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Background
Introduction

It is over 50 years since the first description of the acute
respiratory distress syndrome (ARDS) (1), yet few topics
have so exercised the imagination and efforts of the critical
care research community. While substantial advances
have been made in understanding the pathogenesis of
ARDS, and several attempts have been made to develop
pharmacological therapies for this common condition,
understandably a large part of the focus has remained on
optimizing mechanical ventilation to reduce iatrogenic lung
injury (2,3). This journey has been marked by successes,
most notably development of low tidal volume ventilation
strategies (4), but remains a complex area of practice ripe
for further improvement (5). Aggarwal ez 4l. present a study
that seeks to identify a new area where such improvement
may be possible—titration of inspired fraction of oxygen (6).

Oxygen: friend or foe

Sometime around 2.5 billion years ago, the earth began
a roller coaster ride transition from an oxygen poor
to oxygen rich atmosphere (7), and the availability of
molecular oxygen as an electron acceptor in energy-
efficient metabolic pathways was probably a major driver
of the evolution of complex eukaryotic life (8). Indeed,
since reduction of carbon-based fuels to generate ATP by
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oxidative phosphorylation in mitochondria is the primary
means of energy production in humans, oxygen is often
viewed as the essence of human life. However, oxygen is
a double-edged sword. The generation of reactive oxygen
species (ROS) either as by-products of aerobic metabolism
or by specialised enzymes, can damage important cellular
molecules including proteins, lipid and DNA. Indeed all
aerobic species possess highly conserved cellular defence
strategies to deal with ROS (9), a dark threat that life has
been battling since its emergence on the planet (10).

Direct lung toxicity

It has long been understood that supra-normal partial
pressures of inspired oxygen may injure lung tissue (11).
Healthy human volunteers have been shown to
develop mucociliary dysfunction and other features of
tracheobronchitis after as little as 3 hours of inhaling
90-100 per cent oxygen gas mixtures. Comprehensive
pathological and biochemical models of oxygen-related lung
toxicity have been elaborated from animal models (12), and
include both direct cell damage from ROS production, and
subsequent activation of various inflammatory pathways.

In terms of the concentration of inspired oxygen required
to produce toxicity, a series of animal experiments in the last
century demonstrated convincingly that prolonged exposure
to an FiO, >0.7 was unambiguously toxic to several animal
species, and virtually all experiments find that most animals

7 Thorac Dis 2018;10(Suppl 18):S2133-52137



S2134

die several days after breathing an FiO, 0.8 (12). The effect
increases with increasing partial pressure, though toxicity
has not been observed in general with FiO, <0.6. The time
course is further modulated by animal age, species and even
strain. Therefore, direct lung toxicity from oxygen seems to
begin as FiO, is increased above 0.6 and develop as function
of precise partial pressure, exposure time and host factors.

The histopathological changes induced in primates
exposed to high inspired fractions of oxygen are very similar
to those observed in the lungs of patients with ARDS who
died without being exposed to high inspired concentrations
of oxygen. These features include an early “exudative” phase
progressing to a late “proliferative” or “fibrotic” phase
(13,14). The close resemblance between hyperoxia induced
lung injury and ARDS from other causes is alarming,
because it raises the prospect that iatrogenic injury may
become shrouded in a cloak of initiating pathology in severe
ARDS and go unrecognized in clinical practice.

Systemic effects of byperoxia

Apart from direct toxicity from lung exposure to high
fractions of inspired oxygen, if this exposure also leads
to supraphysiological partial pressures of oxygen in the
bloodstream, there is the potential for distal organ injury.
For example, arterial hyperoxia has been shown to be
associated with vasoconstriction in important vascular
beds, such as in the coronary and cerebral circulation (15),
and with a reduction in cardiac output (16). Similarly
hyperoxia has been shown to cause remote injury in the
eye, the central nervous system and the gastrointestinal
tract (17), due to ROS mediated cell injury and subsequent
inflammatory responses, though in truth the situation is
complex and animal data have sometimes indicated a benefit
of hyperoxemia through complex mechanisms including anti-
inflammatory effects in certain models of shock states (18).

Clinical studies

Surprisingly little randomised evidence exists to guide
clinicians in deciding what represents a “safe” level of
oxygen administration, particularly in mechanically
ventilated patients (19). A recently published meta-analysis
of RCTs comparing “liberal” to “conservative” oxygen
administration strategies in various clinical scenarios
concluded that there was a consistent signal for increased
mortality overall with “liberal” oxygen administration (20).
With a plausible pathobiology involving both direct
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pulmonary and systemic effects in ARDS—could oxygen be
particularly harmful in this patient group?

Current study

This background provides the context for the interesting
retrospective analysis presented by Aggarwal e a/. which
examines the association between “above goal” oxygen
exposure and clinical outcomes in mechanically ventilated

patients with ARDS (6).

Population

The population examined was a cohort of patients with
ARDS (American-European consensus definition) enrolled
in a series of ten randomised controlled trials conducted by
the ARDSnet group between 1996 and 2013. The authors
excluded those assigned to receive targeted tidal volumes
of 12 mL/kg of predicted body weight, as well as those in
whom initial severity of ARDS could not be determined
because they did not have an ABG on day 0 to define
severity. This strategy yielded a total of 2,994 patients
for analysis in this retrospective cohort study, or 69% of
all those enrolled in the original ten trials. The exclusion
criteria seem fair. Baseline severity of ARDS is a very plausible
confounder in this study, and it seems reasonable to restrict
analysis to cases where it can be accounted for. This is further
supported by similar age, sex, and mean APACHE III scores
in those who did not have a day 0 ABG and those who did.
On the other hand, it is possible that this strategy affected the
point estimate obtained, which might not be reflective of the
true effect in all-comers eligible for the original trials.

Exposure

The exposure of interest was oxygen administration greater
than that necessary to achieve the oxygenation target laid
out in the ARDSnet common protocols, which the authors
termed “above goal” oxygen exposure. Participants were
classified as having “above goal” oxygen exposure on a given
day if they had a recorded PaO, greater than 80 mmHg
from altitude-adjusted morning arterial blood gases
(ABGs). The magnitude of the exposure for a given day
was calculated as the difference between morning FiO, (at
the time of ABG measurement) and 0.5 and cumulative
exposure over the first 5 days was calculated by summation.
This is a pragmatic and reasonable exposure definition.
Really, we are interested in the effect on outcome of the
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difference between the FiO, used and the minimum FiO,
that could have been used to achieve a PaO, within the
protocolized target range, but of course could not be
calculated retrospectively from the ARDSnet data. This
said, the definition leads inevitably to some possibility of
misclassification error. For example, oxygen administration
is likely to be dynamic over the course of any given day, so
the measure is an imperfect “snapshot” of inhaled oxygen
exposure on a given day. Indeed, perhaps surprisingly given
the focus on gas exchange in ARDS, not all patients had a
morning ABG on each study day, forcing the investigators
to extrapolate missing data from recorded data.
Reassuringly, sensitivity analyses suggested that this was
reasonable. Finally, although one could criticize the choice
of an FiO, of 0.5 as a “threshold” value in assessment of the
magnitude of excess oxygen administration, a sensitivity
analysis using different thresholds appeared not to alter the
study conclusions significantly.

Outcomes

The primary outcome was mortality prior to discharge
home at 90 days. Secondary outcomes included ventilator
free days (VFDs) and hospital-free days (HFDs). These
measures are reassuringly robust, patient-centred and are
closely aligned with primary and secondary outcomes of
the original studies so that they are likely to be measured
with similarly good precision. On the other hand, because
of the retrospective nature of the study, unfortunately the
authors were not able to assess some important secondary
outcomes, particularly cognitive function and quality of
life. This might be important because it has been argued
that conservative oxygenation strategies in mechanically
ventilated patient might be associated with a higher risk of
hypoxemia, which in turn might affect cognitive function
through increased frequency of injurious cerebral hypoxia.
Indeed, where gas exchange is tenuous as it is in ARDS,
this seems especially plausible and poorer oxygenation is
associated with worse cognitive outcomes in ARDS (21). It
would be important to know whether any favourable change
in mortality related to a given oxygen administration strategy
is counterbalanced by unfavourable changes in disability in
survivors, since survival with a poor quality of life or severe
disability may not be acceptable to some patients.

Results

Even in the heavily protocolized mechanical ventilation
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practice of the ARDSnet trials, above goal oxygen exposure
was very common, occurring in almost half (48%) of
patients. The authors observed a strong association between
the exposure and their selected outcomes. In a multivariable
regression model, cumulative above goal oxygen exposure
was associated with an adjusted interquartile range odds
ratio of in-hospital mortality at 90 days of 1.20 (95% CI:
1.11 to 1.31). Importantly, the magnitude of the effect
on mortality is similar to that described in a recent meta-
analysis comparing conservative to liberal oxygenation
strategies in a wide variety of clinical scenarios (22). Though
we are not told how exactly the authors selected variables
for inclusion in the model, they seem to have included most
of the critical confounders including age, sex, APACHE III
score, PEEP and most importantly, baseline ARDS severity.
Similarly, linear regression modelling using the same
variables demonstrated that above goal oxygen exposure
was associated with a reduction in VFDs of 0.83 (95%
CI: 1.17 to 0.48) and a reduction in HFDs of 1.38 days
(95% CI: 2.09 to 0.68).

Caveats

What are we to make of these results? Firstly, the results
of this study should be viewed as hypothesis generating
not confirming and indeed the authors conclude this in
their discussion. While the authors have made every attempt
to control for it, the possibility of unmeasured or poorly
measured confounding remains due to the observational
nature of the work. As clinicians we can ask the question -
what reasons might there be for a patient to experience
above goal oxygen exposure in an experiment where
mechanical ventilation is strongly protocol orientated? One
possibility is that it is simply inattention to detail, or failure
to adhere to the expected standard of care. If so, protocol
violation might simply be a surrogate for poor care through
a variety of mechanisms such as inadequate training,
resourcing, or skill of the multidisciplinary team looking
after the patient. Indeed, this is the strongest threat to the
study conclusions. The association of above goal oxygen
exposure with increasing hypotension is also interesting.
Could it be that teams aim for higher oxygenation targets
when continuous non-invasive oxygenation monitors fail
because of peripheral vasoconstriction in hypotension. It
is certainly plausible that carers might fear recognition of
hypoxemia will be delayed in such circumstances. If so does
the association simply represent confounding by co-morbid
pathology such as shock? Finally, baseline ARDS severity
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classification has been shown to poorly predict subsequent
disease progression (23)—could it be that the association
simply represents indication bias due to failure to capture
differences in ARDS disease severity? And similarly, while
APACHE III is a good measure of overall critical illness
severity, it is imperfect. Is it possible that when care needs
are complex, healthcare workers default to hyperoxia to
eliminate one variable contributing to cognitive load and
care burden in order to focus on other elements of care? If
so then above goal oxygen exposure may simply represent a
marker for “sicker” patients.

These are minor quibbles with a well conducted
observational study that demonstrates a strong association in
a clinical setting between above goal oxygen administration
and poorer outcomes in ARDS, a hypothesis that has a
sound theoretical underpinning. The answer to the question
of whether this represents a real and important effect in
ARDS patients will ultimately only come from randomised
controlled experiments that include this population. We
agree with the authors that their data adds further weight
to a theory and set of premises that need to be urgently and
comprehensively investigated in such randomised controlled
trials—ICU ROX (24), oxyPICU (25) and HOT-ICU
(NCT03174002) for example. If these experiments support
the conclusions of Aggarwal er al. we may well have to add
“hyperoxia” alarms to the symphony of intensive care!
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