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Abstract 

Background The aim of this study was to evaluate the association of arterial hyperoxemia with neurological out‑
comes and mortality in adults with acute brain injury (ABI).

Methods Six electronic databases, including MEDLINE, Embase and online registers of clinical trials, were systemati‑
cally searched from inception to June 1 st, 2024. Studies comparing the effects of hyperoxemia versus no hyperoxemia 
on outcomes of hospitalized adult patients with ABI‑related conditions (e.g. traumatic brain injury, post‑cardiac arrest, 
subarachnoid hemorrhage, intracerebral hemorrhage, and ischemic stroke) were included according to PRISMA 
guidelines. Data were pooled using a random‑effects model for unadjusted and covariate‑adjusted odds ratios. The 
primary outcome was poor neurological outcome as defined by each individual study, and the secondary outcome 
was all‑cause mortality. Subgroup analyses were conducted based on principal diagnosis, timing of outcome meas‑
ures, oxygenation thresholds, among other factors. Meta‑regression was applied to identify sources of heterogeneity.

Results After 7,849 nonduplicated records were screened, 66 studies fulfilled eligibility criteria for systematic review. 
The meta‑analysis including 24 studies (16,635 patients) revealed that patients with hyperoxemia are 1.29 times more 
likely to develop poor neurological outcomes (unadjusted OR, 1.295; 95% Confidence Interval, CI 1.040–1.616) com‑
pared with those with no hyperoxemia, particularly in subarachnoid hemorrhage and ischemic stroke subgroups. The 
meta‑analysis including 35 studies (98,207 patients) revealed that all‑cause mortality is 1.13 times more likely (OR 1.13; 
95% CI 1.002–1.282) in patients with hyperoxemia compared with no hyperoxemia.

Conclusions In our study we found that hyperoxemia is significantly associated with an increased risk of poor neu‑
rological outcomes and mortality in patients with acute brain injury compared to those with no hyperoxemia. Our 
results suggest the importance of carefully adjusting oxygenation strategies in neurocritical ICUs.
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Introduction
Acute brain injury (ABI) is an umbrella term encom-
passing several conditions that lead to sudden, acquired 
neuronal damage, such as traumatic brain injury (TBI), 
post-cardiac arrest (PCA) brain injury, subarachnoid 
hemorrhage (SAH), intracerebral hemorrhage (ICH), 
and ischemic stroke (IS) [1, 2]. Ensuring adequate 
brain oxygenation is a key target in neurocritical care 
guidelines [3, 4), and supplemental oxygen is com-
monly administered in intensive care units (ICUs) [5, 
6]. Hypoxemia, defined as an arterial partial pressure 
of oxygen  (PaO2) lower than 80 mmHg (in some cases, 
< 60 mmHg), has been linked to higher mortality and 
worse outcomes in patients with ABI [7–9].

Since oxygen therapy is not without adverse effects, 
over the last decade some authors have emphasized the 
need to balance the risks of hypoxemia against the risks 
of hyperoxemia [10]. These include vasoconstriction 

due to interference with prostaglandin release, which 
can lead to reduced cerebral perfusion, as well as 
increased generation of free radicals, contributing 
to oxidative stress and potential tissue damage [10]. 
Although there is no universally accepted  PaO2 thresh-
old to define hyperoxemia, most studies use a  PaO2 
higher than 120 mmHg as mild, 200 mmHg as moder-
ate, and > 300 mmHg as severe hyperoxemia [5, 11]. In 
general ICU patients, previous reviews suggest that lib-
eral oxygenation strategies may negatively impact out-
comes when compared to more conservative strategies 
[12–14]. Recent observational studies have hypothe-
sized a U-shaped association between arterial oxygena-
tion and poor outcomes [1, 15], but further studies 
are needed specifically in ABI populations to establish 
optimal oxygenation thresholds.

Evidence from randomized clinical trials has been 
insufficient to resolve this controversy [16–20]. As a 
result, current TBI ventilation guidelines recommend 
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maintaining a  PaO2 between 80 and 120 mmHg, though 
this recommendation is based on a very low level of evi-
dence [21]. Although previous reviews on this topic 
have been published, there is a compelling rationale to 
update these works using a more robust methodological 
approach. First, most meta-analyses focus on general ICU 
patients rather than specifically on ABI, often including 
patients with varying diagnoses, such as sepsis or those 
undergoing cardiac surgery [13, 14, 22, 23]. Second, some 
meta-analyses combine different outcome measures, 
such as inspired oxygen fraction  (FiO2), peripheral oxy-
gen saturation  (SpO2) and/or  PaO2, which reduces the 
comparability of results [24, 25]. Another source of heter-
ogeneity arises from the varying thresholds for hyperox-
emia, and control groups used across studies. To improve 
methodology, researchers should consider excluding 
non-peer-reviewed sources, publishing a protocol, and 
using covariate-adjusted odds ratios to better account for 
confounders and reduce heterogeneity. Moreover, new 
findings from high-impact study databases, such as those 
more the recent “Targeted Hypothermia versus Targeted 
Normothermia after Out-of-Hospital Cardiac Arrest” 
(TTM- 2) and “Extubation in Neurocritical Care” (ENIO) 
studies, should be incorporated into updated reviews [1, 
15].

Given the high global prevalence of ABI and its grow-
ing socioeconomic burden [26–28], preventing oxygen-
related iatrogenesis is a critical challenge. Therefore, the 
goal of this systematic review and meta-analysis was to 
assess the effect of arterial hyperoxemia on neurological 
outcomes and mortality in adult hospitalized patients 
with ABI. The review included subgroup analyses based 
on the type of ABI, timing of outcome assessments, oxy-
genation thresholds, and other relevant factors. Meta-
regression analyses were applied to identify sources of 
heterogeneity.

Methods
The protocol for this review was registered with PROS-
PERO (CRD42023433502) and published in an open-
access peer-reviewed journal [29] according to the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (PRISMA) guidelines (Table S1 in Supple-
ment) [30].

Search strategy and selection criteria
Two authors independently searched electronic data-
bases for retrospective and prospective cohort studies, 
as well as randomized clinical trials (RCTs), examin-
ing the effect of arterial hyperoxemia on functional out-
comes and mortality in patients with ABI. The following 
databases were searched from inception through June 
1, 2024: MEDLINE, Embase, Scopus, Web of Science, 

The Cochrane Library (Cochrane Central Register of 
Controlled Trials and Cochrane Database of Systematic 
Reviews), Cumulative Index to Nursing and Allied Health 
Literature (CINAHL), and ClinicalTrials.gov. To mini-
mize publication bias, previous reviews, reference lists of 
included articles, and expert opinions were screened for 
relevant works.

Authors were contacted via institutional email for clari-
fication when relevant data were missing. The search 
strategy was not restricted by publication type or lan-
guage, provided an abstract in English was available 
(Table S2 in the Supplement). Two authors independently 
screened abstracts, followed by full texts to determine 
eligibility for inclusion; discrepancies were resolved by a 
third independent author. In cases of duplicate publica-
tions from the same study, the version with the lowest 
risk of bias was selected.

We included RCTs and observational studies (both 
prospective and retrospective cohort studies, and case–
control studies). Conference abstracts were included 
in the systematic review if sufficient data were avail-
able for quality assessment but were excluded from the 
meta-analysis. Grey literature was excluded to minimize 
risk of bias. Eligible studies included populations of: (1) 
adult patients (≥ 18 years of age), (2) hospitalized, (3) 
with a diagnosis of ABI, specifically TBI, PCA (exclud-
ing cardiac surgery with cardiopulmonary bypass), SAH, 
ICH, or IS. Studies involving (1) pediatric patients or (2) 
patients with neurological comorbidities prior to injury 
(e.g., dementia, cerebral palsy, previous stroke) were 
excluded.

The studied exposure was arterial hyperoxemia, 
defined as elevated  PaO2 values under normobaric con-
ditions; a commonly accepted threshold for hyperoxemia 
is  PaO2 > 120 mmHg [40]. For this analysis, we adopted 
each study’s individual cutoff value, consistent with pre-
vious reviews [25, 26]. When multiple cutoff values were 
provided, we selected the one with: (i) reported covari-
ate-adjusted odds ratios (OR), (ii) designation as the 
primary objective, or (iii) the most extreme value. For 
studies presenting ORs for quartiles of  PaO2 distribu-
tion, effect estimates for the highest quartile were pooled. 
The variability in hyperoxemia definitions was addressed 
through subgroup analysis and meta-regression. Studies 
were excluded if the exposure was (1) non-arterial hyper-
oxemia, (2) hyperoxemia not defined by  PaO2 (e.g., using 
 SpO2 or  FiO2), or (3) hyperbaric oxygenation. Studies 
based on  SpO2 were excluded due to the inability of  SpO2 
to reflect the degree of hyperoxemia.

The comparator or control group was “no hyperox-
emia,” which could include normoxemia, hypoxemia, or 
both, depending on the study’s definition. When pos-
sible, normoxemia was defined as  PaO2 > 60 mmHg. If 
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quartiles of  PaO2 distribution were presented, Q2 was 
selected as the normoxemia comparator, with Q1 repre-
senting the hypoxemia group.

The primary outcome was the incidence of poor neu-
rological outcomes in ABI patients exposed to hyper-
oxemia. The definition of poor neurological outcomes 
was based on each study’s criteria, including Glasgow 
Coma Scale (GCS) < 9, Glasgow Outcome Scale (GOS) 
< 4, Glasgow Outcome Scale Extended (GOSE) < 4, Cer-
ebral Performance Category (CPC) < 2, and modified 
Rankin Score (mRS) > 3 at a specified time defined by 
each study as primary outcome. If neurological outcomes 
were measured at multiple time points and none of them 
was defined as primary outcome, we will use the longest 
follow-up period. The secondary outcome was all-cause 
mortality at the time point defined by each study, or, if 
mortality was measured at multiple time points, at the 
longest follow-up period.

Data extraction and statistical analysis
Two investigators independently extracted data using 
a pre-defined data collection form. Any discrepan-
cies in judgment were resolved by a third investiga-
tor and by referencing the original study report. For 
the meta-analysis, both unadjusted odds ratios (ORs) 
and covariate-adjusted ORs extracted from each study 
were considered separately. When studies reported risk 
ratios (RRs), these were assumed to approximate ORs 
only when the outcome prevalence was approximately 
≤ 10% [31]. Unadjusted ORs were computed from avail-
able 2 × 2 contingency tables. Studies reporting hazard 
ratios (HRs) were excluded from quantitative synthesis, 
consistent with our published protocol. Heterogeneity 
was quantified using the  I2 statistic and Cochran’s Q test, 
with  I2 values interpreted as follows: 0–30% (not impor-
tant), 30–60% (moderate), 60–90% (substantial), and 
> 90% (considerable) [32]. Given the expected clinical and 
methodological heterogeneity, a random-effects model 
was employed to pool effect sizes. Our primary analysis 
used the DerSimonian–Laird estimators.

Subgroup analyses were conducted based on principal 
diagnosis, ventilation type (“invasive” versus “invasive 
and non-invasive”),  PaO2 type (“first”, “lowest”, “high-
est”, “specific time” or “average”),  PaO2 threshold used to 
define hyperoxemia (“ ≥ 200/300 mmHg” versus “any”), 
comparator group definition (“normoxemia” as  PaO2 > 
60 mmHg versus “no hyperoxemia” as any  PaO2 below 
hyperoxemia threshold), time of outcome measurement 
(less than 3/6 months versus equal to or more than 3/6 
months), neurological evaluation score and risk of bias 
(“good” versus “not good”). We used random-effects 
meta-regression models to explore potential sources of 
heterogeneity. Candidate moderators included the same 

variables used in subgroup analyses. Each moderator 
was first analyzed in a univariate regression mode and 
then together in multivariate regression. Moderators 
were selected based on clinical relevance and methodo-
logical considerations, and model selection was guided 
by the Akaike Information Criterion (AIC). We also 
acknowledge the potential for multiple testing and have 
interpreted the meta-regression findings with caution, 
especially considering limited power due to small num-
ber of studies. Residual heterogeneity (τ2) and  I2 were 
reported before and after adjustment for each moderator.

Study quality assessment and risk of bias
For risk of bias assessment, each study was evaluated 
by two independent reviewers using the Newcastle–
Ottawa Scale (NOS) for observational studies of expo-
sures [33, 34], Risk Of Bias In Non-Randomized Studies 
of Interventions (ROBINS-I) for observational studies 
of interventions, or the Cochrane risk-of-bias tool for 
randomized trials (RoB2) for RCTs. Studies were classi-
fied as “good” quality if NOS was higher than 6/9 and all 
domains were higher than 0, or if Rob2 score was “low” 
or “some concerns” for RCTs. The overall quality of evi-
dence was subsequently appraised using the GRADE 
framework [35].

Publication bias was evaluated by visual inspection of 
funnel plots and quantitatively using Egger’s regression 
test. When significant asymmetry was detected (p < 0.05), 
Duval and Tweedie’s trim-and-fill method was applied to 
estimate the potential impact of unpublished studies on 
the pooled effect sizes. All analyses were performed with 
Stata statistical software version 18 (Stata Corp, College 
Station, Texas, USA) and group subanalysis figures were 
elaborated in Graphpad Prism version 10.3.1 (464).

Role of the funding source
There was no funding source for this study. NRG and RB 
had full access to the data and had final responsibility for 
the decision to submit for publication.

Results
Systematic review
Our search identified 7,849 records after removing dupli-
cates, where 238 were fully assessed for eligibility (Fig. 1). 
We identified 66 articles which met the inclusion criteria 
for the systematic review (Table 1); from them, 19 stud-
ies were excluded from the quantitative review (Table S3 
in the Supplement). 47 studies met inclusion criteria for 
the meta-analysis, with a total of 26,252 adult patients 
with ABI analyzed for neurological outcomes (16,635 
for the unadjusted and 16,692 for the covariate-adjusted 
analyses, respectively) and 105,589 for mortality (98,207 
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for the unadjusted and 85,632 for the covariate-adjusted 
analyses, respectively).

Of the 66 studies, 1 was a RCT (1.5%), 33 were mul-
ticenter retrospective cohort studies (50%), 8 (12.1%) 
were multicenter prospective cohorts and 24 (36%) were 
single-center studies. Admission diagnosis was PCA for 
26 studies, TBI for 15 studies, SAH for 7 studies, ABI for 
3 studies, IS for 2 studies and ICH for 2 studies. A total 
of 43 studies (65.1%) had more than 6 points in the NOS 
tool for risk of bias assessment with more than 1 point 
in each domain, or had a Rob2 score “low-some con-
cerns”, being classified as “good” (Table S4 and S5 in the 
Supplement).

The definition of hyperoxemia varied among stud-
ies: 36 used  PaO2 thresholds of 200 mmHg or higher, 
while 27 used 300 mmHg or higher. A total of 42 studies 
(63.6%) used “normoxemia” as control group, 21 used “no 
hyperoxia” (31.8%) and in 5 the control group was “not 
defined”. The only RCT included used “restrictive” ver-
sus “liberal” oxygenation targets. Neurological outcome 
scores were measured at hospital discharge (15 studies), 

at 3 months (5 studies) or at than 6 months or longer (8 
studies). The score used for neurological outcome was 
related to admission diagnosis; the majority of PCA stud-
ies used CPC, TBI studies used GOS/GOSE and IS/ICH 
used mRS. Timing of mortality assessment varied from 
hospital discharge to 6 months (6 studies).

Primary outcome: Poor neurological outcomes
The quantitative synthesis for primary outcome included 
28 studies (26,252 patients). The unadjusted OR meta-
analysis, which included 24 studies (16,635 patients), 
showed an increase in poor neurological outcomes 
with hyperoxemia (OR 1.296, 95% CI 1.040–1.616, p = 
0.02). Subgroup analysis revealed a greater effect in 
patients with SAH (OR 2.692, 95% CI 1.909–3.796) and 
IS (OR 2.031, 95% CI 1.287–3.207) (Fig.  2). The covari-
ate-adjusted meta-analysis showed similar results (OR 
1.295; 95% CI 1.143–1.467, Figure S1 in the Supplement). 
Effect size was greater in ischemic stroke and subarach-
noid hemorrhage patients. Heterogeneity among stud-
ies was substantial  (I2 76.54%). The overall funnel plot 

Fig. 1 PRISMA flowchart diagram for identification and selection of studies. Excluded studies are listed in Table S3 in the Supplement
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showed slight asymmetry though the Egger test did not 
reach statistical significance (p = 0.078) (Figure S2 in the 
Supplement). One study, Humaloja 2021, included in 
the covariate-adjusted analysis, used a different meas-
ure of outcome (“permanent disability”); for this reason, 
a sensitivity analysis without this study was conducted 
(Figure S8).

Secondary outcome: Mortality
The quantitative synthesis for secondary outcome 
included 39 studies (105,589 patients). The unadjusted 
OR meta-analysis for mortality, which included 35 stud-
ies with 98,207 patients, demonstrated a statistically sig-
nificant association between hyperoxemia and increased 
mortality (OR 1.13; 95% CI 1.002–1.282) (Fig. 3). Similar 
to neurological outcomes, the effect size was greater in 
ischemic stroke and subarachnoid hemorrhage patients, 
as well as in studies which included ABI of different 
causes. The covariate-adjusted OR meta-analysis showed 
similar overall results (OR 1.143, 95% CI 1.007–1.296) 
(Figure  S3 in the Supplement). Heterogeneity among 
studies was substantial  (I2 88.04%). The initial funnel 
plot showed some asymmetry, which was supported by 
a borderline‐significant Egger test (p≈0.048), indicating 
potential small‐study effects. However, a trim‐and‐fill 
analysis did not identify any imputed studies, suggest-
ing that classical publication bias may not be driving the 
observed asymmetry; instead, it could reflect genuine dif-
ferences between smaller and larger studies (Figure S4 in 
the Supplement).

Group subanalysis and meta-regression
To explore the factors which may influence the correla-
tion between arterial hyperoxemia and poor outcomes, 
group subanalysis was performed (Fig.  4). Studies with 
a lower risk of bias (“good” versus “not good”) showed a 
trend towards greater effect size (p = 0.3 for neurological 
outcomes, p = 0.08 for mortality). Regarding time of out-
come measure, there was a trend toward a higher effect 
size in studies considering short-term outcomes (less 
than 3  months or less than 6  months) versus long-term 
outcomes, where this effect seems to be lost, both in neu-
rological outcomes (p = 0.94 and p = 0.08, respectively) 

and mortality (p = 0.125). (Figures  S5 and S6 in the 
Supplement).

Regarding the type of  PaO2 measure, there is a trend 
towards a greater effect size when “average”  PaO2 is con-
sidered, both for neurological outcomes and mortality 
(p = 0.09 and p = 0.20 for group differences, respectively). 
No subgroup differences exist according to type of venti-
latory support in either outcome (p = 0.48 and p = 0.82), 
although IV group shows a lower intra-group heteroge-
neity. Finally, evidence is inconsistent regarding subgroup 
analyses for  PaO2 for hyperoxemia and control group 
definition. While in mortality meta-analysis we found a 
trend towards a greater effect size in studies with higher 
thresholds (p = 0.32 for  PaO2 > = 300 mmHg, p = 0.73 for 
 PaO2 > = 200 mmHg), this effect is opposite in neurologi-
cal outcomes (p = 0.134 and p < 0.05, respectively). Sub-
analyses according to control group definition do not find 
a statistically significant difference between using “nor-
moxemia” and “no hyperoxemia” in either neurological 
outcomes or mortality, but “normoxemia” studies group 
reflect lower intra-group heterogeneity (Figures  S5 and 
S6 in the Supplement).

To investigate potential sources of high heterogene-
ity, we performed a meta-regression analysis in univari-
ate and multivariate settings with the same stratifying 
variables used in the subgroup analyses (Figure S7 in the 
Supplement). In the association between hyperoxemia 
and poor neurological outcomes, moderators “princi-
pal diagnosis” and “hyperoxemia as  PaO2 ≥ 200 mmHg” 
substantially reduced tau and  I2, suggesting that these 
moderators explain some of the observed heterogene-
ity (Table  S7 in the Supplement); particularly, the defi-
nition of hyperoxia markedly influenced the adjusted 
overall estimate (OR = 2.24, p < 0.001) (Table  S6 in the 
Supplement). In the multivariate analysis, including all 
moderators significantly reduced heterogeneity from  I2 
76.54% to 57.43% (model 8, Table S8 in the Supplement). 
In the meta-analysis for mortality, no individual modera-
tors were found to significantly modify the association 
between hyperoxemia and mortality, with a high remain-
ing heterogeneity in univariate models  (I2 > 85%) and sig-
nificant residual QQQ tests (p-value < 0.001, Tables  S9 
and S10 in the Supplement). Moreover, most overall 
odds ratios remained nonsignificant (OR close to 1) or 

(See figure on next page.)
Fig. 2 Effect of hyperoxemia on poor neurological outcomes in patients with ABI. Forest plot for the meta‑analysis based on unadjusted ORs 
for poor neurological outcomes in hyperoxemia versus no hyperoxemia in patients in ABI (n = 24 studies, 16,635 patients). The boxes show the effect 
estimates from the individual studies. The size of the boxes is inversely proportional to the size of the result study variance. The diamonds represent 
pooled results in each subgroup and overall analysis; the length of horizontal lines across the boxes and the width of the diamonds illustrates 
the 95% CI. The gray vertical line at one is the line of null effect, and the red vertical line shows the pooled effect estimate of the whole analysis. 
ABI: Acute brain injury, CI: confidence interval, ICH: Intracerebral hemorrhage, IS: Ischemic stroke, OR: odds ratio, PCA: Post‑cardiac arrest, SAH: 
Subarachnoid hemorrhage, TBI: Traumatic brain injury
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Fig. 2 (See legend on previous page.)
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Fig. 3 Effects of hyperoxemia on mortality in patients with ABI. Forest plot for the meta‑analysis based on unadjusted ORs for mortality 
in hyperoxemia versus no hyperoxemia in patients in ABI (n = 35 studies, 98,207 patients). ABI: Acute brain injury, CI: confidence interval, ICH: 
Intracerebral hemorrhage, IS: Ischemic stroke, OR: odds ratio, PCA: Post‑cardiac arrest, SAH: Subarachnoid hemorrhage, TBI: Traumatic brain injury
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encompassed wide confidence intervals. One exception 
was the combined model including mortality ≥ 6 months 
and hyperoxia > 300 mmHg (model 7, Table  S11 in the 
Supplement), where the adjusted overall OR reached 2.53 
(95% CI 1.01–6.31, p = 0.047).

Discussion
In this meta-analysis of 46 observational studies and 1 
RCT we found evidence that hyperoxemia is associated 
with worse functional outcomes and increased mortality 
following acute brain injury. To our knowledge, this is the 
most up-to-date investigation into the effects of hyper-
oxemia, incorporating data from over 100,000 patients, 
primarily drawn from high-quality observational studies. 
Furthermore, it is the first to focus specifically on brain 
injured patients, while also providing a thorough sub-
group analysis to examine the unique characteristics of 

each diagnosis individually. The prior publication of the 
study protocol in a peer-reviewed journal reinforces the 
methodological rigor of this work. This is the first review 
in the field to present both unadjusted and covariate-
adjusted ORs, with consistent results in pooled estimates. 
Our statistical analysis is enhanced by the application of 
group subanalysis and meta-regression to thoroughly 
identify sources of heterogeneity, which improves the 
robustness of our findings.

Our findings are in line with experimental evidence of 
the harmful effects of supraphysiological oxygen tension 
on the damaged brain. It is well known that hyperoxemia 
causes vasoconstriction via interference with prostaglan-
din release or inactivation of nitric oxide [99, 100]. As a 
consequence, cerebral blood flow is reduced [101] and 
secondary brain damage appears. High levels of oxygen 
trigger production of reactive oxygen species (ROS), 

Fig. 4 Group subanalysis for association of hyperoxemia and poor outcomes. (A) Forest plot of unadjusted ORs for hyperoxemia and poor 
neurological outcomes classified by different criteria: risk of bias, neurological outcome scale, time of outcome evaluation, hyperoxemia definition, 
control group definition, type and time of  PaO2 measure, type of ventilatory support. (B) Forest plot of unadjusted ORs and for mortality classified 
by different criteria: risk of bias, time of outcome evaluation, hyperoxemia definition, control group definition, type and time of  PaO2 measure, type 
of ventilatory support. P‑values < 0.1 for intra‑group comparisons are shown. Horizontal lines represent 95% CIs; size of the symbols are proportional 
to the number of studies (see Figures S5 and S6). HD: hospital discharge, IV: invasive ventilation, NA: not available, NIV: non‑invasive ventilation, NOS: 
Newcastle Ottawa Scale,  PaO2: arterial partial pressure of oxygen
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inducing a proinflammatory response with a negative 
impact on altered blood–brain barrier and brain edema, 
notably after reperfusion [102]. The effect on mortality 
can be explained by the adverse effects of oxygen on the 
cardiovascular system, with a decrease in cardiac output 
due to increase afterload and coronary vasoconstric-
tion [103, 104]; and the respiratory system, with altered 
hypoxic vasoconstriction reflex, increased pulmonary 
arterial pressures and immune-mediated acute lung 
injury [105].

The prevalence of hyperoxemia (defined as  PaO2 > 
120 mmHg) in the TBI subgroup may be as high as 50%, 
according to recent works [5]. In our analysis, hyperoxia 
did not significantly alter mortality in TBI patients. This 
is in line with previous findings in a substudy from the 
ENIO database (included in the ABI subgroup in the 
present study) [1] and might be explained by the ben-
eficial effects of supplemental oxygen on intracranial 
pressure control, the improved oxygen delivery through 
altered blood–brain barrier and a metabolic shift towards 
aerobic pathways [80]. Moreover, higher baseline  PaO2 
decreases the risk of hypoxemia episodes, which are a 
well-known cause of secondary brain injury, according 
to IMPACT score [106]. In a large recent European study 
from CENTER TBI [5], exposure to hyperoxemia was 
associated with 6-month mortality and poor outcome; 
however, the study used  FiO2 and  PaO2 indistinctly and 
analyzed  PaO2 as a continuous variable.

In the PCA subgroup we found a non-significant trend 
towards a positive correlation between hyperoxemia 
and poor outcomes; when using covariate-adjusted esti-
mates, this association turned statistically significant, 
both for neurological outcomes and mortality. A previ-
ous meta-analysis of observational studies [23] could not 
demonstrate this association. Authors attributed this lack 
of effect to the high number of out-of-hospital cardiac 
arrest (OHCA) patients, which were subject to greater 
heterogeneity in early management [23]. Moreover, we 
have to consider that mortality in PCA is frequently 
attributable to withdrawal of life-sustaining therapies, 
which introduces another source of heterogeneity. One of 
the benefits of using covariate-adjusted ORs is the pos-
sibility to limit bias due to heterogeneous populations; in 
fact, most studies considered relevant covariates such as 
setting of cardiac arrest (OHCA versus in-hospital), pres-
ence of shock, bystander resuscitation or initial rhythm. 
Regarding mortality, our results are aligned with those 
of two previous meta-analysis [13, 22] of observational 
studies; however, the only meta-analysis of RCT did not 
find significant differences [107]. Interestingly, the num-
ber of episodes of hypoxemia was significantly higher in 
the restrictive therapy, which could be a potential bias 
to consider [107]; in fact, another high-impact RCT in 

this population, the HOT OR NOT trial, was terminated 
early due to episodes of hypoxemia in the “normoxemia” 
(objective  SpO2 92–94%) arm [19]; this incident high-
lights the limitations of RCTs in an emergency context 
and emphasizes the role of meta-analyses in establish-
ing clinical evidence. The BOX trial, included in this 
study, could not demonstrate differences in a composite 
outcome of mortality and poor neurological outcome 
between liberal and restrictive oxygen targets [89].

Poor neurological outcomes were significantly associ-
ated with hyperoxemia in SAH patients, which is coher-
ent with previous analyses [23]. Experimentally, local 
vasoconstriction and increased amounts of oxidized 
hemoglobin associated with hyperoxemia can cause well-
known complications of SAH, such as delayed cerebral 
ischemia (DCI) [50, 108]. However, the effect on mortal-
ity of SAH and ICH patients was not statistically signifi-
cant, similar to some previous studies [1]. In this review, 
only 2 studies provided data for IS, with a significant 
detrimental effect of hyperoxemia in both. In the larg-
est RCT in IS, a subgroup of patients showed a decrease 
in survival upon administration of 3L/min oxygen com-
pared to no therapy; however, the general population 
also showed a transient improvement of clinical deficits 
with higher oxygen [109]. Disease severity should be con-
sidered as a potential cofounder in the stroke subgroup. 
Yokoyama et al. [96] only found an association between 
hyperoxemia and poor outcomes in Hunt and Hess 
grades I to III, suggesting that milder presentations are at 
greater risk; similarly, a detrimental effect on survival was 
found upon treatment with additional oxygen on the sub-
group of patients with minor or moderate strokes only 
[109].

The diverging definitions of hyperoxemia and con-
trol groups is a non-neglectable source of heterogene-
ity. Although severe hyperoxemia is commonly defined 
at 300 mmHg, recent studies have established that the 
harmful effects of hyperoxemia start from a  PaO2 as low 
as 195 mmHg [15] or even 156 mmHg [1]. The group 
subanalysis for different  PaO2 thresholds revealed a trend 
towards a greater deleterious effect of higher  PaO2 cut-
offs (> = 200 mmHg and > = 300 mmHg) in the mortality 
studies; however, this association is not true for neuro-
logical outcome studies. Most studies considering  PaO2 
as a continuous variable are aligned with more harmful 
effects as  PaO2 increases [5, 50, 81, 86]. However, the 
fact that we used threshold  PaO2, instead of mean or 
maximum  PaO2 in the hyperoxemia group, precludes 
this study from establishing a linear correlation between 
 PaO2 and effect size.

Some studies may seem to contradict the fact that even 
mild hyperoxemia can be linked to worse outcomes find-
ing, but thorough analysis uncovers a notable degree of 
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heterogeneity. For example, McKenzie et  al. [72] found 
that mild to moderate hyperoxemia (100–180  mmHg) 
was better than normoxemia (60–100  mmHg); how-
ever, according to some studies included in our analy-
sis, their “hyperoxemia” group could be classified as “no 
hyperoxemia”. Similarly, Alali et  al. [36] correlated mild 
levels of hyperoxemia  (PaO2 > 200–250  mmHg) with 
better functional outcomes; nonetheless, these benefi-
cial effects were lost in more extreme thresholds when 
 PaO2 exceeded 300 mmHg, which stands as cutoff point 
in most of our included studies. The EXACT trial [20], 
which randomized patients to lower  (SpO2 90–94%) vs 
higher  (SpO2 99–100%) targets in PCA patients, found 
more hypoxemic events and a trend towards higher mor-
tality in the restrictive  SpO2 group; however, the median 
 PaO2 in the liberal oxygenation group was near 114 
mmHg, which would fall within the “no hyperoxemia” 
group in most of studies in our meta-analysis. Compara-
bly, some of our subanalysis found no difference is found 
between studies using “normoxemia” and “no hyper-
oxemia” as control group; it could be argued that “no 
hyperoxemia” group does not always contain hypoxemic 
patients and mean or minimum  PaO2 should be analyzed 
within each to limit bias in this regard. “Normoxemia” 
studies show lower heterogeneity than “no hyperoxemia” 
studies, although no significant differences are found on 
effect size.

Regarding ventilation status, some individual studies 
have compared the effects of hyperoxemia in mechani-
cally ventilated patients versus non-mechanically ven-
tilated patients, such as Fallenius et al. [48], who found 
that hyperoxia was only detrimental in non-mechani-
cally ventilated patients. Although we did not find sig-
nificant differences, we found less heterogeneity in the 
“invasive ventilation” subgroup, which suggests a more 
rigorous study design. Of note, the effect of ventila-
tion mode may be more relevant in studies measuring 
 FiO2 instead of  PaO2, such as the HYPERS2 trial [110]. 
In our analysis, studies using “average”  PaO2 tend to be 
associated with greater effects of hyperoxemia. While 
average PaO2 could be the most appropriate outcome, 
it does not consider the time spent within each level 
of hyperoxygenation; for this reason, time-weighted 
average  PaO2 [47, 50, 97] or the area under the curve 
of  PaO2 [15] could stand as the most precise definition. 
Regarding time of outcome measure, we found that the 
greater size of effect concentrated in studies measur-
ing short-term outcomes (< 3 or 6 months). On the one 
hand, long-term outcomes tend to reflect more reliable 
results in neurological improvement, given the poten-
tial for functional recovery during the first year [111]; 
on the other, we should consider that main causes of 

death attributable to hyperoxemia, such as cardio-
vascular events or lung injury, occur during the first 
month, and long-term outcomes (≥ 6 months) may be 
more prone to nonresponse bias [1, 15, 48].

The main limitation of our work is that it is based 
on observational studies, which precludes evidence of 
a causal relationship. Only 1 RCT could be included 
due mostly to the definition of hyperoxemia by means 
of  SpO2 titration, but also to the use of hyperbaric oxy-
genation or the inclusion of non-ABI patients. Sec-
ondly, a considerable limitation is that we consider 
only all-cause mortality as secondary outcome; in addi-
tion,  mortality due to cardiovascular causes, duration 
of mechanical ventilation or incidence of acute respira-
tory distress syndrome merit attention in future inves-
tigations. Another limitation of the study is the use of 
ABI as a diagnosis subgroup; even though this might 
obscure the effect of certain patient subgroups on the 
subanalysis, some studies did not provide sufficient 
data to include patients divided by principal diagnosis 
[55, 83]. Heterogeneity is the third shortcoming of our 
work, which we addressed through meta-regression 
analysis. Both univariate and multivariate meta-regres-
sion revealed high variability in the observed effects; 
notably, diagnosis and definitions of hyperoxemia were 
significant contributors to the heterogeneity. The inclu-
sion of moderators was able to significantly decrease 
heterogeneity in neurological outcomes, but not mor-
tality outcomes, emphasizing the need for robust meth-
odological consistency in hyperoxemia studies. The 
persistent high heterogeneity underscores the likeli-
hood that additional unmeasured clinical variables 
or study design factors might be driving outcome dif-
ferences; future research incorporating patient‐level 
data or more standardized definitions of hyperoxemia, 
alongside more uniform outcome assessments, may be 
necessary to clarify whether specific subgroups or tim-
ing windows are associated with an altered mortality 
risk from hyperoxia exposure. In this regard, the fact 
that “normoxemia” show lower heterogeneity than “no 
hyperoxemia” studies, similarly to “invasive ventilation” 
versus “non-invasive or invasive ventilation” studies, 
may suggest higher methodological rigor and supports 
this study design for future works. To evaluate the asso-
ciation between PaO2 thresholds and effect size, maxi-
mum or mean PaO2 in the two groups should be used, 
although most studies did not report these data. Lastly, 
publication bias cannot be excluded, particularly in 
neurological outcome analyses, although adjusting for 
moderators and trim and fill method aimed at limiting 
this concern. Quality of evidence assessed by GRADE 
methodology was classified as low.
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Conclusions
Hyperoxemia is associated with poor neurological 
outcomes and higher mortality in acute brain injury. 
In neurological outcomes, this association may be 
stronger in patients with ischemic stroke and subarach-
noid hemorrhage, although more robust studies are 
needed. The described effects are greater in the short 
term versus the long term, and when global measures 
of oxygenation are used versus time-specific meas-
ures. Our results suggest the importance of carefully 
adjusting oxygenation strategies in neurocritical ICUs 
and motivate the design of studies to investigate  PaO2 
thresholds specific to patients with acute brain injury.
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