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Abstract 

There is an ongoing discussion whether hyperoxia, i.e. ventilation with high inspiratory  O2 concentrations  (FIO2), and 
the consecutive hyperoxaemia, i.e. supraphysiological arterial  O2 tensions  (PaO2), have a place during the acute man-
agement of circulatory shock. This concept is based on experimental evidence that hyperoxaemia may contribute 
to the compensation of the imbalance between  O2 supply and requirements. However, despite still being common 
practice, its use is limited due to possible oxygen toxicity resulting from the increased formation of reactive oxygen 
species (ROS) limits, especially under conditions of ischaemia/reperfusion. Several studies have reported that there 
is a U-shaped relation between  PaO2 and mortality/morbidity in ICU patients. Interestingly, these mostly retrospec-
tive studies found that the lowest mortality coincided with  PaO2 ~ 150 mmHg during the first 24 h of ICU stay, i.e. 
supraphysiological  PaO2 levels. Most of the recent large-scale retrospective analyses studied general ICU populations, 
but there are major differences according to the underlying pathology studied as well as whether medical or surgi-
cal patients are concerned. Therefore, as far as possible from the data reported, we focus on the need of mechanical 
ventilation as well as the distinction between the absence or presence of circulatory shock. There seems to be no 
ideal target  PaO2 except for avoiding prolonged exposure (> 24 h) to either hypoxaemia  (PaO2 < 55–60 mmHg) or sup-
raphysiological  (PaO2 > 100 mmHg). Moreover, the need for mechanical ventilation, absence or presence of circulatory 
shock and/or the aetiology of tissue dysoxia, i.e. whether it is mainly due to impaired macro- and/or microcirculatory 
 O2 transport and/or disturbed cellular  O2 utilization, may determine whether any degree of hyperoxaemia causes 
deleterious side effects.
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Background
Oxygen  (O2) is not only the final electron acceptor within 
the respiratory chain, but also one of the strongest oxidiz-
ing molecules [1, 2]. Approximately 1–3% of mitochon-
drial  O2 consumption is directed towards the production 
of "reactive oxygen species" (ROS), i.e. the more ATP pro-
duced, the more ROS are generated [3, 4]. ROS forma-
tion is directly related to the  O2 concentration [5], so that 
hyperoxia (i.e. breathing inspiratory  O2 concentrations 
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 FIO2 > 0.21) and the consecutive hyperoxaemia (i.e. 
arterial  PO2 > 100  mmHg) result in a dose-dependent 
increase of ROS formation [6, 7]. It is noteworthy in this 
context that the definition of hyperox(aem)ia may vary 
as well: while some authors use a threshold  PaO2 value 
of 150  mmHg [8, 9], others refer to hyperox(aem)ia as 
 PaO2 ≥ 300 mmHg [10–14]. The aggravated ROS forma-
tion resulting from increased  O2 concentrations is par-
ticularly pronounced during ischaemia/reperfusion (I/R) 
and/or hypoxia/re-oxygenation [5]. Nevertheless, the 
dichotomy for  O2 holds also true for ROS formation, in 
that despite their toxic potential ROS are vital players in 
host defence systems and as signalling molecules [15].

In line with the potential toxicity of increased ROS 
formation resulting from supplemental  O2 administra-
tion, a meta-analysis of more than 16,000 patients previ-
ously concluded that patients with "liberal" oxygenation 
(defined as transcutaneous, pulse oximetry haemoglo-
bin–O2 saturation  [SpO2] median/range 96/94–99%) 
"had a dose-dependent increased risk of … mortality", 
yet found "no significant difference in disability, hospi-
tal-acquired pneumonia, or length of hospital stay" [16]. 
While providing robust data on a large general ICU 
population, only 8 out 25 studies analysed in this system-
atic review, however, had included patients undergoing 
mechanical ventilation. Moreover, the putative impact of 
the presence or absence of circulatory shock was not dis-
cussed at all. Finally, due to the scarcity of the literature 
available, a conclusive evaluation of some conditions nor-
mally necessitating ICU treatment could not be provided 
either, e.g. trauma-and-haemorrhage and/or traumatic 
brain injury [16]. Nevertheless, based on this meta-
analysis, an expert panel concluded on a "strong recom-
mendation" that when supplemental  O2 therapy is used, 
 SpO2 > 96% should be avoided in all in-hospital as well as 
prehospital medical patients. Explicitly, uncomplicated, 
elective surgical patients were not included because the 
expert panel had not reviewed the issue of peri-operative 
hyperoxia and surgical site infection, respectively [17].

On the other hand, more recently, in a population of 
mechanically ventilated ICU patients, a "conservative" 
oxygenation target (defined as  SpO2 < 97%) yielded no 
benefit when compared to a "usual" oxygenation group 
[18], and even suggested that "usual (liberal) oxygen 
therapy might be preferred" in the subgroup of patients 
with sepsis [19]. Therefore, given the U-shaped rela-
tion between mortality/morbidity and  PaO2 [20], this 
mini-review will discuss the questions i) whether there 
is an "ideal"  PaO2 for ICU patients, and in particular; ii) 
if present, whether it possibly differs according to the 
underlying pathology. We will only discuss the available 
clinical data, since the vast majority of experimental mod-
els lack standard ICU care, which necessarily limits their 

translational value. Moreover, as far as possible from the 
data reported, we will focus on data from mechanically 
ventilated vs. spontaneously breathing patients. Finally, 
we will try to evaluate the possible impact of the pres-
ence or absence of circulatory shock, a condition where 
"administration of oxygen should be started immediately 
to increase oxygen delivery" [21]. This review will discuss 
pertinent clinical studies on general ICU populations and 
in the emergency department (ED), acute respiratory dis-
tress syndrome (ARDS), sepsis and septic shock, trauma 
and haemorrhage, traumatic brain injury, cardiopulmo-
nary resuscitation (CPR) and post-cardiac management, 
and peri-operative hyperoxia. Last, the role of  SpO2 vs. 
 PaO2 measurements for the monitoring of oxygenation 
will be addressed.

General ICU and emergency department (ED) 
populations
A retrospective multicentre analysis of patients with an 
ICU stay > 24  h showed that the "hyperoxaemia dose", 
defined as the time integral of supraphysiological  PaO2 
(> 100  mmHg) was associated with mortality in ICU 
patients. Interestingly, however, no dose–response rela-
tionship could be established [22]. In line with these 
findings, a retrospective analysis of more than 25,000 
mechanically ventilated ICU patients found that the pro-
portion of time spent at 95 ≤   SpO2 ≤ 99% was associ-
ated with the lowest odds ratio for mortality, while both 
 SpO2 ≤ 94 and = 100% coincided with increased mortal-
ity [23]. Similarly, an observational study analysing large 
ICU data bases of a total of 35,287 patients identified 94 ≤  
 SpO2 ≤ 98% as the optimal range with respect to survival 
[24]. In fact, targeting this interval, i.e. "conservative" oxy-
gen therapy  (PaO2 = 70–100  mmHg or  SpO2 = 94–98%) 
vs. "standard" treatment  (PaO2 ≤ 150  mmHg or 
 SpO2 ≤ 98%) in a general ICU population of 434 patients 
with an expected length of stay of ≥ 72 h, had previously 
been associated with significantly reduced mortality (11.6 
vs. 20.2%), de novo occurrence of shock (3.7 vs. 10.6%), 
liver failure (1.9 vs. 6.4%), and bacteraemia (5.1 vs. 
10.1%). However, while the originally planned sample size 
had been 660 patients, the study was stopped early due 
to difficulties in enrolment after inclusion of 480 patients 
[25]. Moreover, only 2/3 of the patients needed mechani-
cal ventilation, and only 30% of the patients presented 
with shock at inclusion [25].

However, another retrospective single-centre study in 
general ICU patients mechanically ventilated for at 7 days 
did not show any association between in-hospital mortal-
ity and time-weighted  PaO2 > 120  mmHg [26]. Further-
more, other authors had even reported nadir mortality in 
a general ICU population at a mean  PaO2 over the total 
ICU length of stay ≈ 120–150 mmHg, while exposure to 
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 PaO2 > 200 mmHg was indeed associated with increased 
mortality [27].

An observational cohort study analysed the outcome 
of patients and exposed to ED hyperoxia. The study 
included 688 out of a total of 3525 patients already 
mechanically ventilated in the ED, who were all normoxic 
(60 ≤  PaO2 ≤ 120  mmHg) on day 1 of their ICU stay. 
While ED normoxia was present in 50.9% of the patients, 
ED hyperoxia as defined as a  PaO2 > 120 mmHg occurred 
in 43.6%. Hospital mortality at day 28 was higher in 
patients with ED hyperoxia (29.7%) than in those with ED 
normoxia (19.4%) [28]. Interestingly, survival curves of 
patients with ED hyperoxia and normoxia, respectively, 
cleaved at day 4–5 only of hospital stay, i.e. several days 
after normoxia had resumed.

In conclusion, in general ED and ICU populations, so 
far, the available clinical data do not suggest that there 
is any ideal target  PaO2 except for avoiding prolonged 
exposure (> 24 h) to either hypoxemia or supraphysiolog-
ical  (PaO2 > 100 mmHg).

Acute respiratory distress syndrome (ARDS)
The current standard of care of patients with ARDS rec-
ommends targeting for arterial oxygenation defined as 
 PaO2 = 65–75  mmHg and/or arterial haemoglobin  O2 
saturation  (SaO2) = 90–95%, respectively [29]. In a sec-
ondary analysis of 2005 patients of the LUNG SAFE 
study, Madotto et  al. reported an incidence of "hyper-
oxaemia"  (PaO2 > 100  mm Hg) on day 1 or "sustained 
hyperoxaemia" (i.e. on day 1 and 2) in 30 and 12% of 
the patients, respectively. In 66% of these hyperoxaemic 
patients, "excess O2 use", i.e. an inspiratory  O2 concentra-
tion  FIO2 ≥ 0.6 and  PaO2 > 100 mmHg, was present. The 
authors concluded that despite being frequently present, 
hyperoxaemia was mostly only transient. However, nei-
ther hyperoxaemia nor excess  O2 use had any effect on 
patient outcome [30].

The LOCO2 trial [31] compared "conservative O2" 
therapy for 7  days (target  PaO2 = 55–70  mm Hg and/or 
 SaO2 as measured by pulse oximetry  [SpO2] = 88–92%) 
to a "liberal O2" therapy arm (target  PaO2 = 90–105 mm 
Hg and/or  SpO2 ≥ 96%). Albeit the patients in the liberal 
 O2 arm showed significantly higher  PaO2 values than 
those in the conservative  O2 group without major inter-
group overlap, about half of the patients of the conserva-
tive  O2 group presented with values beyond the upper 
target threshold of 70  mmHg. Nevertheless, during the 
7 observation days, the conservative  O2 group needed 
less controlled ventilation, lower PEEP levels, and prone 
positioning. In contrast, heart rate was higher in this 
group. However, the conservative  O2 approach did not 
increase survival at 28 days, and the trial was prematurely 
stopped because of safety concerns after enrolment of 

205 patients: at day 28, 34 of 99 patients (34%) in the 
conservative and 27 of 102 patients (26.5%) in the liberal 
 O2 groups, respectively, had died. At day 90, mortality 
was even significantly higher in the conservative (44 of 
99 [44%] patients) than in the liberal  O2 arm (31 of 102 
[30%] patients) [31].

Finally, in a total of 2,928 patients with acute hypox-
emic respiratory failure, the most recent ICU-HOT trial 
compared a "lower"  (PaO2 ≈ 60  mmHg) vs. a "higher" 
 (PaO2 ≈ 90  mmHg) oxygenation target until 90  days 
after randomization [32]. More than half of the patients 
needed mechanical ventilation and/or vasopressor sup-
port (58 and 54%, respectively). Interestingly, in both 
study groups, the median/interquartile range  PaO2 val-
ues were slightly higher than the target levels (71/67–77 
vs. 93/87–99 mmHg, respectively). The two intervention 
groups did not show any difference with respect to mor-
tality and morbidity.

In conclusion, in patients with ARDS, so far, the availa-
ble clinical data do not suggest that there is any ideal tar-
get  PaO2 except for avoiding prolonged exposure (> 24 h) 
to either hypoxemia, in particular with respect to long-
term neuropsychological sequelae [33, 34], or supraphys-
iological  (PaO2 > 100 mmHg).

Sepsis and septic shock
Hyperoxaemia is associated with systemic vasoconstric-
tion, i.e. might theoretically counteract vasodilation-
related arterial hypotension [5], and has antibacterial 
potential [35]. However, in a retrospective analysis of 
141 patients (out of a total enrolment of 503 patients) 
with ventilator-associated pneumonia (VAP), the 
number of days with hyperoxaemia (as defined by a 
 PaO2 > 120  mmHg) was an independent risk factor for 
the occurrence of VAP, rather than suggesting any anti-
biotic property. It should be noted, however, that these 
patients also showed several other risk factors of VAP, 
e.g. more use of proton pump inhibitors, more frequent 
circulatory shock, more transfusion of packed red blood 
cells, and more frequent sedation [36].

The prospective, randomized, controlled HYPER2S 
trial [37] compared standard therapy with mechani-
cal ventilation with 100%  O2 during the first 24  h after 
diagnosis of septic shock. Despite a significantly lower 
SOFA score at day 7, the trial was prematurely stopped 
due to increased mortality in the treatment arm at days 
28 and 90 (43 vs. 36 and 48 vs. 42%, respectively). Due 
to the premature stop of the trial, this increase in mor-
tality did not reach statistical significance (p = 0.12 and 
0.16, respectively) [37]. The detrimental effect of hyper-
oxia was further mirrored by a higher incidence of seri-
ous adverse events (85 vs. 76%, p = 0.02), in particular 
of ICU-acquired weakness (11 vs. 6%, p = 0.06). Of note, 
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a post hoc analysis according to the Sepsis-3 criteria 
showed that the hyperoxia-related increase in mortality 
at day 28 was only present in patients with hyperlactatae-
mia > 2 mmol/L (57% vs. 44%, p = 0.054), while no effect 
was present in patients with normal lactataemia (25 vs. 
23%, p = 0.68) [38]. This finding suggests that the putative 
hyperoxaemia-related increase in tissue  O2 availability 
may have led to excess ROS production and consecutive 
oxidative damage because of a sepsis-induced impaired 
cellular  O2 extraction.

The above-mentioned "conservative" oxygenation tar-
get in the ICU-ROX study was not beneficial either 
in patients with sepsis: a post hoc analysis of the 251 
patients fulfilling these criteria showed no statistically 
significant inter-group difference when compared to a 
"usual" oxygenation. Point estimates of treatment effects 
even consistently favoured the latter [19]. Hence, simi-
lar to ARDS, in patients with sepsis/septic shock, there 
seems to be no ideal target  PaO2 except for avoiding pro-
longed exposure (> 24  h) to either hypoxemia or supra-
physiological  (PaO2 > 100 mmHg).

Trauma and haemorrhage
The blood loss-related reduction of  O2 transport capacity 
and the fall in cardiac output during trauma and haem-
orrhage cause a tissue  O2 debt, the rapid repayment of 
which determines outcome [39]. There is experimental 
evidence that during haemorrhage, the hyperoxia-related 
rise in  PaO2 can improve microcirculatory and tissue 
 O2 availability [40]. Moreover, lung-protective ventila-
tion with an  FIO2 = 1.0 even attenuated organ dysfunc-
tion in resuscitated, long-term large animal experiments 
[41, 42]. Nevertheless, clinical data remain equivocal. In 
471 consecutive mechanically ventilated patients with 
a median injury score (ISS) of 29, Russell et al. reported 
that there was no association between mortality and 
maximum  PaO2 in the first 24 h. This was true both for 
the overall analysis as well as in the subgroup with head 
trauma (n = 266) [43].

More recently, Baekgaard et  al. reported on 5,912 
patients of a French trauma registry (median ISS 16), 32% 
of whom presented with traumatic brain injury (TBI). 
Univariate analysis showed higher mortality (12 vs. 9%, 
p < 0.0001) in patients with hyperoxaemia as defined by 
 PaO2 > 150  mmHg upon admission (43% of the popula-
tion). However, propensity score matching for gender, 
age, prehospital heart rate and systolic blood pressure, 
temperature, haemoglobin and arterial lactate concen-
tration, use of mechanical ventilation, presence of trau-
matic brain, initial Glasgow Coma Scale (GCS) score, ISS, 
American Society of Anesthesiologists physical health 
class > I, and presence of haemorrhagic shock yielded 
just the opposite result, i.e. hyperoxaemia was associated 

with even lower mortality [8]. Most recently, a large ret-
rospective, propensity-matched, data analysis of a total 
of 864,340 trauma patients (median ISS = 9) investi-
gated the possible association between supplemental  O2 
administration in the ED and in-hospital mortality and 
development of ARDS. In all three patient categories as 
predefined according to  SpO2 < 94%, 94 ≤   SpO2 ≤ 97%, 
and  SpO2 > 97%, respectively, supplemental  O2 was asso-
ciated with a significantly increased odds ratio of both 
mortality and incidence of ARDS, no matter the presence 
or absence of TBI [44]. Unfortunately, the authors did 
not provide information on the presence of circulatory 
shock nor the need for mechanical ventilation. Finally, 
a post hoc analysis of the Focused Outcomes Research 
in Emergency Care in Acute Respiratory Distress Syn-
drome, Sepsis and Trauma (FORECAST) on 240 patients 
with ISS ≥ 16 studied the impact of hyperoxaemia dur-
ing resuscitation (defined as  PaO2 of ≥ 300  mmHg on 
hospital arrival and/or 3  h after arrival). The results 
highlighted the importance of the need for mechanical 
ventilation and/or the presence/absence of circulatory 
shock: hyperoxaemia was associated with prolonged ICU 
sty in patients not intubated in the ED, while no effect 
was present in mechanically ventilated patients [45]. Of 
note, unadjusted baseline characteristics not only showed 
a higher proportion of mechanically ventilated patients, 
but also significantly lower GCS (6 vs. 14) as well as more 
frequent need craniotomy and transfusion of blood prod-
ucts in the hyperoxaemic group [45].

Consequently, despite being common practice in daily 
care, in particular in patients with pronounced blood 
loss, so far, no specific target for  PaO2 is available.

Traumatic brain injury
Two opposing statements ("…The emerging clinical 
experience demonstrates that hyperoxia is safe and ben-
eficial to the brain…" [46] and "…Hyperoxia may be 
associated with increased mortality in patients with … 
traumatic brain injury…" [47]) highlight the discus-
sion on the impact of supraphysiological  PaO2 in TBI 
patients during the last decade. This controversy is fur-
ther mirrored by the results of three clinical studies: In 
193 TBI patients (40% with polytrauma) with a GCS of 
4 ± 2, Asher et  al. reported that maximum values of 
250 <  PaO2 < 450 mmHg during the first 72 h were asso-
ciated with improved outcome [48]. In contrast, Rincon 
et  al. reported in 1,212 mechanically ventilated TBI 
patients (57% with a GCS < 8) that  PaO2 ≥ 300  mmHg 
during the first 24  h significantly increased mortality 
when compared to 60 ≤  PaO2 < 300 mmHg (33% vs. 23%) 
[13]. Finally, Raj et  al. reporting on 1,116 moderate-to-
severe (GCS 3–12) patients with TBI concluded that a 
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 PaO2 > 100 mmHg within the first 24 h of ICU admission 
had no predictive value for 6-month mortality [49].

Theoretically, hyperoxaemia may exert beneficial 
effects during the acute management of traumatic brain 
injury (TBI) as a result of the above-mentioned vasocon-
striction, which would allow for reducing intracranial 
pressure without compromising tissue oxygenation. This 
potentially beneficial effect has been demonstrated in 
severe TBI patients (n = 42, mean GCS = 5.7) undergoing 
a combined hyperbaric oxygen (HBO) and normobaric 
(NBO) oxygen treatment. Ultimately, this approach not 
only significantly reduced mortality, but also improved 
neurological outcome at 6 months post injury as assessed 
using the Glasgow Outcome Scale-Extended (GOSE) 
[50].

In the context of the above-discussed hyperoxae-
mia-related increase of systemic  O2 transport capacity, 
hyperoxaemia may be particularly important when TBI 
coincides with haemorrhage. Nevertheless, the existing 
data of the two existing prospective clinical studies again 
are equivocal: Taher et al. compared the effects of 6 h of 
 FIO2 = 0.8 and 0.5 early after injury in 68 mechanically 
ventilated TBI patients with a GCS of 4 ± 2, demonstrat-
ing a tendency towards improved neurological outcome 
at 6  months [51]. However, the generalizability of the 
findings is limited, since patients with chronic co-mor-
bidity,  > 65 years of age, and, in particular, arterial hypo-
tension were excluded.

The BRAINOXY [52] trial investigated the effect of 
 FIO2 = 0.7 vs. 0.4 in 62 TBI patients (both isolated TBI 
and TBI in the context of polytrauma) during the time 
of mechanical ventilation (up to 14  days). As expected, 
the higher  FIO2 was associated with nearly twice as high 
 PaO2 levels during the observation period, but there was 
no inter-group difference for markers of oxidative stress, 
inflammation, neurological injury and/or pulmonary 
complications [52].

Large scale, retrospective studies provided compara-
bly equivocal results: O’Briain et al. reported in > 24,000 
mechanically ventilated TBI patients that hyperoxae-
mia (in  PaO2 category increments up to > 500  mm Hg) 
during the first 24 h in the ICU did not affect mortality 
irrespective of the GCS at admission [53]. In contrast, a 
post hoc analysis of 417 of the 1213 patients of the Citi-
coline Brain Injury Treatment Trial (COBRIT) showed 
that 150 <  PaO2 < 250  mmHg (referred to by the authors 
as "mild" hyperoxaemia) within the first 24 h after injury 
was associated with significantly lower mortality and, in 
particular, a better GOSE score and overall long-term 
functional and cognitive outcomes [9]. This possibly ben-
eficial effect was also suggested by a retrospective study in 
115 patients with severe TBI, which assessed the possible 
relation between  PaO2 and cerebral metabolism as well 

as pressure-flow autoregulation using cerebral microdi-
alysis and the pressure reactivity index, respectively. The 
authors concluded that a  PaO2 "…above 90  mmHg and 
higher may improve oxidative cerebral energy metabolism 
and pressure autoregulation, particularly in cases of lim-
ited energy substrate supply in the early phase of TBI…". 
However, there was no significant relationship between 
 PaO2 and clinical outcome as assessed using the GOSE 
[54].

In conclusion, it seems to be unequivocal that hyperox-
aemia should be avoided after acute brain injury result-
ing from ischaemia [13] as well as subarachnoid [55] and/
or intracerebral bleeding: Because of the vasoconstrictor 
properties of  O2 [5] there is a consecutive risk of vasos-
pasm-induced delayed cerebral ischaemia [56, 57]. Given 
the above-mentioned controversial results reported on 
TBI, the current knowledge on a possible  PaO2 target 
in these patients is best characterized by the statements 
that—with respect to any possible neuroprotective prop-
erties of hyperox(aem)ia—there "… is probably a narrow 
effective dose, and benefit may be limited to at-risk tis-
sue…" [58], and the conclusion that there is the " … need 
to identify optimal approaches to improve O2 delivery 
without exacerbating … oxidative stress or injury…" [59].

Cardiopulmonary resuscitation (CPR) 
and post‑cardiac management
CPR represents whole-body I/R injury, and clearly, two 
phases of CPR have to be differentiated, i.e. the period 
of active cardiopulmonary resuscitation, and the post-
resuscitation phase, which starts after return of sponta-
neous circulation (ROSC). For obvious reasons, studies 
on the impact of hyperox(aem)ia during the former are 
scarce given the common practice of ventilation with 
100%  O2 during CPR, but the available data suggest that 
there is a "dose-dependent" successful incidence of ROSC 
with incremental  PaO2 values [60, 61].

The post-resuscitation phase has been thoroughly 
investigated during the last decade. Two large-scale ret-
rospective American and Australian studies including 
6,326 and 12,108 patients, respectively, found equivo-
cal impact of arterial oxygenation on outcome after 
cardiac arrest. In the American study [10], hyperox-
aemia  (PaO2 ≥ 300  mmHg during the first of 24 ICU 
hours after ROSC) was associated with a significant, 
dose-dependent increase of mortality and worsen-
ing of neurological outcome for any 100  mmHg rise in 
 PaO2 [62]). In contrast, in the Australian study, it did 
not "have a robust or consistently reproducible associa-
tion with mortality" [11]. Similar deleterious effects of 
hyperoxaemia as defined by  PaO2 > 300 mmHg have been 
reported by others in retrospective analyses of a total of 
1,448 patients [14, 63–65]. Of note, one of these studies 
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concluded that the "…optimal range of PaO2 for favour-
able neurological outcome…" could be a  PaO2 interval 
of 70 <  PaO2 < 240  mmHg [64]. In addition, in the other 
study, "moderate hyperoxia" (101 <  PaO2 < 299  mmHg) 
according to the authors’ definition was even associ-
ated with improved organ function at 24 h [65]. Finally, 
in 5,258 patients after ROSC, Helmerhorst et  al. had 
observed a similar U-shaped relation between mortal-
ity and the maximum  PaO2 during the first 24  h in the 
ICU [66] as in the above-discussed general ICU popu-
lation, the nadir mortality coinciding with a  PaO2 ≈ 
150–200 mmHg.

The most recent data confirm these conflicting results: 
In a prospective observational study on 280 patients 
Roberts et  al. [67] concluded that  PaO2 > 300  mmHg 
during the initial 6  h after ROSC was independently 
associated with death and poor neurological function. 
Moreover, any one-hour longer duration of hyperox-
aemia was associated with a 3% increase in risk of poor 
outcome. In contrast, a post hoc sub-study of the Tar-
get Temperature Management (TTM) trial, including 
939 patients after out-of-hospital-cardiac arrest, did 
not find any significant relation between hyperoxaemia 
(defined as  PaO2 > 300 mmHg) within 37 h of ROSC and 
poor neurological outcome after 6  months [68]. Finally, 
an additional post hoc analysis of the above-mentioned 
ICU-ROX study including 161 patients with "suspected 
hypoxic–ischaemic encephalopathy" after cardiac arrest, 
a subgroup pre-specified and defined prior to randomi-
zation, did not show a statistically significant reduction 
in death or unfavourable neurological outcomes at day 
180 [69]. This finding was in contrast to the analysis of 
the complete GOSE, which had suggested benefit of the 
"conservative oxygen" treatment and yielded significantly 
lower mortality at day 180 in the unadjusted analysis [18].

Again, as already suggested for ARDS, sepsis and septic 
shock, there seems to be no ideal target  PaO2 for ROSC 
after CPR.

Peri‑operative hyperoxia
Despite the recommendations of the World Health 
organization from 2016 [70] and subsequently by the US 
Centers for Disease Control in 2017 [71], the question 
whether or not there is evidence for the use of peri-oper-
ative hyperoxia to reduce surgical site infections remains 
a matter of debate. In line with previous ones [72, 73], 
the most recent meta-analysis on 17 RCT including 
7,817 patients identified a weak signal (Odds ratio 0.80, 
confidence interval 0.64–0.99) favouring peri-operative 
hyperoxia in patients undergoing general anaesthesia 
with endotracheal intubation [74]. No effect was found 
in the overall analysis. Other authors cautioned this con-
clusion [75] or even could not confirm this result when 

analysis "…was restricted to objective- or investigator-
identified low-bias studies, although those analyses were 
not as well-powered" [76]. Moreover, several concerns 
have to be raised concerning these recommendations. 
Most trials investigating the putative impact of peri-
operative hyperoxia on surgical site infection compared 
 FIO2 = 80% with  FIO2 = 30%), which would yield a  PaO2 
≈ 350–400 mmHg vs.  PaO2 ≈ 120–150 mmHg, respec-
tively, in patients without major acute or chronic cardio-
pulmonary disease. However, at least some observations 
reported standard daily practice frequently using  FIO2 ≈ 
40—60% [77, 78]. Finally, even if present, any beneficial 
effect of peri-operative hyperoxia on the incidence of sur-
gical site infections has to be weighed by potential harm, 
e.g. pulmonary and/or cardiovascular complications 
as well as new or recurrent cancer [79–83]. In fact, the 
largest available study in this context on almost 74,000 
patients, showed a dose-dependent increase in major 
post-operative respiratory complications and ultimately 
30-day mortality of intra-operative  FIO2 increments 
(median  FIO2 = 0.3, = 0.41, = 0.52, = 0.58, and = 0.79, 
respectively) [84].

Hence, albeit a recent review article conjected "…that 
current evidence is in favour of hyperoxia in noncriti-
cally ill intubated adult surgical patients…" [85], peri-
operative hyperoxia (and even the possible consecutively 
enhanced host-defence resulting from increased ROS 
formation [86]) remains an open question, because the 
"good", "bad", and "ugly" [87] of its use are still not fully 
understood.

SpO2 vs.  PaO2 measurement for monitoring 
of oxygenation
As described in detail above, there is no ideal  PaO2 
target for critically ill patients so far, no matter the 
underlying aetiology. Hence, both hyperoxaemia (i.e. 
supraphysiological  PaO2) and, more importantly, due to 
its short and long-term consequences, hypoxemia (i.e. 
 PaO2 < 55–60 mmHg) should be avoided. For daily prac-
tice, this raises the question whether  SpO2 suffices as a 
surrogate for  PaO2. Hyperoxaemia and hypoxemia can 
be defined as  PaO2 > 100 and < 55–60  mmHg, respec-
tively. However, due to the sigmoid haemoglobin–O2 
dissociation curve and its dependency on pH,  PCO2, tem-
perature, and erythrocyte 2,3-diphosphoglycerate con-
centration, the  PaO2–SaO2 relation may vary. Moreover, 
frequently the available  SpO2 devices cannot take into 
account increased met- or carboxy(CO)-haemoglobin 
levels or the interference of jaundice, because measure-
ments are based on two wavelengths only. Hence, even 
normal  SpO2 readings of 94% cannot exclude hypoxemia 
with  PaO2 < 60  mmHg [88]. This is particularly impor-
tant in the most severe patients, when vasoactive drugs 
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must be used [89, 90]. To avoid the risk of hypoxaemia, 
and taking in account both the potential discrepancies 
between  SpO2 and  SaO2 as well as the above-discussed 
data, targeting 95 ≤   SpO2 ≤ 98% appears to be reason-
ably safe when  PaO2 and/or  SaO2 measurements are not 
available.

Conclusion
Several authors reported that in ICU patients there is a 
U-shaped relation between  PaO2 and mortality/morbid-
ity. Interestingly, these mostly retrospective studies found 
that the lowest mortality was present at  PaO2 ~ 150 mm 
Hg. Nevertheless, such supraphysiological  PaO2 values 
cannot be recommended in general, since the absence 
or presence of circulatory shock and/or the aetiology of 
tissue dysoxia, i.e. whether it is mainly due to impaired 
(macro- and/or microcirculatory)  O2 transport and/or 
disturbed cellular  O2 utilization may determine whether 
any supraphysiological  PaO2 level is really beneficial and/
or even causes deleterious side effects.
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