.9+ 8, Liberal 6.4 +8.1

" Adjusted for site, ECMO indication, age, diagnosis & time from ECMO initiation to randomisation,

$ Duration variables are reported for all patients and are calculated from randomisation

# Sub-distribution hazard Fine and Grey regression models accounting for the competing risk of death, representing the relative probability of decannulation,

extubation or discharge
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Subgroup Liberal oxygen Conservative oxygen Median difference [95% ClI]
Number of patients :

All patients 151 149 '—+—' 0[-3.1t03.1]
Per protocol 149 105 ? 0[-4.0t04.0]
Age '

<50 yrs 58 58 L 4 0[-5.2t05.2]

>50yrs 93 91 ¢ 0[-4.6 to 4.6]
SAVE score :

<5 82 78 — 0[-3.4t03.4]

>-5 64 66 := 0.2[-5.8106.1]
Time to intervention !

<3hrs 92 84 L 4 0[-5.4t05.4]

>3 hrs 59 65 ¢ 0[-3.9t03.9]
Indication for ECMO :

Cardiogenic shock 100 92 o -0.3[-5.5t04.8]

ECPR 51 57 . 0[-4.0t0 4.0]

60 40 20 00 20 40 60 80
Liberal oxygen Better Conservative oxygen Better

Fig. 2 Overall and subgroup analyses of difference in medians for intensive care unit (ICU)-free days to day 28. Shown are the results of analysis of
difference in medians for ICU-free days to day 28 between the conservative oxygen strategy (SaO, 92-96%) group and the liberal oxygen strategy
(Sa0, 97-100%) group. Groups shown include the whole 300 patient cohort included in the ‘intention-to-treat’analysis, 254 patients included in
the per-protocol analysis, pre-specified subgroups of 184 patients aged above 50 years, 116 patients aged 50 years or less, 160 patients with a SAVE
score of - 5 or less, 130 patients with a SAVE score of more than - 5, 176 patients randomised within three hours or less from VA-ECMO cannulation,
124 patients randomised more than three hours from VA-ECMO cannulation, 192 patients who underwent VA-ECMO for cardiogenic shock and

108 patients who received ECMO cardio-pulmonary resuscitation. VA-ECMO venoarterial extracorporeal membrane oxygenation, SAVE Survival After
Venoarterial ECMO score

Product-Limit Survival Estimates
With Number of Subjects at Risk and 95% Confidence Limits

1.0
0.8 4
2
S 06 .
Q o
o T =
s - e
©
2
2 0.4
n
0.2+
0.0
Conservative 149 80 72 59 1
Liberal 151 75 68 55 8
T T T T T
0 100 200 300 400
Patient survival censored at 400 days
[ Treatment grou Conservative —— — - Liberal |

Fig. 3 Patient survival. Conservative vs liberal; Raw hazard ratio 0.97 [0.70 to 1.36]. Adjusted hazard ratio* 0.92 [0.65-1.31]. *Adjusted for site, ECMO
indication, age, diagnosis & time from ECMO initiation to randomisation
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local site-based measurements of oxygenation contin-
ued throughout the whole duration of ECMO support.
Non-invasive monitoring of post-oxygenator saturations
was not available. Although right hand pulse oxime-
try values were available for all patients, the proportion
of arterial blood gases taken from the right (as opposed
to left) radial artery was unknown. The impact of dif-
ficulty in measuring patients’ oxygen saturations related
to skin perfusion, skin colour or limited native pulsatility
is unknown. The applicability of our findings to patients
who do not require VA ECMO and the possibility of
heterogeneity in effect of oxygen strategies in different
patient groups cannot be determined from our study [34,
35]. Clinicians and patients were unblinded. However,
follow-up adjudicators were unaware of the allocated
intervention strategy. Biochemical markers of inflamma-
tion and ‘oxygen stress’ were not available.

In adults receiving VA-ECMO in the ICU, a conserva-
tive compared to a liberal oxygen strategy did not affect
the number of ICU-free days to day 28, nor any other
measurable patient outcomes up to 6 months after ICU
admission. A conservative oxygen strategy resulted in
more frequent protocol deviations.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1007/500134-024-07564-8.
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