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Virtually every drug has an effective and toxic dose and oxygen is no exception. 

Molecular oxygen has been referred to as “janus-headed”, inasmuch as it is vital for 

mitochondrial respiration and toxic due to formation of reactive oxygen species 

(ROS). ROS share the “friend and foe character”, being both toxic and vital for host 

defence mechanisms [1]. Over 90% of oxygen consumption is used for adenosine 

triphosphate production via mitochondrial oxidative phosphorylation; however, 

approximately 1–3% of the oxygen consumption is utilised at complexes I and III of 

the electron transport chain to generate superoxide anions. Whilst ROS play a vital 

role in numerous homeostatic mechanisms, in excess these molecules can cause 

substantial harm to the framework of cells. Hyperoxia increases the rate of 

superoxide anion production [2] and once our innate antioxidant systems become 

overwhelmed, oxidative damage occurs. Severe hypoxia can lead to bioenergetic 

failure and cell death, but paradoxically, moderate hypoxia can also initiate an 

increase mitochondrial ROS production. Thus, both hyperoxia and hypoxia can 

initiate oxidative damage and a pro-inflammatory reaction. This is particularly 

pronounced during ischaemia-reperfusion injury (e.g. resuscitation after cardiac 

arrest) and/or disturbed cellular oxygen utilisation (e.g. sepsis). Consequently, 

hyperoxia normally exacerbates ischaemia-reperfusion reperfusion injury. Lung 

parenchyma is especially vulnerable to oxidative damage and this pulmonary oxygen 

toxicity usually presents as pneumonitis, eventually leading to haemorrhagic 

pulmonary oedema. Given this inescapable biological framework, it is vital that we 

administer the right dose of oxygen (neither too little or too much) to critically ill 

patients, in order to minimise the harm this potentially lethal drug may cause them.  
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In the recently published PILOT (Pragmatic Investigation of Optimal Oxygen Targets) 

trial the authors stated that their findings did not support the existence of a U-shaped 

relationship between oxygenation and clinical outcomes [3]. But was their conclusion 

correct? The possible existence of this curvilinear relationship has been discussed in 

the literature for many years [4]. Although not illustrated as a curve, data collected 

between 2001-5 from 6326 patients admitted to intensive care units (ICUs) in 120 

hospitals in the US showed that in-hospital mortality post-cardiac arrest was lowest 

amongst patients in whom the first arterial blood gas (ABG) obtained in the ICU 

demonstrated normoxaemia, rather than hypoxaemia or hyperoxaemia (45%, 57% 

and 63% respectively) [5]. In a similar study, oxygenation data consisting of 295,079 

ABG analyses from 14,441 patients admitted to three ICUs in the Netherlands 

between 2011-14 were used to construct a curve of adjusted probability of in-hospital 

death by mean PaO2 [6]. The authors presented evidence for a relationship between 

supraphysiologic arterial oxygen levels and hospital mortality; a finding both 

confirmed [7] and refuted [8] in other retrospective analyses. Whilst retrospective 

studies such as these are useful for highlighting potential associations, prospective 

randomised trials are the only way to truly establish a causal relationship between 

oxygenation and outcomes.  

 

Any U-shaped curve is derived from a bimodal distribution with frequencies that 

steadily fall and rise. Many associations between two variables can be captured by a 

U-shaped curve, such as the one between oxygen administration and mortality, 

which can be supported by the pathophysiology detailed above. However, the 

statistical methods, either parametric or non-parametric, used to establish a U-

shaped relationship, rely on accurate and reliable data. Some limitations associated 
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with retrospective studies that were used to establish the U-shaped associations 

between oxygen administration and mortality should be underlined in this context. 

For example, sickest patients tend to get given more oxygen; therefore, in a 

retrospective study, it will often look like high oxygen levels are associated with high 

mortality. Regarding the U-shaped curve association between oxygen levels and 

mortality derived from retrospective studies, we are probably facing the classic 

association but not causation scenario. All of the adjustment methods are imperfect, 

even when modern statistical adjustment is well-performed. Large multicentre 

retrospective studies derived from databases are subjected to residual confounding 

and imprecision of data recorded. Lower sample size single centre studies are 

subjected to potential imbalance of prognostic factors between patients receiving 

low, ‘normal’ or high levels of oxygen. Additionally, all retrospective studies are likely 

to have temporal biases, between oxygen administration and outcome, as oxygen 

administration precedes the outcome. When assessing mortality in patients having 

received oxygen during invasive mechanical ventilation, mortality and oxygen 

administration have already occurred at the time of study initiation. Therefore, only 

findings from randomised controlled trials should be used to draw an unbiased U-

shaped curve between oxygen administration and mortality. 

 

Several trials of conservative oxygen therapy (COT) have now been conducted in 

critically ill patients, and whilst their combined findings suggest no overall signal of 

benefit or harm, there is considerable heterogeneity in their design and conduct [9]. 

By selecting different sub-populations of critically ill patients, imposing varied 

oxygenation targets for both the COT and comparator groups, and achieving 

incomparable measured arterial oxygenation levels, it is difficult to draw clear 
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conclusions from what has been published to date. If one assumes the thesis that a 

U-shaped curve does exist [6] then we must try to place the findings of recent trials 

within that curve to confirm its existence. In Figure 1, data from recent randomised 

trials have been superimposed on a U-shaped curve; arrows depict the approximate 

achieved arterial oxygenation between lower and higher target groups in trials 

recruiting mixed critically ill patients. These clinically relevant oxygenation ranges 

only really account for a very small section of the central part of the curve and 

perhaps serve to flatten its nadir a little. Taken out of context one might conclude 

that there is little or no difference in clinical outcomes between higher and lower 

oxygenation targets in critical illness, and as such that the excessive administration 

of oxygen is safe. With the exception of one trial [10] most of these trials did not 

evaluate oxygenation targets outside of the range of approximately 9.2-13.8 kPa. In 

the one trial that breached this threshold, the authors reported an increased 

incidence of serious adverse events in the hyperoxia group [10]. Conversely, one 

included trial reported a reduction in ICU mortality in those allocated to COT [11].  

 

In summary, the interpretation of retrospective studies in this field is fraught with 

challenges that limit our ability to form reliable conclusions from them. Current 

prospective clinical trials data can neither corroborate or refute the existence of the 

proposed U-shaped relationship between oxygen and outcomes in critically ill 

patients seen in some retrospective datasets. Recent findings from randomised trials 

have failed to enlighten us further.  
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Figure 1. A conceptual depiction of the proposed U-shaped relationship between 

arterial oxygenation and mortality in critically ill patients.   

 

 

The curve was adapted from Helmerhorst et al.’s graph of adjusted probability of in-hospital death by 

mean PaO2 [6]. Additional findings (within the box) were superimposed from the trials included in a 

recent systematic review [9–16] and those published subsequently to it [3, 17]. Only trials that 

enrolled a mixed general ICU population were included. The inset box shows the difference between 

the reported (or approximated) achieved arterial oxygenation values in the intervention and 

comparator groups of each trial (represented by each arrow-head). Orange arrows denote trials with 

no difference in the primary outcome measure between lower and higher oxygenation levels; the 

green arrow denotes a trial in which lower oxygenation was favourable; the red arrow denotes a trial 

that was halted early due to safety concerns in the higher oxygenation group.  
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