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Abstract
Nearly all patients receiving treatment in a peri-operative or intensive care setting receive supplemental oxygen therapy. It 
is biologically plausible that the dose of oxygen used might affect important patient outcomes. Most peri-operative research 
has focussed on oxygen regimens that target higher than normal blood oxygen levels. Whereas, intensive care research has 
mostly focussed on conservative oxygen regimens which assiduously avoid exposure to higher than normal blood oxygen 
levels. While such conservative oxygen therapy is preferred for spontaneously breathing patients with chronic obstructive 
pulmonary disease, the optimal oxygen regimen in other patient groups is not clear. Some data suggest that conservative 
oxygen therapy might be preferred for patients with hypoxic ischaemic encephalopathy. However, unless oxygen supplies 
are constrained, routinely aggressively down-titrating oxygen in either the peri-operative or intensive care setting is not 
necessary based on available data. Targeting higher than normal levels of oxygen might reduce surgical site infections in 
the perioperative setting and/or improve outcomes for intensive care patients with sepsis but further research is required and 
available data are not sufficiently strong to warrant routine implementation of such oxygen strategies.
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Introduction

Supplemental oxygen is a common medical treatment but 
it is not necessarily a benign therapy. Humans evolved in 
an atmosphere with 21% oxygen and, from an evolution-
ary perspective, we are adapted to breathe room air and 
to a partial pressure of oxygen  (PaO2) in arterial blood 
of 75–100 mmHg (10.5–13.5 kPa). Using oxygen to con-
vert biochemical energy from nutrients into adenosine 

triphosphate (ATP) via aerobic cellular respiration is fun-
damental to sustaining human life.

While humans are dependent on oxygen to survive, oxy-
gen is, inherently, a highly reactive chemical. In addition to 
producing ATP, aerobic cellular respiration produces reac-
tive oxygen species (ROS). While these ROS have important 
roles in cellular signalling and homeostasis, they can dam-
age nucleic acids, proteins and lipid membranes resulting 
in cell death. Antioxidant enzymes prevent major cellular 
damage from ROS. However, generation of ROS increases 
with rising  PaO2 and, when production of ROS exceeds the 
capacity of the antioxidant enzymes, an imbalance known 
as “oxidative stress” results.

For clinicians in perioperative and intensive care unit 
(ICU) settings, determining the amount of oxygen to use 
involves balancing potential risks associated with exposure 
to oxygen levels that are either abnormally high or abnor-
mally low. To some degree, liberal administration of oxygen 
risks exposing patients’ cells and tissues to abnormally high 
levels of oxygen and, conversely, conservative administra-
tion of oxygen risks exposing patients’ cells and tissues to 
abnormally low levels of oxygen. Key messages in relation 
to oxygen therapy regimens in different patient groups as 
described in this review are shown in Table 1.
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Pathophysiology

Normal physiology provides for extraction of oxygen from 
the atmosphere and delivery to cells. However, the con-
centration of oxygen that reaches cells is a fraction of that 
in the atmosphere due to a physiological cascade in which 
serial step decreases in oxygen tension occur from ambi-
ent air, through pulmonary, cardiac, macrovascular and 
microvascular systems before ultimately reaching the cell. 
This cascade results from anatomical and physicochemical 
barriers which create successive oxygen partial pressure 
gradients through diffusion of oxygen in the lung, binding 
of oxygen to haemoglobin in the blood, distribution to dis-
tant sites through the vasculature, dissociation of oxygen 
from haemoglobin and then diffusion into cells. This oxy-
gen transport system serves to ensure delivery of oxygen to 
meet cellular metabolic demands, and to prevent excessive 
amounts of oxygen in cells that might overwhelm anti-
oxidant capacity and cause oxidative stress. Oxygen ten-
sion in mitochondria, the intracellular organelles that pro-
duce energy through aerobic respiration, appears to be no 
greater than 5–10 mmHg. Interestingly, our mitochondria 
appear to have evolved from proteobacteria which were 
present when Earth’s atmospheric oxygen pressures were 
likely to have been within this range [1].

Potential pathophysiological consequences of oxygen 
therapy relate both to the fraction of inspired oxygen 
 (FIO2) delivered to the lungs and to exposure of cells and 
their mitochondria to oxidative stress. In the lungs, supple-
mental oxygen therapy can promote resorption atelectasis 
[2]. In healthy humans, breathing 30% to 50% oxygen for 
45 h leads to lung injury with leakage of proteinaceous 

material into the alveolae [3]. In baboons, sustained expo-
sure to  FIO2 0.60, as may occur with invasive ventilation 
of a critically ill patient in the ICU, leads to pulmonary 
toxicity with alveolitis, hyaline membrane formation, cel-
lular infiltration, pulmonary oedema and subsequently 
lung scarring [4]. In practice, clinical recognition of pul-
monary oxygen toxicity is often difficult because clinical 
assessment is an insensitive method of identifying oxygen-
induced pathological injury and because clinical features 
of oxygen-induced lung injury overlap with those of the 
diseases that result in a requirement for oxygen therapy.

At the cellular level, exposure to high oxygen tension is 
potentially toxic if production of ROS is in excess of physi-
ological antioxidant defence capability. This imbalance is 
known as oxidative stress. ROS are constantly generated in 
the mitochondria as oxygen is reduced along the electron 
transport chain. ROS have important roles in normal cel-
lular function but they can be toxic to cells as they possess 
an unpaired electron. Because of this unpaired electron, 
they are highly reactive and have the potential to damage 
macromolecules including lipids, proteins and nucleic acids. 
Despite these theoretic concerns, the relationship between 
oxygen therapy and free radical generation in clinical prac-
tice is not certain. For example, in one study conducted in 
critically ill patients, conservative oxygen therapy did not 
significantly alter plasma concentrations of the antioxidant 
ascorbate or biomarkers of lipid or protein oxidation com-
pared to standard oxygen therapy [5]. From a pathophysi-
ological perspective, there are a number of potential expla-
nations for this. One explanation is that standard oxygen 
therapy may not represent an important source of oxidative 
stress in the critically ill; it is plausible that other sources of 
oxidative stress predominate in such patients. Alternatively, 

Table 1  Key messages in relation to oxygen therapy regimens in different patient groups and clinical situations

ARDS acute respiratory distress syndrome, ICU intensive care unit, COPD chronic obstructive pulmonary disease

Patient group/clinical situation Key message

Pre-oxygenation Preoxygenation is an accepted practice during the induction and emergence phases of anaesthesia to 
prolong the apnoeic desaturation period to maximize the time for safe airway manipulation and place-
ment or removal of an airway device

Maintenance of routine anaesthesia The optimal level of oxygen administration above that required to achieve safe oxygen saturation during 
the maintenance phase of anaesthesia is uncertain

To prevent surgical site infections It is not clear whether the oxygen therapy regimen used in the perioperative period affects the risk of 
surgical site infection

Acute respiratory distress syndrome Available data do not support the need to aggressively down-titrate oxygen in patients with ARDS or 
with other causes of hypoxic respiratory failure

Chronic obstructive pulmonary disease Guidelines recommend targeting an  SpO2 of 88–92% in patients with acute exacerbations of COPD
Hypoxic ischaemic encephalopathy The optimal oxygen regimen to reduce death and disability in post cardiac arrest patients remains 

uncertain
Sepsis Further research is required to determine the optimal approach to oxygen therapy for patients with 

sepsis and to establish whether a specific approach is needed for these patients
Traumatic brain injury, subarachnoid 

haemorrhage, and stroke
The optimal regimen for this patient group remains uncertain. It is unclear whether patients with brain 

pathologies have different oxygen needs from other ICU patients
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it may be that even conservative use of oxygen results in oxi-
dative stress, and that degree of stress is similar to that seen 
with liberal oxygen therapy. The effect of oxygen regimens 
on oxidative stress in the perioperative setting are uncertain.

Oxygen therapy in perioperative care—
general considerations

Approximately 300–400 million people undergo surgery 
across world every year [6]. The majority of patients having 
surgery under general anaesthesia will receive an  FIO2 at 
levels higher than that found in room air. There are several 
possible reasons why anaesthetists administer supra-atmos-
pheric  FIO2 in routine anaesthesia care.

Preoxygenation

Preoxygenation is an accepted practice during the induc-
tion and emergence phases of anaesthesia to prolong the 
apnoeic desaturation period to maximize the time for safe 
airway manipulation and placement or removal of an airway 
device. Increasing  FIO2 to close to 1.0 can achieve an end-
tidal fraction of oxygen near to 0.9, thus replacing the nitro-
gen component of air in the lungs with oxygen and creating 
an intrapulmonary oxygen store equivalent to the functional 
residual capacity. This prolongs apnoeic desaturation time 
from approximately one up to eight minutes in healthy vol-
unteers [7].

Intraoperative crises

Maintaining high  FIO2 during surgery might offer a margin 
of safety by providing a longer time to desaturation in the 
event of inadvertent extubation, rapid respiratory deteriora-
tion, equipment failure, or other unexpected issue. On the 
other hand, maintaining a high  FIO2 could delay recognition 
of a failure of oxygenation and potential evolving crisis and 
render the anaesthetist unable to increase  FIO2 in response. 
Administering a lower  FIO2, such as the minimum  FIO2 
required to provide safe saturations, may alert the anaes-
thetist to changes in the patient’s condition by observing 
changes in  SpO2, enabling earlier intervention and the ability 
to increase  FIO2 as a temporizing measure.

FIO2 during the maintenance phase of routine 
anaesthesia care

An  FIO2 above 0.21 may be required to maintain safe arterial 
blood oxygen saturation to overcome the effects of atelecta-
sis, reduced FRC and altered ventilation/perfusion matching 
among other changes that occur under anaesthesia for major 
surgery. However, the optimal level of oxygen administration 

above that required to achieve safe oxygen saturation dur-
ing the maintenance phase of anaesthesia is unknown, 
and existing guidelines are conflicting. The World Health 
Organisation (WHO) recommends provision of liberal intra-
operative oxygen  (FIO2 ≥ 0.8) for the purpose of reducing 
postoperative surgical site infection (SSI) [8]. In contrast, the 
World Federation of Societies of Anesthesiologists (WFSA) 
suggest administering a much lower intraoperative  FIO2 
(0.30–0.40) in patients having general anaesthesia with tra-
cheal intubation, and titrated postoperative oxygen therapy 
to maintain  SpO2 > 93%, consistent with British Thoracic 
Society oxygen guidelines [9, 10].

In a recent survey of Australian and New Zealand anaes-
thetists, 58% of respondents reported titrating  FIO2 to 
achieve a level of oxygenation that they feel is safe, 29% aim 
to minimize  FIO2 and 5% aim to maximize intraoperative 
 FIO2 [11]. The average self-reported targeted intraoperative 
 FIO2 in this study was 0.41 ± 0.12; however self-reporting is 
prone to bias and this may not accurately reflect real-world 
practice [12]. The iOPS study observed anaesthetists car-
ing for patients during surgery under general anaesthesia 
with insertion of invasive blood pressure monitoring and 
reported a mean intraoperative  FIO2 of 0.49 [13]. A5-day 
cross-sectional observational study of 1498 patients under-
going general anaesthesia in 43 hospitals in Japan reported 
a median  FiO2 one hour after induction of anaesthesia was 
0.47 (interquartile range 0.4–0.6) [14] A large retrospective 
registry study investigating a potential association between 
intraoperative  FIO2 and major respiratory complications in 
73,992 adult patients undergoing non-cardiac surgery under 
general anaesthesia reported an overall average  FIO2 admin-
istered of 0.52 [15].

Oxygen therapy in perioperative care—
specific situations

Surgical site infection

In 2000, on the basis previous work demonstrating an asso-
ciation between low tissue partial pressure of oxygen  (PaO2) 
and postoperative SSI, Grief and colleagues conducted a 
trial investigating the impact of perioperative  FIO2 on SSI 
[16]. A total of 500 patients undergoing colorectal surgery 
were randomly assigned to an  FIO2 of 0.30 or 0.80. Higher 
 FIO2 reportedly reduced SSI by 6.0 percentage points [95% 
confidence interval (CI), 1.2–10.8 percent]. These findings 
were reinforced in a subsequent trial of 300 patients under-
going colorectal surgery where a relative risk of SSI of 0.46 
(95% CI 0.22–0.95) was reported in patients who received 
higher compared to lower oxygen [17]. The ENIGMA trial 
was designed primarily to assess the safety of nitrous oxide 
 (N2O)-based anaesthesia, by evaluating the impact of 80% 



931Journal of Anesthesia (2021) 35:928–938 

1 3

 O2/20% nitrogen versus 70%  N2O/30%  O2 gas mixture on 
duration of hospital stay and a range of secondary outcomes 
[18]. Although there was no difference in the primary out-
come, patients in the  N2O-free group had a lower incidence 
of postoperative wound infection. The ENIGMA trial has 
been used to support the use of liberal perioperative oxygen 
therapy and has been included in most meta-analyses to date; 
however, the trial authors do not consider this an appropri-
ate application of the trial evidence given the study was not 
designed to assess this [19].

The PROXI trial investigated the effect of an  FIO2 of 0.30 
vs 0.80 on SSI and pulmonary complications and showed 
no difference in SSI within 14 days of surgery, or any of the 
secondary outcomes including atelectasis, pneumonia, res-
piratory failure and mortality [20]. A 2 × 2 factorial design 
trial of 586 patients investigating the effect an  FIO2 of 0.30 
vs 0.80 and dexamethasone vs placebo similarly showed no 
difference in the primary outcome of SSI within 30 days of 
surgery; however there were more deep wound infections 
and a longer duration of hospital admission in the  FIO2 
0.80 group [21]. A cluster-cross over trial of 5749 patients 
undergoing colorectal surgery at a single centre showed no 
statistically significant difference in SSI or any of other out-
come when comparing  FIO2 of 0.30 vs 0.80 [22]. The most 
recent trial compared the effects of  FIO2 of 0.30 vs 0.80 on 
SSI during an individualized perioperative open-lung ven-
tilatory strategy (iPROVE) [23]. Amongst 740 participants 
undergoing abdominal surgery recruited at 21 sites, there 
was no difference in SSI rates, or any secondary outcome.

The WHO meta-analysis that formed the basis of their 
recommendation for liberal oxygen therapy included 15 
studies undergoing colorectal and mixed surgical types 
under general or neuraxial anaesthesia. The main analysis 
of  FIO2 0.80 vs 0.30 to 0.35 revealed no evidence of benefit 
or harm. However, a subgroup analysis of patients undergo-
ing surgery under general anaesthesia with tracheal intu-
bation resulted in a significantly lower rate of SSI among 
patients assigned to an  FIO2 of 0.80. This finding was more 
pronounced in patients undergoing colorectal surgery [8]. 
The WHO recommendation was recently down-graded from 
‘strong to ‘conditional’ after two of the studies included in 
their meta-analysis were found to be fraudulent [24, 25]. A 
Cochrane systematic review and meta-analysis performed at 
a similar time found no evidence of a beneficial effect of an 
 FIO2 of 0.80 compared to an  FIO2 of 0.30 to 0.35 [26]. The 
authors of this review did not perform a subgroup analysis 
of patients with tracheal intubation, as they did not consider 
there to be a biologically plausible reason for liberal oxy-
gen therapy to have a differential therapeutic benefit in this 
subgroup only.

The largest meta-analysis evaluating oxygen regimens in 
the perioperative setting included 26 trials and a total of 
14,710 patients [27]. Overall, the RR for wound infection in 

the high vs low  FIO2 groups was 0.81 (95% CI 0.70–0.94). 
When studies with a high risk of bias were excluded, high 
 FIO2 did not significantly reduce SSI compared to low  FIO2. 
A recent meta-analysis focussed on evaluating the safety of 
 FIO2 of 0.80 compared to  FIO2 of 0.30–0.35 in the perio-
perative setting by reviewing all clinically relevant adverse 
events in available perioperative oxygen trials [28]. The 
authors concluded there was no evidence of increased harm 
with liberal oxygen therapy; however, they noted that data 
related to adverse outcomes were sparsely and inconsistently 
recorded, so that available data constituted low quality of 
evidence.

Oxygen therapy in perioperative care—
future directions

While there is uncertainty about the potential benefit of 
liberal oxygen therapy on reduction of SSI, it is also not 
known whether any potential beneficial effect of liberal oxy-
gen could be offset by increased risk of harm by other, non-
infection related postoperative complications. Future stud-
ies are needed to assess the net effect of differing regimens 
of oxygen therapy on patient-centred outcomes, as well as 
on individual postoperative complications. This assertion 
is supported by previous studies that have suggested possi-
ble associations between a liberal strategy of intraoperative 
oxygen administration and decreased postoperative cancer-
free survival and time to recurrent cancer diagnosis [29], 
increased risk of myocardial infarction, acute coronary syn-
drome and death [30].

While it is broadly accepted that persistent extreme 
hypoxia or hyperoxia are likely to cause harm, the nature of 
the relationship of inspired oxygen and specific outcomes 
is less certain. Furthermore, the relationship between  FiO2 
within the range of 0.30–0.80 and any outcome may not be 
linear. A recent study investigated the effect of varying levels 
of  FIO2 on renal cortical and medullary tissue perfusion and 
oxygen tension  (PtO2) in sheep undergoing abdominal sur-
gery [31].  PtO2 was equal to preoperative values with  FIO2 
0.40–0.60. At  FIO2 0.21,  PtO2 was significantly less than 
at baseline, and at  FIO2 1.0,  PtO2 was significantly higher 
than baseline. It is, therefore, possible that an intermediate 
level of  FIO2 may represent the optimum level for patients 
undergoing surgery under general anaesthesia, as this may 
most closely represent physiological conditions at the cel-
lular level. Anaesthesia trials that incorporate in intermedi-
ate treatment arm between the extremes of an  FIO2 of 0.80 
and an  FIO2 of 0.30 are, therefore, needed. Additionally, in 
future studies oxygen may be able to be titrated to achieve 
different levels of arterial or tissue oxygenation exposure, 
arguably enabling more precise targeting of cellular oxygen 
exposure.
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Oxygen therapy in intensive care—general 
considerations

The Oxygen-ICU trial [32], a single-centre RCT conducted 
in Italy included 480 patients expected to stay in ICU for 
at least 72 h who were allocated to conservative or con-
ventional oxygen therapy. A total of 20.2% and 11.6% of 
conventional and conservative oxygen therapy patients, 
respectively, died in the ICU. With only around two-thirds 
of the patients included in the study mechanically venti-
lated at baseline and a third having shock, the illness acu-
ity of enrolled patients was relatively low. ICU mortality, 
was statistically significantly lower among patients allo-
cated to conservative oxygen therapy; however, the study 
was stopped early after an interim analysis not planned 
a priori [32]. Given the variety of mechanisms of death 
in ICU patients [33], it seems unlikely that such a high 
proportion of deaths in a heterogeneous population of 
ICU patients could be attributable to the dose of oxygen 
therapy used. However, the IOTA systematic review and 
meta-analysis [34] also reported that conservative use of 
oxygen in acutely ill adults significantly reduced in-hos-
pital mortality. Based largely on this analysis, a clinical 
practice guideline was published in the BMJ and made a 
strong recommendation for maintaining an oxygen satura-
tion of no more than 96% in acutely ill medical patients 
(upper limit) [35].

Although the IOTA study findings were concord-
ant with the Oxygen-ICU trial [32], they provided only 
low certainty evidence on the question of whether con-
servative use of oxygen truly reduced mortality either in 
ICU patients or in acutely ill adults more generally for a 
number of reasons [36]. First, the Oxygen-ICU trial [32] 
contributed 32% of the weight to the mortality analysis. 
Second, the predominant diagnoses in patients included in 
this analysis were acute myocardial infarction and stroke, 
and a range of oxygen regimens were tested so that the 
analysis provided only indirect evidence about the optimal 
oxygen regimen for patients in the ICU. Finally, the overall 
mortality treatment effect estimates were imprecise.

The ICU Randomised Trial comparing two approaches 
to Oxygen therapy (the ICU-ROX trial) compared con-
servative oxygen therapy and usual (liberal) oxygen 
therapy in adults who were invasively mechanically ven-
tilated and anticipated to be ventilated beyond the cal-
endar day after randomization [37]. Conservative oxygen 
therapy did not significantly affect ventilator-free days, 
compared with usual (liberal) oxygen therapy. Overall, 
35.7% and 34.5% of patients allocated to conservative 
oxygen and usual oxygen therapy, respectively, died by 
day 180 with a corresponding odds ratio of death of 1.05 
(95% CI 0.81–1.37). While these findings provide some 

reassurance to clinicians about the safety of the liberal 
use of oxygen that occurs in standard practice, they do not 
exclude clinically important effects of the oxygen regi-
mens tested on mortality risk. While it seems prudent to 
avoid both extreme hypoxaemia and extreme hyperoxemia, 
the most appropriate dose of oxygen to give to critically ill 
adults patients in the ICU remains uncertain. Furthermore, 
whether or not conservative oxygen therapy affects mortal-
ity overall, it is plausible that a particular oxygen regimen 
might benefits some patient groups and harms others.

Oxygen therapy in intensive care—specific 
situations

Acute Respiratory Distress Syndrome (ARDS) 
and other causes of hypoxic respiratory failure

Patients with acute lung diseases including ARDS and pneu-
monia almost always require supplemental oxygen to prevent 
arterial hypoxemia. For this group of patients, many factors 
might affect the optimal oxygen regimen. Even when a con-
servative approach to oxygen therapy is adopted, achieving 
a safe minimum arterial oxygen level may require a high 
 FIO2 and lead to pulmonary oxygen toxicity. Oxygen can 
impair alveolar macrophage function and promote venti-
lation/perfusion mismatch. While giving oxygen liberally 
may worsen these effects, patients with lung pathologies 
can desaturate rapidly and unexpectedly due to problems 
like sputum plugging or ventilator dyssynchrony. The risk of 
unanticipated periods of hypoxaemia in a group of patients 
with limited respiratory reserve, might favour a relatively 
liberal approach. However, when oxygen is given liberally 
in patients with lung diseases, supranormal arterial oxygen 
levels can occur. Such supranormal oxygen levels represent 
a physiological stressor and might potentially worsen patient 
outcomes.

The Liberal Oxygenation versus Conservative Oxygena-
tion in Acute Respiratory Distress Syndrome  (LOCO2) trial 
compared conservative oxygen therapy with liberal oxygen 
therapy in patients with ARDS [38]. This trial was stopped 
early at an unplanned interim analysis after recruitment of 
205 patients because of concern about intestinal ischaemia 
events and deaths in the conservative oxygen therapy group. 
While patients with ARDS represent an important subset 
of patients with hypoxic respiratory failure, there is no evi-
dence (or particular reason to believe) that patients with 
ARDS are more or less prone to pulmonary oxygen toxicity 
or to the systemic effects of hypoxaemia than patients with 
lung pathologies who do not have ARDS. The ICU-ROX 
trial included 623 patients with hypoxic respiratory failure 
as identified by a PF ratio of less than 300 mmHg. In relation 
to the ICU-ROX trial primary end point, alive ventilator-free 
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days, there was no evidence of heterogeneity of treatment 
effect for patients with a PF ratio of less than 300 mmHg 
compared to those with a PF ratio of 300 mmHg or more 
[37]. There was also no statistically significant difference 
in ventilator free days by treatment group for patients with 
a low PF ratio who were assigned to conservative oxygen 
therapy or usual oxygen therapy in the ICU-ROX trial. The 
Handling Oxygenation Targets in the ICU (HOT-ICU) trial 
assigned 2928 adults with acute hypoxemic respiratory fail-
ure to receive oxygen therapy targeting an arterial partial 
pressure of oxygen  (PaO2) of 60 mmHg (lower-oxygenation 
group) or 90 mmHg (higher-oxygenation group) [39]. At 
90 days, there was no statistically significant difference in 
mortality between the lower-oxygenation group and higher-
oxygenation groups with 42.9% and 42.4%, respectively, 
having died.

Overall, the available data from RCTs do not support the 
need to aggressively down-titrate oxygen in patients with 
ARDS or with other causes of hypoxic respiratory failure 
[40]. However, for situations where availability of oxygen is 
constrained due to high demand and/or constrained supply, 
as has been the case in some countries during the COVID-19 
pandemic, implementation of conservative oxygen therapy 
regimens for patients with hypoxic respiratory failure to pre-
serve oxygen supply appears reasonable [40]. Nevertheless, 
it is important to note that even the largest trial in patients 
with hypoxic respiratory failure, the HOT-ICU trial, was 
designed to test the hypothesis that conservative oxygen 
therapy would reduce 90 day mortality by an absolute mar-
gin of 5 percentage points [39]. Although an effect of this 
magnitude now appears very unlikely, a smaller, but still 
clinically important, effect on mortality cannot be excluded.

Chronic Obstructive Pulmonary Disease (COPD) 
and other diseases associated with hypercapnic 
respiratory failure

Oxygen therapy guidelines recommend targeting an  SpO2 of 
88–92% in patients with acute exacerbations of COPD [41, 
42]. These recommendations were influenced, in large part, 
by the findings of a RCT of liberal versus titrated oxygen 
therapy in patients with severe exacerbations of emphysema 
and chronic bronchitis in the pre-hospital setting [43]. The 
conservative oxygen regimen had two components: titrated 
supplementary oxygen if required to achieve an  SpO2 of 
88% to 92% and the use of bronchodilators delivered by 
an air-driven nebuliser. The liberal oxygen regimen had 
two components—high flow oxygen therapy at 8–11 L/min 
and bronchodilators delivered by nebulisation with oxygen 
flows of 6–8 L/min. Titrated oxygen reduced mortality by 
58% for all patients included in the study and by 78% for all 
patients with confirmed COPD. The liberal oxygen regimen 
was associated with more severe respiratory acidosis and 

hypercapnia, which likely contributed to the mortality risk 
as most deaths were due to respiratory failure. Since this 
initial report, similar increases in  PaCO2 with liberal oxygen 
therapy have been demonstrated in a range of other acute 
respiratory conditions including asthma [44, 45], pneumo-
nia [46] and chronic respiratory conditions such as obesity 
hyperventilation syndrome [46]. The likely mechanisms for 
this physiological effect are worsening ventilation/perfusion 
mismatch because of overcoming hypoxic pulmonary vaso-
constriction and a reduction in ventilatory drive.

A total of 565 patients with COPD were included in the 
HOT-ICU trial [39]. Among these patients, 44.0% allo-
cated to low oxygen and 46.3% allocated to high oxygen 
had died by day 90. This was not a significant difference and 
there was no statistically significant heterogeneity of treat-
ment response for COPD patients compared to non-COPD 
patients. These findings contrast with those of the previous 
pre-hospital trial [43]. The apparent difference may reflect 
the fact that intervention to treat worsening hypercapnic res-
piratory failure with non-invasive or invasive ventilation is 
straightforward in the ICU setting.

Given the reproducible physiological effect of liberal 
oxygen therapy on  pCO2 levels in spontaneously breathing 
patients, clinicians may prefer to implement conservative 
oxygen therapy where there is concern about the potential 
for liberal oxygen therapy to worsen hypercapnic respira-
tory failure. However, for patients who are invasively venti-
lated, there are no RCTs demonstrating that specific oxygen 
therapy regimens improve outcomes in patients with COPD 
or in other diseases associated with hypercapnic respiratory 
failure.

Sepsis

Sepsis is a common reason for ICU admission and many 
patients with sepsis receive supplemental oxygen. The 
presence of infection may be a relevant consideration when 
deciding how liberally to give oxygen. The body’s ability to 
fight infection might be enhanced with liberal use of oxygen 
via enhanced oxidative killing of bacteria because neutro-
phil superoxide production increases in the presence of high 
oxygen tension. Fundamentally, the neutrophil’s “oxidative 
burst” requires oxygen.

In a post-hoc analysis of the ICU-ROX trial, the 90-day 
mortality rate for patients treated with usual (liberal) oxygen 
was seven percentage points lower than it was for patients 
who received conservative oxygen therapy [47]. While this 
was not a statistically significant difference, the analysis 
population was small, and the potential for clinically relevant 
benefit (or indeed harm) with liberal provision of oxygen to 
patients with sepsis cannot be excluded. That said, data from 
the Hyper2S trial [48] suggest that therapeutic hyperoxemia 
using an  FIO2 of 1.0 should not be used routinely in patients 
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with septic shock. The Hyper2Strial, which evaluated thera-
peutic hyperoxemia and 3% saline in a factorial design in 
patients with septic shock, was terminated early because of 
a statistically significant increase in serious adverse events in 
the hyperoxemia group [48]. Although the difference was not 
statistically significant, 28-day mortality was eight percent-
age points higher for patients assigned to hyperoxemia than 
for those assigned to normoxia.

Further research is required to determine the optimal 
approach to oxygen therapy for patients with sepsis and to 
establish whether a specific approach is needed for these 
patients. Moreover, although specific evidence from RCTs 
is lacking, because of direct pulmonary oxygen toxicity, it is 
possible that patients with lung pathologies and sepsis might 
have different oxygen requirements than patients with sepsis 
who do not have lung pathologies.

Hypoxic ischaemic encephalopathy (HIE)

HIE involves a “two-hit” injury [49]. A primary injury 
occurs as a result of immediate cessation of cerebral oxy-
gen delivery and is followed by a secondary injury occurring 
after resuscitation [49]. This secondary injury is, in part, the 
result of oxygen free radical production leading to intracel-
lular oxidation and cellular injury [49]. While endogenous 
antioxidants can offset the effect of generation of free radi-
cals and stabilise cellular function following restoration of 
blood flow to the brain, liberal provision of oxygen might 
tip the balance in favour of free radical production, cellular 
oxygenation and neuronal death. In animal trials investigat-
ing different fractions of inspired oxygen in animal models 
of cardiac arrest with cardiopulmonary resuscitation [50], 
animals allocated to 100% oxygen had more neuronal dam-
age, greater levels of cerebral metabolic dysfunction and 
worse neurological deficits than those allocated to lower 
concentrations of oxygen [50].

ICU-ROX included 166 participants with suspected HIE 
following cardiac arrest. In this subgroup, a total of 43% 
assigned conservative oxygen and 59% assigned to lib-
eral oxygen died by 180 days (relative risk 0.73; 95% CI 
0.54–0.99; P = 0.04) [37]. A total of 45% of the patients 
with HIE assigned to conservative oxygen and 32% assigned 
to usual (liberal) oxygen had a favourable outcome on the 
Extended Glasgow Outcome Scale at 180 days, defined as 
an outcome of lower moderate disability or better (relative 
risk 1.23; 95% CI 0.95–1.59; P = 0.13).

In a subsequent post-hoc analysis that included the 
patients with HIE from the ICU-ROX trial [51], important 
baseline covariates that predict outcome in cardiac arrest 
patients were collected. Although baseline variables were 
not statistically significantly different by treatment group, 
many baseline covariates strongly predict adverse outcomes 
in this patient group [52] and, in an analysis adjusting for 

these baseline covariates, the confidence interval around 
the treatment estimate for the effect of conservative oxygen 
therapy on survival with favourable neurological outcome 
at day 180 was sufficiently wide that it encompassed both 
clinically important benefit and harm [adjusted odds ratio 
1.85 (95% CI 0.79–4.34); P = 0.15] [51].

An individual patient level data meta-analysis incor-
porating data from seven RCTs of conservative vs. liberal 
oxygen therapy in cardiac arrest patients demonstrated that 
mortality at last follow-up was lower in patients allocated 
to conservative oxygen therapy, even after adjustment for 
baseline covariates (adjusted OR 0.58; 95% CI 0.35–0.96; 
P = 0.04) [53]. However, despite statistically significant find-
ings, based on the GRADE classification [54], these data 
represent low or very low certainty evidence due to a risk of 
bias, imprecision and indirectness. Very few included stud-
ies [51, 55] had data on post-hospital discharge neurological 
outcomes further emphasising the degree of uncertainty. The 
HOT ICU trial included 332 patients who were admitted 
to the ICU after a cardiac arrest [39]. A total of 65.3% and 
60.0% of those allocated to the lower oxygenation group 
and higher oxygenation group, respectivel,y died by day 90. 
Functional outcome data for cardiac arrest patients enrolled 
in the HOT ICU trial have not been reported. There are 
two ongoing pre-hospital trials seeking to evaluate oxygen 
therapy in cardiac arrest patients (the EXACT trial [56] and 
the PROXY trial [57]). The effect of conservative oxygen 
therapy on survival with favourable mortality at 6 months 
in ICU patients with suspected hypoxic ischaemic encepha-
lopathy is being investigated in the Low OxyGen Interven-
tion for Cardiac Arrest Injury Limitation (LOGICAL trial) 
[58]. While some prior observational studies have suggested 
that exposure to hyperoxemia is associated with increased 
mortality risk among post-cardiac arrest patients, the results 
RCTs indicate that the optimal oxygen regimen to reduce 
death and disability in post cardiac arrest patients remains 
uncertain.

Traumatic brain injury, subarachnoid haemorrhage 
and stroke

One of the guiding principles of neuro-intensive care is 
that ischaemia is a major cause of secondary brain injury. 
Despite this, apart from in patients with HIE, there are very 
few data from clinical trials evaluating the optimal oxygen 
regimen in neurocritical care patients. In the ICU-ROX trial 
[37], patients with acute brain pathologies (including HIE) 
were a pre-specified subgroup; however, findings in rela-
tion to brain-injured patients who did not have HIE have not 
been reported. It is notable that in patients with traumatic 
brain injury in particular, brain tissue oxygenation levels 
are often lower than normal and such low brain tissue oxy-
genation levels are associated with worse outcomes. Liberal 
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provision of oxygen increases brain tissue oxygenation levels 
but its effects on patient outcomes is unknown. As there are 
currently no data from RCTs evaluating oxygen regimens 
for neuro-intensive care patients, the optimal regimen for 
this patient group remains uncertain and it remains unclear 
whether or not patients with brain pathologies have different 
oxygen needs from other ICU patients.

Oxygen therapy in intensive care—future 
directions

Further research is needed to define the optimal oxygen regi-
men for intensive care patients. Given that many hundreds of 
thousands of patients receive mechanical ventilation in ICU 
every year, an absolute reduction in mortality of even 1.5 
percentage points attributable to the oxygen therapy regimen 
of choice would have profound importance for global health 
[59]. For every 100,000 patients treated, this would equate 
to 1500 lives saved. The Mega-ROX trial, which is currently 
recruiting, will test the hypothesis that compared with liberal 
oxygen therapy targets, conservative oxygen therapy reduces 
mortality by 1.5 percentage points in adult ICU patients who 
are ventilated in ICU following an emergency admission or 
who are emergently intubated in the ICU. This 40,000-par-
ticipant trial is being conducted in many countries. Because 
it is possible that conservative oxygen therapy will be best 
for patients with some diagnoses while liberal oxygen will 
be best for patients with other diagnoses (i.e. that there will 
be heterogeneity of treatment effect), a number of parallel 
nested trials will be conducted within the overall 40,000 par-
ticipant trial sample. Each of these nested trials will evaluate 
a pre-specified hypothesis in specific cohorts of critically 
ill patients (i.e. patients with sepsis, patients with HIE and 
patients with other brain pathologies) and is accompanied 
by a separate power calculation.

Conclusion

Supplemental oxygen therapy is one of the most common 
treatments in the perioperative and ICU setting. While it is 
highly plausible that the oxygen regimen used might affect 
patient outcomes, the optimal regimen is not yet certain and 
may well differ depending on the clinical circumstances. 
Most research in the ICU has focussed on minimizing 
oxygen exposure while, in anaesthesia, interventions that 
increase oxygen exposure have been the principal subject 
of investigation.

Currently, a reasonable approach in ICU patients is to aim 
for arterial oxygen levels that are within the normal range. In 
the peri-operative setting a broader range of arterial oxygen 
levels encompassing values that are higher than normal is 

reasonable. However, in both situations, it is highly likely 
that further clinical trials will further our understanding and 
alter recommendations in the future.
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